
RESEARCH ARTICLES 
 

CURRENT SCIENCE, VOL. 121, NO. 11, 10 DECEMBER 2021 1441

*For correspondence. (e-mail: aamirrashid606@gmail.com) 

Study of steel mass spring system with varying  
speeds in a tunnel 
 
Aamir Rashid Chowdhary1,2,* and Nasim Akhtar2 
1Academy of Scientific and Innovative Research, Ghaziabad 201 002, India 
2CSIR-Central Road Research Institute, New Delhi 110 025, India 
 

A steel mass spring system (MSS) has been designed 
using the Zimmermann method. The impact of speed 
on the curve radius, cant, stiffness, static and dynamic 
deflection of the MSS is observed and the natural fre-
quency of the system is calculated. It has been obser-
ved that the speed of the train affects the stiffness of 
MSS and therefore the insertion loss. As the speed of 
the train increases, the characteristic length of the 
floating slab track decreases due to which the spacing 
between MSS also changes. Hence this design of MSS 
will be effective. 
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natural frequency, tunnel, vibration. 
 
SINCE railway transportation is energy-efficient and gene-
rates fewer emissions, it has become increasingly com-
mon as a result of global warming. Railway technology 
has advanced, resulting in increased mobility and conve-
nience as well as an appealing, modern and environment-
friendly mode of transportation. The extension of the 
railway network, on the other hand, has raised environ-
mental concerns. Near railway and transit routes, vibra-
tion and noise have a significant effect. In urban areas, 
the metro lines mostly run under existing developing 
units. As such, there are many complaints from residents 
regarding the noise and vibration generated by the metro 
operation. These issues are due to resistance and rever-
berations over the wheel–rail contact. This vibration is  
adequately transmitted through the ground to the neigh-
bouring buildings along the line, affecting the residents. 
The track vibration is caused by trains running on the 
track, due to roughness of the wheels, rail corrugation, 
grinding of wheels and rails, discontinuous rail and un-
smooth track-supporting structure. This causes tracking 
vibrations, which travel in a variety of ways, including 
the track system, tunnel structure, geotechnical condition, 
residential structure foundation and adjacent buildings. 
Any vibration above 200 Hz is not considered harmful, 
but it is subjected to a low frequency1. The most disturb-
ing frequency range from the metro ranges from 45 to 
50 Hz. The impact of vibrations of high amplitude for a 
short duration on humans can lead to injuries to the mus-

cles or internal organs (<25 Hz frequency). Vibrations 
can also lead to the malfunctioning of sensitive equip-
ment2,3. Therefore, measures to control environmental  
vibrations due to railway transportation should be both 
scientific and practical4–7. Vibration control can be attai-
ned by isolating the source6, interrupting the vibration 
path8 and/or isolating the receiver, i.e. buildings9. There 
are many vibration control products available worldwide. 
These include the Vanguard10, Cologne Egg11, Ladder 
track12, magnetorheological fluids13 and floating slab track 
(FST)14. FST is the best method to control vibrations in 
underground railway systems15–17, which can be supported 
by rubber bearings, glass fibre, polyurethane (PU) or steel 
springs18. Normally, two types of mass spring system 
(MSS) are used in the floating chamber (Table 1). (a) 
Discrete MSS, i.e. steel MSS and rubber/PU MSS. (b) 
Full-surface MSS, i.e. PU/rubber MSS and rock wool MSS 
(density ≥ 350 kg/m3) 
 FST provides an effective way to reduce the transmis-
sion of vibrations from railway traffic to the ground19–21. 
The vibration problems of an FST system have been  
extensively studied on the basis of theoretical methods22–24 
and experimental methods25,26. The calculation of vibra-
tions generated by moving trains on MSS in underground 
railway tunnels requires a model that takes into account 
the dynamics and interaction between the train, tracks, 
tunnel and floor27. In addition to theoretical analysis, 
some laboratory and field tests have also been reported in 
the literature. The impact of stiffness and spacing of steel 
springs with low-frequency vibration tests was studied  
in Beijing Jiao Tong University, China28. The ability to 
reduce vibrations from the steel-spring FST of Beijing 
metro line 5 in China was tested29. On the other hand, 
energy transfer of the FST system in Singapore was  
analysed using an analytical method30. 
 From the above, it can be seen that many theoretical 
and experimental research efforts have been dedicated to 
the dynamic properties of MSS and its impact on ground-
borne vibration. However, few studies have been carried 
out on the influence of speed and curve radius, which are 
key technical parameters for MSS design in a tunnel. In 
FST, there are two stages of concrete in the tunnel. In the 
first stage, the height varies between 200 mm and 350 mm 
normally, while in the second stage it varies between 
225 mm and 600 mm and above. MSS is installed between 
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Table 1. Different types of mass spring system (MSS)36,37 

MSS Steel MSS Polyurethane (PUR)-discrete MSS PUR-full-surface MSS 
 

Natural frequency (Hz)  7–8 12–14 20 
Attenuation start (Hz) 10–11 20 28.28 
Global value killing (VdB) 26–28 15–17 9.6 

 

 
the first and second stages of concrete. The gap between 
these two stages of concrete may vary between 20 mm 
and 60 mm depending on the availability of space inside 
the tunnel. The second stage of concrete plays an impor-
tant role in controlling vibrations. As the depth of con-
crete increases, the natural frequency of MSS decreases 
accordingly, and thus the attenuation rate increases. In 
the case of a 5.8 m diameter tunnel, there are two types of 
electrical power supply to trains in India. One is overhead 
equipment (OHE) and the other is the third rail. In the 
case of OHE, on top of the tunnel system 1 m space 
should be kept and due to the height of MSS, it requires 
critical design. Whereas in the case of the third rail, the 
electrical power supply is on the ground and hence due to 
the availability of space, depth of concrete and space bet-
ween the first and second stages of concrete can be con-
trolled in the design. The third rail system has been 
adopted in Kolkata Metro Rail Corporation, and Ahme-
dabad Metro Rail Corporation, while the OHE system is 
used in the Pune Metro Rail Corporation, Nagpur Metro 
Rail Corporation, Mumbai Metro Rail Corporation, Chen-
nai Metro Rail Corporation and Delhi Metro Rail Corpo-
ration. Where there is OHE, an increase of height in the 
second stage of concrete inside a tunnel is a difficult task. 
As a result, designers have a challenging problem in 
creating the gap between the first and second stages of 
concrete. The maximum value of the cant on horizontal 
curves should also be 1/10th to 1/12th of the gauge, 
which should be less than 140 mm (ref. 31). The maxi-
mum space for MSS can be 40 mm if the first stage of 
concrete is less than 250 mm. However, if the first stage 
concrete is 300 mm, then it becomes difficult to design 
the steel MSS due to limited space. This problem can be 
solved by providing discrete PU pads MSS or full surface 
PU MSS with a 20–30 mm gap. Full surface PU MSS has 
been installed in almost all metros in India. However, in 
terms of vibration control, they are not much effective. 
Due to this, steel MSS, discrete PU MSS, and Vanguard 
system are proposed to be used in other upcoming me-
tros. The metros in India are designed for a speed of 
90 kmph, while the operating speed is less than 70 kmph 
because the station to station distance is around 1 km. It 
has been observed that less vibrations are generated in the 
straight portion while on the curved portion, vibration  
increases drastically (Delhi metro). Normally, in the 
straight portion operating speed varies between 60 and 
70 kmph, while on the curved portion (radius <450 m), it 
is around 50 kmph or less. In this study, we have taken a 

typical 5.8 m diameter tunnel and designed steel MSS 
with different varying conditions like speed, radius and 
cant. Different types of MSS specifications according to 
DIN EN 13906-1: 2013–11 have been used for fatigue 
tests for the design of MSS32. This study provides results 
for steel MSS based on different parameters like FST  
material parameters33, rolling stock parameters34, track 
parameters and elastic support parameters32. 

Evaluation of steel MSS using Zimmermann  
method 

We have used the Zimmermann method for static and dyna-
mic analysis for MSS design, calculation of vertical natu-
ral frequency, stiffness of MSS, fatigue verification, and 
calculation of insertion loss based on vertical natural fre-
quency and damping ratio (spectral analysis in the third-
octave band). 

Spring unit used in the design 

There are two types of spring in a housing – external and 
internal. The diameter of the external spring is 44 mm 
and the total number of turns is 3, while for the internal 
spring the diameter is 20 mm and the total number of 
turns is 5.6. Modulus of elasticity, E = 206,000 N/mm2 
and shear modulus, G = 78,500 N/mm2. The height of the 
block is less than 185 mm. 
 The vertical spring rate (kv) and horizontal spring rate 
(kH) are expressed as follows 
 

 
4

3 ,
8v

dk G
nD

=  (1) 

 
 Hstatic + dyn static + dyn ,vk kη= ⋅  (2) 

 
where G is shear modulus, d the diameter of the spring, n 
the number of turns, D the spring housing diameter and η 
is the ratio of horizontal to vertical spring rate. 
 To calculate the fatigue strength of MSS, the stresses 
in the external and internal springs on the outside and  
inside track are calculated. 
 Maximum vertical spring load 
 

 4 3
static + dyn VER static + dyn MAX /8 .V Gd d nD=  (3) 
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Maximum horizontal spring load 
 
 static + dyn VER Hstatic + dyn dstatic+dyn HOR,H k d=  (4) 
 
where dstatic + dyn VER is vertical deflection and dstatic + dyn HOR is 
the horizontal deflection. 
 
Rail Type-UIC 60 
 
The UIC 60 rail has been used having a modulus of ela-
sticity of rails, ERAIL = 2.10E + 08 kN/m2, rail height, 
hRAIL = 172 mm, the second moment of area of rails, 
IRAIL = 3055 cm4, area of the cross-section of the rails. 
ARAIL = 76.87 cm2, mass per linear metre of rail, μRAIL = 
60.34 kg/m, centre of gravity, zCG = 80.9 mm and mass 
per linear metre of the fasteners μFAST = 92.3 kg/m (ref. 
35). 

FST cross-section properties 

Figure 1 shows the cross-section of the tunnel with dia-
meter 5.8 m, UIC 60 rail, stage II and stage I concrete as 
well as steel MSS. Figure 2 shows the FST cross-section. 
 For designing steel MSS, the following equations have 
been used 
 
 2Cant, bit. / ,s v gR=  (5) 
 
where bit is the gauge length, v the speed of the train,  
g the acceleration due to gravity and R is the curve  
radius. 
 
 

 
 

Figure 1. Typical cross-section of steel mass spring system (MSS) 
inside a tunnel of diameter 5.8 m. 

 The cross-sectional area (CoG), and linear mass of  
FST are calculated for determining the vertical natural 
frequency of MSS as 
 
Cross-sectional area of FST  
 
 conc trans 1 1 1 2 32 2( /( ) 2) .vA bh h b h b hb= + + +  (6) 
 
CoG of the track bed 
 
 FST con trans conc slabCoG ( CoGvA δ=  
 
  rail steal 1 CG2 ( ))/A h h Zδ+ + +  
 
  conc 1 conc rail steal( 2 2 ).A A Aδ δ δ+ +  (7) 
 
Linear mass of FST 
 
 μFST = Aconc transvδconc + 2μRail + μFAST. (8) 
 
Using eqs (6)–(8), the second moment of area of FST is 
calculated as follows 
 
 IyFST = [bh3/12 + bh(CoGFST – h/2)2 
 
  + [2(b1h3

1/12 + b1h1(CoGFST – h1/2)2)] 
 
  + [(b2h3

1/12 + b2h1(CoGFST – h1/2)2)] 
 
  + [2(b3h3/36 + b3h(CoGFST – h/2)2)] 
 
  + [2(IRAIL + ARAIL(CoGFST – (h + zCG)2)]]. (9) 
 
Also, the modulus of rigidity of FST is calculated as 
 
 

CoG CoGFST conc CoG 1 RAIL RAIL( ) .EI E I I E I= + +  (10) 

FST stiffness 

The stiffness of FST depends on the spring rate and longi-
tudinal spacing outside and inside of the curve. It has 
been calculated using the following equations. 
 
Vertical stiffness per metre length of outside FST 
 
 

FST outout long/spac .v vk k=  (11) 
 
Vertical stiffness per metre length of inside FST 
 
 

FST ininv long/spac .vk k=  (12) 
 
Horizontal stiffness per metre length of outside FST 
 
 

FST outoutH H long/spac .k k=  (13) 
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Figure 2. Floating slab track cross-section. 
 

 
Horizontal stiffness per metre length of inside FST 
 
 

FST ininH H long/spac .k k=  (14) 

 
Using eqs (11)–(14), the vertical and horizontal stiffness 
values per metre length of FST are calculated as follows 
 
Vertical stiffness per metre length of FST 
 
 

FST out inlong long/spac /spac .v v vk k k= +  (15) 
 
Horizontal stiffness per metre length of FST 
 
 

FST out inH H long H long/spac /spac ,k k k= +  (16) 
 
where 

outlongspac is the longitudinal spacing outside the 
curve, 

inlongspac  the longitudinal spacing inside the curve, 
 the vertical spring rate and  the horizontal spring 

rate. 

Load combinations to calculate natural frequency  
and fatigue verification 

The results of static load and centrifugal force caused by 
train operation are calculated as follows 
 
 Static load (FST weight), FFST = μ⋅g. (17) 
 
 Centrifugal force Fcentr = (Fvert axle/g)(v2/R). (18) 

Resultant load to calculate natural frequency 

To calculate natural frequency, the resultant vertical load 
outside and inside the wheel is calculated. 
 Resultant vertical load outside the wheel for v = 30, 50, 
70, 80 and 90 kmph is 
 
 

V V Voutres vert centr( )/F F F= +  
 

 2
H V1 RAIL TRANSV centr vert[( cog)/spac ]( ),h h h F F+ + + + −  

 (19) 
 
where spacTRANSV is the transverse spacing between 
spring units = 2 m. 

 Resultant vertical load inside the wheel for v = 30, 50, 
70, 80 and 90 kmph is 
 
 

V V Vinres vert centr( )/F F F= +  

 
 2 – 

H V1 RAIL TRANSV centr vert[( cog)/spac ]( ).h h h F F+ + + −
 

 (20) 
 
Using eqs (10) and (15), the characteristic length of FST 
is calculated as 
 
 

FST

1/4
charact FST(4 / ) ,vL EI k=  (21) 

 
where 

FSTvk  is the stiffness (spring rate) per metre = 
modulus of subgrade × width of FST. 

FST dynamic vertical deflections 

The speed of the train directly affects the dynamic vertical 
deflections both outside and inside the wheel. Using eqs 
(22) and (23), the maximum dynamic deflection for deter-
mining the fatigue and clearance is calculated as follows 
 
Dynamic deflection outside 
 

 
out outdyn ( ) 1...12 [ ( ) ].i i

i

d x d x w= =∑  (22) 

 
Dynamic deflection inside 
 

 
in indyn ( ) 1...12 [ ( ) ].i i

i

d x d x w= =∑  (23) 

 
Maximum dynamic deflection outside the wheel for deter-
mining fatigue and clearance for v = 30, 50, 70, 80 and 
90 kmph is 
 
 

out outfatdyn dynMAX[ ( )].d d x=  (24) 
 
Maximum dynamic deflection inside the wheel for deter-
mining fatigue and clearance for v = 30, 50, 70, 80 and 
90 kmph is 
 
 

in infatdyn dynMAX[ ( )].d d x=  (25) 
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FST static vertical deflections 

Using eqs (15) and (16), the static vertical deflections 
outside and inside the wheel are calculated as follows 
 
 Static deflection 

FSTstatic static  / .vd F k=  (26) 
 
Static deflection – outside 
 
 

FST outstatic out static out / .vd F k=  (27) 

 
Static deflection – inside 
 
 

FST instatic in static in / .vd F k=  (28) 

FST dynamic horizontal deflections 

To calculate the dynamic horizontal deflections outside 
and inside the wheel, the horizontal component of traffic 
load on the track and load distribution between the axles 
in adjacent bogies should be considered. Using eq. (16), 
the maximum dynamic horizontal deflection for v = 30, 
50, 70, 80 and 90 kmph is calculated as 
 
 dyn HOR fn centr H vert H( )12 axles/d F F= −  
 
  

FSTaxle12 axle1 H(( ) ).x x k−  (29) 
 
Using eq. (16) and taking the effect of transverse load 
outside and inside the wheel, maximum dynamic horizon-
tal deflection is determined for fatigue and clearance as 
 
 

FSTdyn HOR fat res H out axle12 axle1 H12 axles /(( ) .d F x x k= −  (30) 

FST static horizontal deflection 

Using eqs (16) and (17), the static horizontal deflections 
outside and inside the wheel is calculated as 
 
 static HOR est HLFsen / .d F kθ=  (31) 

FST vertical natural frequency 

Using eqs (24)–(26) and considering the unsprung train 
mass, the vertical natural frequency of FST is calculated as 
 
 train dyn OUT fn dyn IN fn train fn5/[((( )/2)nf d d m= +  
 
  1/ 2

static )/10] .d+  (32) 
 
The calculation of insertion loss based on vertical natural 
frequency and damping ratio of MSS (spectral analysis in 

third-octave bands) depends on the transmissibility (T), 
which is expressed as 
 
 2 2 2 2 2 0.5[(1 4 )/((1 )24 )] ,T D Dη η η= + −  (33) 
 
where η is the tuning ratio and D is the damping ratio  
related to critical damping. 

Results and discussion 

The static and dynamic responses and natural frequency 
of steel MSS are calculated based on the influence lines 
(Zimmermann method). Table 2 lists the design parame-
ters of MSS. In this study for speed ranging from 30 to 
90 kmph, the diameter of the tunnel is taken as 5.8 m. 
This study shows that as the speed of the train increases, 
the required cant will also increase. Therefore, to design 
an economical section, the longitudinal spacing and  
radius of the curve must be adjusted accordingly. Also, 
fatigue verification of steel MSS must be done and it 
should be under permissible limits. 

Impact of speed on curve radius and cant 

The safest design for different values of speed/radius/cant 
has been made. If the curve radius is 200 m, then it will 
be difficult to run the train at a speed above 30 kmph. 
Therefore, a practical design has been suggested in this 
study with varying train operating speed, curve radius 
and actual site conditions. In this study, 30–90 kmph 
speed of the train has been taken with radius varying  
 
 

Table 2. Steel MSS design parameters 

Diameter (m) 5.8 
Maximum axle load (kN) 160 
Minimum axle load (kN) 85 
Rail type UIC60 
Critical damping ratio 8% 
Dynamic factor/overload factor 1.49 
Width of the floating slab track (FST), b(m) 2.758 
Width of the side beams b1 (m) 0.387 
Width of the central beam b2 (m) 1.000 
Width of the side triangles b3 (m) 0.487 
Height of FST without beams h (m) 0.338 
Height of the longitudinal beams h1 (m) 0.122 
Centre of Gravity (CoG) of slab, CoG (m) 0.214 
Braking load – 12.5% of the vertical axle load (kN) 20 
Length of wagon, Cwag (m) 25 
Height of wagon, hwag (m) 4.048 
Width of wagon, bwag (m) 3.20 
Number of axles naxles 12 
Axle spacing in the same bogie (m) 2.5 
Unsprung train mass (part of the train mass oscillating at 
 the same degree of freedom as the track slab) 

15% 

Vertical spring stiffness kv (kN/mm) 6.63 
Horizontal spring stiffness kH (kN/mm) 4.93 
Static load – FST weight (kN/m single track) 36.23 
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Table 3. Design calculations for steel MSS 

Speed (kmph) 30 50 70 80 90 
 

Characteristic length of FST (m) 4.33 4.26 4.23 4.23 4.23 
Radius (m) 200 280 400 520 660 
Cant (mm) 50.79 100.77 138.26 138.92 138.52 
Longitudinal spacing (m) 1.55 1.45 1.41 1.405 1.4 
Centrifugal force (kN/axle) 5.56 11.02 15.12 15.19 15.15 
Resultant vertical load outside wheel (kN) 86.61 93.12 97.99 98.08 98.03 
Resultant vertical load inside wheel (kN) 73.39 66.89 62.01 61.92 61.97 
Static deflection – inside (mm) 4.23 3.96 3.85 3.84 3.83 
Static deflection – outside (mm) 4.23 3.96 3.85 3.84 3.83 
Vertical stiffness per metre length of FST (kN/mm) 8.55 8.70 9.40 8.97 9.00 
Horizontal stiffness per metre length of FST (kN/mm) 6.36 6.65 6.99 6.86 6.88 

 
 

 
 

Figure 3. Vertical static and dynamic deflections of MSS at 30 kmph speed. 
 
 

 
 

Figure 4. Change in dynamic deflection in the inside track with respect to 30 kmph speed. 
 

 
from 200 to 660 m (Table 3). It is observed that as the 
speed of the train and curve radius increase, the cant will 
also increase. It is 50.79 mm at 30 kmph and 138.52 mm 
at 90 kmph, which is found to be under permissible limits. 
The most critical section begins where the radius of the 
tunnel is less than 350 m. At this radius, vibration attenu-
ation becomes a major problem due to interaction bet-
ween rail and wheel. Here, speed plays a minor role. 

Static and dynamic responses of MSS 

Vertical static and dynamic deflections play an important 
role while designing MSS. There are two types of dynam-
ic deflection, namely dynamic deflection of the outside 
and inside tracks (Figures 3–5). As the speed of the train 
increases from 30 to 90 kmph, the maximum dynamic 
deflection outside the track decreases from 5.83 to 
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Figure 5. Change in dynamic deflection in the outside track with respect to 30 kmph speed. 
 

 

 
 

Figure 6. a, Stresses in the external springs on the outside and inside tracks at 30 kmph speed.  
b, Stresses in the internal springs on the outside and inside tracks at 30 kmph speed. 

 
 
5.69 mm. The maximum dynamic deflection for the inside 
track starts decreasing with increase in speed, i.e. 4.98 to 
3.87 mm. The reason for this declining trend is that with 
the increase in train speed, the static effect of the load de-
creases. It is observed that the static deflection of the out-

side track and the inside track follows decreasing trend, 
i.e. 4.23 mm at 30 kmph and 3.83 mm at 90 kmph (Table 
3). Steel MSS used in this study has been designed for 
9.71 mm, which is the permissible dynamic deflection 
amplitude. It is observed that the maximum deflection for 
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Figure 7. a, Stresses in the external springs on the outside and inside track. b, Stresses in the internal 
springs on the outside and inside tracks. 

 

 
 

Figure 8. Static and dynamic horizontal spring rate: (a) external and (b) internal. 
 
 
the design proposed in this study is under permissible 
limits, being 5.83 mm on the outside track and 4.98 mm 
inside the track. 
 For fatigue verification, the static and dynamic stresses 
in the internal and external springs must also be under 

permissible limits according to Goodman Diagram DIN 
EN 13906-1-2013-11 (Figures 6 and 7). For internal spring, 
at 0 N/mm2 the permissible static and dynamic stress is 
found to be 508 and at 425 N/mm2; it is 804 N/mm2 but 
after 425 N/mm2 it is linear. Similarly for the external 
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Figure 9. Vibration levels with and without MSS at 30 kmph speed. 
 
 

 
 

Figure 10. Vibration levels with and without MSS with respect to 30 kmph speed. 
 
 
spring, at 0 N/mm2 the permissible static and dynamic 
stress is found to be 357 N/mm2 and at 485 N/mm2 it is 
709 N/mm2; but after 485 N/mm2 it is linear. 
 The vertical spring rate in the external and internal 
springs is constant at each speed. The horizontal spring 
rate for the external spring is 4500.38 N/mm at 30 kmph 
and reaches up to 4499.39 N/mm at 90 kmph (Figure 8 a). 
While the horizontal spring rate for the internal spring is 
426.67 N/mm at 30 kmph and decreases with increase in 
speed, i.e. at 90 kmph it is 427.62 N/mm (Figure 8 b). 

Vertical natural frequency of MSS 

The natural frequency of steel MSS is observed to vary 
between 7.04 and 7.40 Hz (Table 3). It shows that the  
attenuation should start after 9.95 and 10.46 Hz and go up 
to 26–28 VdB. This is found to be a good amount of  

vibration attenuation at source for steel MSS according to 
RDSO. Figures 9 and 10 show the vibration attenuation 
with and without application of steel MSS for varying 
speeds respectively. The vibration level in the tunnel,  
before application of steel MSS was 90 VdB at 80 Hz, 
which is well above the permissible limits of 72 VdB 
(RDSO). However, after application of steel MSS, vibra-
tion attenuation was observed. At 80 Hz, there was maxi-
mum vibration attenuation of 35.8 VdB at each speed, 
which is much more than the global attenuation value of 
27.5 VdB at 30 kmph, 27.2 VdB at 50 kmph, 27.1 VdB at 
70 kmph, 27 VdB at 80 kmph and 26.8 VdB at 90 kmph. 
The emission from the tunnel floor remains constant at 
each speed; it is 32 VdB at 4 Hz and 56 VdB at 80 Hz. 
 Table 3 shows that when the train speed increases from 
30 to 90 kmph, the characteristic length of FST and the 
longitudinal spacing between the MSS show a decreasing 
trend. The resulting load for calculating the natural  
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frequency and for verifying the tunnel clearance and fati-
gue of the outside wheel, increases with train speed. It is 
86.61 kN at 30 kmph and 98.03 kN at 90 kmph. The re-
sulting vertical load for the inside wheel decreases with 
increasing speed; it is 73.39 kN at 30 kmph and 61.97 kN at 
90 kmph. It is also observed that the vertical stiffness per 
metre length of FST of the single trackbed is 8.55 kN/mm 
at 30 kmph and 9 KN/mm at 90 kmph, while the horizon-
tal stiffness per metre length of FST of the single track- 
bed is 6.36 kN/mm at 30 kmph and 6.88 kN/mm at 
90 kmph. As the natural frequency depends on the stiff-
ness of MSS, it should always be less for higher vibration 
attenuation. 

Conclusion 

In this study, the static and dynamic analysis of steel 
MSS is performed using the Zimmermann method, and 
the effect of speed, radius and cant on steel MSS has been 
observed. The following conclusions are drawn from this 
study. 
 
• As the speed of the train increases, the dynamic def-

lection both outside and inside the wheel decreases. 
The maximum dynamic deflection of 5.83 mm is found 
to be under the permissible limits. It has a major effect 
on the design of MSS. 

• As the speed of the train increases, so does the curve 
radius, which ultimately decreases the characteristic 
length of FST and thus changes the longitudinal spac-
ing between the MSS, thereby lowering the cost and 
making the design economical. 

• For a cost-effective design, in the curve section, steel 
MSS should be provided for a length of 150 m on 
both sides from the centre of the curve, while on the 
straight section, discrete PU MSS must be used. 

• The insertion loss (vibration attenuation) depends on 
the natural frequency of steel MSS; lower the natural 
frequency, greater will be the insertion loss, and vice-
versa. As the speed of the train increases, the stiffness 
of MSS also increases, leading to an increase in the 
natural frequency of MSS, which directly affects the 
vibration attenuation of steel MSS. 

• All results have been verified with the fatigue test and 
correspond to the Goodman diagram. 
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