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Abstract Helical spring is used as primary suspension to

absorb shock and vibration in rail vehicle system which

calls for investigation under failure response because of

different loading conditions. This paper is based on the

categorical literature review on case study of failure

response of suspension spring of railroad vehicle. Here, the

investigation of a multibody framework approach is

introduced that can be utilized to create complex model of

railroad vehicle suspension system. The literature pre-

sented encounters results in various domains of analysis

including static and dynamic analytical analysis, experi-

mental investigation, dynamic model and finite element

analysis for its failure study and examination. It has been

observed that the stress may initiate at the inside diameter

of spring due to curvature effect during manufacturing

occurs residual stress. Also, it induces due to lateral and

longitudinal load due to curving and tracking of the rail

vehicle system.

Keywords Railway vehicle � Finite element analysis �
Vibration � Helical spring � Rail track

Introduction

Railway vehicles are among the most broadly utilized

techniques for shipping travelers and products [1]. Indian

railway is widely spread across country hauling passengers

and goods for the very large distances and running for 3–

4 days continuously. The rail road vehicle is one of the

most complex dynamic systems. An assembly of dynamics

model of railway vehicle is carried out from wheelsets, car

bodies and intermediate structures which are flexible, and

which are connected by segments, for example, springs and

dampers [2]. An Indian railway vehicle is shown in Fig. 1.

Suspensions are the significant machine component of

railway vehicle which retain the stock and vibration during

tracking, curving and furthermore secure the axle motion.

The helical compression sort of spring is utilized to permit

axial deformation and furthermore give some horizontal

twisting at ebb and flow. A cargo rail vehicle has the

regular failure of primary suspension with real accentua-

tion on the failure of composite spring of middle axle of the

two casings. A suspension spring is normally viewed as

static if an adjustment in deflection or load happens just a

couple of times, for example, under 10,000 cycles during

the normal life of the spring. A static spring may remain

loaded for very long periods of time. The shear or fatigue

failure of suspension spring may be caused due to several

reasons of rail vehicle movements in dynamic way.

Literature review carried out in the area of analysis on

suspension spring of rail road vehicle in context to the

present work is presented in classified manner (Fig. 2). The

objective of this review is to exhibit and summarize the
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important aspects for failure of suspension spring of rail

road vehicle in a categorized manner as static analysis,

dynamic analysis and fatigue analysis which is further

categorized as analytical, experimental and finite element

analysis. The time frame for this literature review is 1998

to till date, and only one paper of 1990 is taken for

reference.

Static Stress Analysis of Suspension Spring

Research work in the area of static stress analysis of sus-

pension spring, using analytical, experimental and finite

element method is presented as follows.

Fig. 1 Railroad vehicle (Courtesy: Indian Railway)

Fig. 2 Methodology for

literature review
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Static Stress Analysis of Suspension Spring Using

Analytical Method

A new method of calculation is explained for change of

axial twisting angle of compressed helical spring’s end

coils in the case of rotary-free supports, and the equation is

derived for deflection of spring which is experimentally

verified. This method is easy to apply and gives results

much closer to experiment as compared to presently used

method [4]. The process of design optimization and its

techniques with optimization packages are presented to

optimize mechanical and structural elements. The design

variables such as mean diameter, wire diameter and num-

ber of turns are optimized for design problem of a helical

compression spring. Design imperatives incorporated

buckling, surging, critical stresses and side requirements

too. The optimum solutions are given which are based on

the minimal mass design and later combined both of the

minimal mass and maximum safety in a linear composite

function. The results of optimization techniques are

reported using analytical design process and using com-

puter packages CONMIN, MSC/NASTRAN and GENESIS

[5]. Prawoto et al. [6] talked about a few contextual

investigations of failures of suspension spring. For the

assurance of integrity of coil spring, failure analysis of

failed springs is important for short-term and long-term

modifications in design for car manufacturers. The author

discussed the coil spring failures as a result of crack ini-

tiation and shear stress formation, unrefined material

deformations and manufacturing defects. The shear stress

distribution on circular cross section of helical spring is

shown in Fig. 3.

The nature of forces experienced by vehicle is different

on curved track as compared to straight track. To design

and maintain Indian rail curves, the forces acting and their

effect on track and vehicle are required to be studied first. It

is seen that the maintenance exertion on curves is about

25% extra when contrasted with straight track because of

the transaction of the forces. Therefore, vehicle speed and

its movement on curves shown in Fig. 4 are very important

as it wear out the track due to high forces and hence require

maintenance. So it is very important for engineers to

manage rail curves and design the rail vehicle suspension

with better understanding to reduce maintenance of rail

vehicle and track [7]. Various relations for shear stresses in

helical spring are derived for calculating the stress cor-

rection factor. The various values of shear stresses are

obtained by using shear stress factors like Wahl’s factor

and Bergstrasser’s factor. Therefore, an analysis of helical

spring is carried out for various stress correction factors

and for increase in pitch angle and justified with the

assumptions introduced in each relation [8]. The important

parameters are provided which affect tracking and curving

ability, i.e., conicity of wheel rail and angle of attack of

wheelset which get affected by radius of curve, design of

vehicle suspension, frictional characteristics at the rail-

wheel contact, wear of rail and different components of

vehicle along with several other parameters [9]:

GV2

gR
¼ Ca þ Cd ðEq 1Þ

Speed of rail vehicle on curve; V ¼
ffiffiffiffi

g

G

r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðCa þ CdÞR
p

ðEq 2Þ

where g = 9.81 m/s2 is the acceleration due to gravity,

G = 1750 mm is the rail track gauge, Ca is the cant pro-

vided in track, Cd is the cant deficiency in mm for the

vehicle traveling on curve, R is radius of curvature in mm,

and V is the velocity of rail vehicle on curved track in m/s.

Two mathematical models are proposed for analysis of

spring having the wire made of strands. The error in precise

and approximate mathematical model have been

Fig. 3 Uncorrected and corrected shear stress distribution on circular

cross section of helical spring [6]

Fig. 4 Forces on rail vehicle during movement on curve [7]
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determined by increasing screw pitch and diameter ratio

which is relatively smaller for strands with the same

number of coils. The outcomes acquired are satisfactory by

approximate mathematical model just when the proportion

of screw pitch to diameter of wire (S/d) is two times bigger

than number of strand. In comparative and analytical

investigations, it was resolved that for strands with a sim-

ilar number of wires, the relative mistakes between two

models are smaller for large ratio of S/d [10]. The braking

performance which depends on total weight carried by

passenger or freight vehicle is discussed. The genuine

braking execution of a rail vehicle is not the same as the

ostensible one because of number of causes. There are

various parameters which affect the braking performance

and actual deceleration of rail vehicle. The adhesion

coefficient between is one of the parameter wheels and

rails. A probabilistic examination of train deceleration is

depicted, beginning from probability distributions of

parameters influencing the braking separation to assess

security margins in order to guarantee an emergency

braking performance or deceleration [3].

Static Stress Analysis of Suspension Spring using

Experimental Method

The premature failure of spring is examined due to material

defects. Preliminary visual examination for its failure due

to shear or fatigue along with detailed scanning using

electron microscope is carried out for the damaged surface

and fracture surface of the failed spring. Also they have

determined the chemical composition and macrostructure

investigations along with hardness measurements to

understand reason for the premature failure. According to

the examination, the inappropriate heat treatment proce-

dure of the spring material is in charge of failure of spring

[11]. The characteristics of a coil spring using experimental

methods are investigated to verify as per its standard

material properties, i.e., spring constant, yield strength and

tensile strength. A simple compression testing has been

carried out on UTM machine, and deflections are deter-

mined. This experimentation is performed for tensile

testing to affirm the consistence of SUP12 spring toward

JIS 4108 [12].

The connection for change of axial twisting angle of

helical compression spring’s end coils on account of

turning-free supports is created. The derived analytical

relation has been verified experimentally on a spring for car

suspension system and also for its deflection on spring

testing machine. It is accounted for that the test results are

having great concurrence with analytical findings [4].

Microscopic experimental analysis for material defects in

automotive suspension spring is carried out. In raw mate-

rial, it is observed that there is small inclusion present at

the surface. It is reported that this surface imperfection

might have occurred as small hardening cracks due to poor

shot peening condition [6]. The use of strain gage as a

sensor is explained to find change in strains on mechanical

component to particular area. A strain gage is attached at

the internal diameter of helical compression spring for

determination of its shear strain as shown in Fig. 5 and

hence the stress under applied load. The experimentation is

carried out to confirm the effectiveness of sensors [13].

Static Stress Analysis of Suspension Spring using Finite

Element Method

A typical failure analysis of automotive suspension in light

of stress distributions around typical failure location by FE

analysis of coil spring model with and without defect is

presented. The spring sub-model is also developed to

achieve further accuracy in the results. The stress con-

centration is observed to be more at area of failure and

particularly at the crack location [6]. Ruzicka and Dou-

brava [14] and Watanabe et al. [8] dealt with the problem

of helical spring by a simplified equation using various

shear stress factors. A diagram of the maximum shear

stress and maximum principal stress that contemplates the

initial pitch angle is prepared to utilize the design of

experiments and FE analysis. FE analysis represents one-

fourth circular beam model, and one turn coil of helical

spring is shown in Fig. 6 to determine maximum shear

stress and maximum principal stress and its comparison

with analytical values obtained by different stress correc-

tion factors like Wahl’s and Bergstrasser’s factor.

Finite element analysis for helical spring is used to

validate its experimental results for strength. The required

stiffness of spring is resolved utilizing HYPERWORKS

software according to explicit client necessity, for example

displacement at full rebound, curb length and full bump

[12]. The pseudoelastic response of shape-memory alloy

(SMA) helical springs under axial force utilizing finite

element analysis is examined. In the numerical examina-

tions, the three-dimensional constitutive conditions are

executed in a finite element method, and utilizing solid

elements, the loading–unloading of a SMA helical spring is

reproduced and is shown in Fig. 6. Scientific and numerical

results are compared. The course of action subject to the

SMA curved bar torsion gives an exact stress examination

in the cross section of the helical SMA spring despite the

global load–deflection response [15]. The effect of a uni-

form loading for steel helical spring related to light vehicle

suspension system is furthermore examined.

Finite element analysis is completed for three diverse

composite helical springs E-glass/epoxy, carbon/epoxy and

kevlar/epoxy, and it is seen that the spring optimization for

change of spring material causes considerable reduction of
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spring weight and maximum stress [16]. A problem of

helical compression spring is solved by finite element

method for nonlinear governing equation. The wave

propagations in axially affected helical springs are por-

trayed by numerical technique. A Galerkin approach of the

finite element method is applied to compute the results

which evolved axial and rotational strains and velocities in

different sections of spring. This analysis indicated that the

amplitudes of axial and rotational waves depend on the

excitation, geometrical and mechanical characteristics of

the spring [17]. Finite element method is used for dynamic

analysis of the cylindrical isotropic helical spring using

hybrid-mixed formulation to calculate rigidity. The mass

matrices are formed using lumped mass approach. The

dynamic equations are solved to determine natural fre-

quencies of spring [18].

Dynamic Analysis of Suspension Spring

Literature cited in the area of dynamic analysis of sus-

pension spring, using analytical, experimental and finite

element method is presented as follows.

Dynamic Analysis of Rail Vehicle using Analytical

Method

Dynamic analysis of rail vehicles is explained which

experiences large lateral displacement occurring due to

track curves and imperfections bringing about enormous

suspension deflection and car body displacement with

respect to the track. The author additionally examines an

impact of crosswind on a rail vehicle arranging a curve by

multibody simulation model exposed to unsteady aerody-

namic loads [19]. A suspension arrangement of rail vehicle

has the likelihood to diminish guiding force magnitude in

small-radius curves by methods for dynamic components

and wheel rail connection on curves effects wear of wheel

and rail. The guiding force depicts the lateral force com-

munication between the rail vehicle and the track.

Therefore, it is required to reduce quasi-static guiding

forces for rail vehicle passing through curves by means of

system of active yaw dampers. Computer simulations

analyze the influence of force produced by the active yaw

dampers, the coefficient of friction in wheel/rail contact

and the curve radius [20]. The dynamic condition of rail-

road vehicle is identified by determining critical speed,

Fig. 5 Helical spring with

strain gage foil and its

experimentation on spring

testing machine [13]

Fig. 6 FE analysis of one-fourth, one turn coil and helical spring using FEA package [8] [14] [15]
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which is very important because railroad vehicles can

experience severe lateral and yaw oscillations at that speed.

The lateral stability of rail vehicle is researched by gen-

erally utilized techniques to decide the critical speed of

railroad vehicles, for example linear theory [21]. Dynamic

behavior of helical spring is dissected to help over-

whelming loads. A physical examination of the effect of

axial load on the propagation of an elastic waves in helical

shafts is proposed subject to the equation of motion of

loaded helical Timoshenko beam. The dimensionless con-

ditions are made for beams of circular cross-area, and

parametric investigation is led on four parameters, helix

angle, helix index, Poisson coefficient and axial strain. The

parametric examination reveals that the impact of loading

is evaluated in high-, medium- and low-frequency ranges,

and the impacts of stress and geometry deformation are

non-negligible on elastic wave propagation [22].

Yildirim [23] developed the free vibration states of

cylindrical isotropic helical springs loaded axially which is

comprehended numerically subject to the transfer matrix

method to perform buckling analysis in a dynamic manner.

The axial and shear deformation impacts with the rotatory

inertia effects are viewed as dependent on the first-order

shear deformation theory. For the investigation of the

vertical tip deflection of helical springs with large pitch

angles, author obtained the closed-form equation depen-

dent on Castigliano’s first theorem that is utilized to think

about the full effect of resulting stresses, for example axial

and shearing forces, bending and torsional moments on tip

deflection. A decent understanding is seen with related

benchmark studies. The legitimacy scope of alternative

theories is gotten to by examination of the area of the

dispersion curves. This work additionally contains a thor-

ough asymptotic investigation of the precise dispersion

equation with two small parameters being utilized. It takes

into account the distinguishing proof of noteworthy sys-

tems of linear wave motion in a helical spring. In every one

of these systems, straightforward condition for wavenum-

bers is acquired by the dominant balance technique and

their legitimacy reaches are checked against direct

numerical arrangement. Mode shapes related to each

wavenumber are likewise displayed [24].

The dynamic reaction of railroad vehicle is determined

by analytical equations of two-degree-of-freedom system

to random excitations created by vertical track inconsis-

tencies. The dynamic response of body bogie suspension

stroke and body acceleration estimated by the analytical

equation is found to be acceptable [25]. A mathematical

model for the dynamics of railroad vehicle system to derive

governing equation of motion using Newton’s law for

linear and nonlinear phenomenon is developed. This non-

linear mathematical model is used to assess the contact

forces of the wheel rail. For lateral vibration, the degrees of

freedom represent lateral and yaw movements of wheelsets

along with lateral, yaw and roll movements of the bogie

[26]. Nishimura et al. [27] addressed the possibility of

dynamic stabilization and the chance of derailment

involving serious movements of the vehicle’s body, wheel

lifts and derailing behavior. The dynamics motions of

vehicles result in dynamic forces between vehicle body and

bogie shown in Fig. 7 which emphasizes the developed

new vehicle dynamics simulation with an exceptional

modeling. A simulation is used, and the numerical out-

comes are evaluated to evaluate the safety of cars on

excited paths with sinusoidal displacements.

The ride quality related to safety is required to be

evaluated for dynamic performance of a railroad vehicle

and is deciphered as the capacity of the railroad vehicle

suspension to keep up the movement inside the scope of

human solace [28]. The responses of the railway vehicle

and track segments as far as contact forces and displace-

ments are displayed by considering a five-DOF lumped

parameter quarter vehicle model to be upheld on two-di-

mensional track frameworks involving three layers. The

vehicle body is connected with wheel by primary and

secondary suspension and damper elements. This study

illustrates that wheel flat has enormous influence on all the

components of vehicle and track system. It affects not only

contact forces but also the displacements responses which

are represented by the magnitudes of forces transmitted

which increases considerably under a flat-induced excita-

tion and may cause rapid fatigue of the vehicle components

and track [29]. The imperfection of the wheel and rail is

also liable for the dynamic reaction of the concrete track

sleeper owing to the interaction of the wheel track. A rail

track is a flexible structure which allows vertical oscillation

and causes excitation to the rail vehicle. The dynamic

interaction analysis of vehicle and track is required to

determine the time response of the wheel load reaction

transmitted to the base of track which can be expressed as

follows where WL(t) and WR(t) are the reactions at the left

and right rail, respectively [30].

WLðtÞ ¼ mw€zw1 þ 2Cp _zw1 � 2Cp _zb1 þ 2Cplb _hb1 þ 2kpzw1

� 2kpzb1 þ 2kplbhb1 þ 2kwzw1 � Jwx €/w1

þ 2Cplg €/w1lp þ 2Cplb _/b1lp � 2kw/w1l
2
g

þ 2kplg/w1lp þ 2kplb/b1lp

ðEq 3Þ

WRðtÞ ¼ mw€zw1 þ 2Cp _zw1 � 2Cp _zb1 þ 2Cplb _hb1 þ 2kpzw1

� 2kpzb1 þ 2kplbhb1 þ 2kwzw1 þ Jwx €/w1

� 2Cplg €/w1lp � 2Cplb _/b1lp þ 2kw/w1l
2
g

� 2kplg/w1lp � 2kplb/b1lp

ðEq 4Þ

Approximate analytical solutions for semi-active on–off
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DVAs, named as velocity–velocity and velocity–

displacement-based ground-hook control and

displacement–velocity and displacement–displacement-

based ground-hook control by the averaging technique,

are introduced. The parameters including the stiffness and

damping ratio of the subsystem are streamlined to get

amplitude–frequency equations from approximate

analytical solutions. Additionally, the irregular excitation

for primary systems, including single-degree-of-freedom

framework, the ideally detached DVA framework, and four

semi-active on–off DVA frameworks are exhibited [31].

The numerical simulations for vibration behavior of

railroad vehicle dependent on a linear model with 17

degree of freedom having impact of lateral and longitudinal

suspension damping are developed. The frequency

response using equations of motion developed for vehicle

car body and wheelset in lateral, roll and yaw is obtained in

a harmonic and also in a random behavior. It is concluded

that the car body center is dominated by the resonances of

the lateral displacement and the roll coupled movement

[32, 33].

Based on different types of irregularities which may

present on track, Kumar and Rastogi [34] considered a

bump type of irregularities to evaluate acceleration fre-

quency response for vertical dynamic behavior of rail

vehicle and to determine Sperling ride comfort index. The

mathematical model for vertical and rotational displace-

ment for car body, bogie and wheel to study the time

response of displacement, velocity and acceleration of car

body and to determine track load due to wheel rail inter-

action is presented [35]. A linear oscillatory model of

transport is dissected with three-degree-of-freedom

damped system with excitation by the power spectral

density (PSD) of the harshness of asphalt-concrete pave-

ment in great condition. The investigation is led through a

simulation, in frequency domain, utilizing dynamics

equations. A program made in the product MATLAB is

utilized to dissect the transfer functions, spectral density

and RMS of oscillatory parameters. The consequences of

the examination demonstrate that the parameters which

guaranteed good oscillatory solace of the driver are

clashing with the parameters which guaranteed the best

stability of the bus and the comparing wheel travel [36].

The stability of rail vehicle model is analyzed by defining

different combinations of wheelset suspension parameters.

It is significantly affected by the coupler torsional stiffness

which is dominated by the relative spin that would become

unstable even at a lower speed. It is also seen that the

torsional damping shows more influence when torsional

stiffness is small. Due to variation in conicity of wheelset,

the excitation frequency is twice of natural frequency of the

dominant mode for reduction in critical speed which

depends on the value of coupler stiffness [37–40].

As Euler beam is supported by springs and dashpots, the

vertical dynamic direct of the vehicle track coupled plan is

intended for the vehicle body, bogies and rail can explore

the impact of flexibility of the vehicle on basic unique

reaction. The equation of motion for substructure and

vehicle-rail coupled structure is developed by linear Hert-

zian theory. The wheel–rail contact force and deflection of

rail at contact point are predicted by rail vehicle model

[49, 61]. The algorithm for simulation of rail vehicle sys-

tem using MATLAB Simulink package is shown in Fig. 8.

Telli and Kopmaz [41] contemplated the movement of a

mass grounded by means of linear and nonlinear springs in

series which prompts a lot of differential algebraic equa-

tions (DAE). Notwithstanding, presenting a reasonable

variable that speaks to the diversion of nonlinear spring, a

nonlinear ordinary differential equation (ODE) is acquired.

The arrangement of DAE in new factors is illuminated

Fig. 7 Half car rail vehicle

dynamic model and force acting

on the model [27]
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utilizing ode15s that is a worked in ODE solver in

MATLAB. For the subsequent strategy, analytical

arrangements are gotten by strategies for the Lindstedt and

the harmonic balance systems and it is seen that numerical

and analytical solutions found for both methods are in very

good agreement.

Vibration Response of Rail Road Vehicle using

Experimental Method

The oscillatory behavior of a spring-mass system is studied

by considering influence of varying spring diameter on

elastic constant, damping factor, angular frequency, and the

dynamics of the oscillations under simple harmonic motion

of spring-mass system. The frequency of oscillation of

spring-mass system is found out by attaching a spring at

one end, and a load is attached on other end and is freely

suspended vertically. The force sensor is used to measure

attached load or change in load. An interface is used to

transfer signal of oscillation to the computer considering

the influence of the damping on the oscillations [42].

Through testing, the dynamic conduct of wheel and rail is

assessed. An accelerometer is used to record vibration

response of rail vehicle over uneven track during running

condition by mounting it at axle box, bogie frame and car

body as illustrated in Fig. 9. All right field information is

filtered using a MATLAB code, and a sample of time- and

frequency-domain filtered outcomes measured on train

wheelsets between stations is shown in Fig. 10. The rail

irregularities are investigated by comparing measured track

forces before and after rail grinding and to find its excita-

tion frequency. Dynamic performance of train suspension

systems has been investigated by evaluating natural fre-

quency of primary and secondary suspensions as well as

their ability to lessen dynamic forces. The natural fre-

quency of primary suspension system can be gotten by

looking at axle and bogie frame acceleration in frequency

domain [43]. Nonlinearities of spring and damper are

considered while getting ready quarter vehicle model. A

FFT analyzer is utilized to acquire acceleration response of

sprung mass quarter vehicle model because of street pro-

file. Because of street profile, the deterministic driving

Fig. 8 Algorithm for

simulation of rail vehicle system

using MATLAB Simulink

package [61]

Fig. 9 Recording of vibration of rail vehicle suspension at a speed of 60 km/h [43]
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forces are given by harmonic shaker which gives infor-

mation motion to shock absorber. The sprung mass

acceleration response gotten by FFT analyzer for quarter

vehicle model is contrasted, and the outcomes are acquired

by linear and nonlinear MATLAB Simulink models [44].

Experimental and analytical evaluation of Sperling’s

ride index and ride comfort analysis of railroad vehicle

using finite element model is shown. Track power spectral

densities with frequency response are used as system

inputs, and random vibration theory is used for assessment.

To obtain the dynamic response under normal operating

conditions, spectrum results are also acquired at different

parts on the coach and bogie of an electrical multiple unit

trailer running on a broad gauge track [28]. The numerical

model for induced vibration with primary and secondary

suspension system of rail vehicle and railway track with

rail-pads, sleepers, ballast and background is presented.

Railway track is discrete as a finite Timoshenko beam

component with 4 degrees of freedom for each node and

rotation insignificant axial deformation. The numerical

results obtained for mathematical model of train-induced

vibration using MATLAB are compared with experimental

results taken with the help of series of accelerometers [45].

Track irregularity data are registered by different sen-

sors required for data mining and random track irregularity

modeling to show the relationship between the procedure

of high-speed trains and the track geometry [46]. Railway

vehicle vibrations in vertical direction are constrained by

the utilization of customary PID and parameters which are

versatile to PID controllers. A parameters adaptive PID

controller is designed to control vertical rail vehicle

vibration to improve the passenger comfort. Sinusoidal

vertical rail misalignment and rail irregularities are mea-

sured using fast Fourier transform technique for active

vibration control applied to secondary suspension. The

outcomes are resolved in time and frequency domain and

streamlined by methods for genetic algorithm tool com-

partment of MATLAB [47]. The vehicle model of Honda

Accord car for vehicle suspension is designed to determine

heave and pitch frequencies over a range of road wave-

lengths to evaluate rigidity and damping parameters for a

given road and comfort criterion. An experimental data are

acquired with the help of accelerometer and engine rpm

recorder equipped on a car, and it is compared with sim-

ulation results which are in close agreement [48].

Dynamic Analysis using Finite Element Method

An intelligent rail road hybrid vehicle, in particular on its

functional aspects and its mechanical behavior, is dis-

cussed. The dynamics of the vehicle is modeled and

analyzed in the software simulation package ADAMS. A

hybrid freight rail road vehicle of 40 tonnes is modeled

with 4 axle and generic air suspension spring and analyzed

for various speeds of 5–20 m/s for its lateral displacement,

roll angle of car body and axle steering angle [49]. The

dynamic behavior of a new double deck passenger vehicle

designed by China to meet the demands of high-speed

railway passenger transportation is presented. A full vehi-

cle model including all nonlinear factors is built in the

mechanical software ADAMS/Rail. The results of simula-

tion in the form of lateral and vertical acceleration and ride

index are compared with the measured data of field test and

simulation results using random equivalent linearization

method in frequency domain, to verify the model and

determine the track irregularity level. The track irregularity

has important effect on the car body acceleration and ride

comfort for both straight and curve track case. The effect of

suspension positions on dynamic behavior can be studied

using this model, to decrease roll motion of the car body

and also to improve lateral ride comfort of low floor of the

car body [50].

Finite element analysis involves the dynamic analysis of

rigid body model which are closer to real systems. Gan-

gadharan et al. [28] presented an FE analysis of rail carried

out by considering it as beam on elastic foundations with

vertical translation and rotation about lateral axis. The

primary and secondary suspensions are displayed as

Fig. 10 Acceleration measured on the wheelset in frequency and time domain [43]
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springs with vertical degrees of freedom if there ought to

emerge an event of the vertical model and as springs with

vertical and lateral DOF by virtue of the merged vertical

and lateral model. The connection examination is com-

pleted among vehicle and track for dynamic excitation in

the time domain utilizing MSC/NASTRAN. Finite element

model of sleeper is utilized for dynamic investigation for

its isolation to discover load time narratives. The dynamic

practices of railroad vehicle and track have been assessed

for different excitation frequencies under various vehicle–

track parametric conditions [30]. A finite element method

is disclosed to explore train wrecking brought about by

harm to suspension frameworks. Nonlinear moving wheel

elements, spring-damper elements, and a lumped mass

scheme are developed to simulate a moving train with

damaged suspension systems to examine the behavior

between the train derailment coefficient and the damage

ratio of the suspension. Damage of primary or secondary

suspension system affects derailment coefficient has little

influence by train speed because it is not located at the

wheel or rail and can cause cyclic contact problems [51].

Fatigue Analysis of Suspension Spring

The literature is cited in the area of fatigue analysis of

helical compression spring using analytical, experimental

and finite element method. The interaction or point contact

and tangential creep force between wheel and rail is

responsible for the formation of rolling contact fatigue in

rails. The analysis has been confined to investigations of

the quasi-static behavior of vehicles in curves with the

assumption of no geometric imperfection in rail but actu-

ally the dynamic response of vehicles also has a significant

influence on the rolling contact fatigue behavior [52]. The

application of various failure criteria to find fatigue

behaviors of mechanical component for its cyclic loading is

discussed. The consequences of fatigue tests on an assort-

ment of helical springs with various mean stresses are

assessed up to 107 cycles utilizing Goodman criteria to

explore the fatigue properties of helical springs for five

diverse wire diameters [53, 60]. The vibration fatigue

which is firmly identified with structural dynamics is

contemplated which is one of the key pieces of mechanical

structure, and for the most part considered in the frequency

domain with vibratory loads.

For time-domain estimation, the frequency area can in

like manner exhibit by fatigue life estimation, ideal as

especially when considered. Fatigue life estimation in the

frequency domain can in this way demonstrate beneficial as

for time-domain estimation, particularly when thinking

about the significant performance gains it offers, regarding

numerical computations. Vibration fatigue life is estimated

from frequency response which is based on vibration of

mechanical system and numerically simulated signals. This

examination centers on a correlation of various frequency-

domain techniques as for genuine tests [54]. A connection

between vertical vibration and fatigue life of spring is read

for various street excitations. The fatigue life of coil spring

is described by the vertical acceleration are measured by

strain signals for various road conditions. The acceleration

sign are then utilized as contribution to multibody sus-

pension model for force time history which is utilized for

coil spring fatigue life forecast [59].

The use of special purpose fatigue testing machine as

shown in Fig. 11 to check fatigue properties of helical

compression spring is reported. The results of fatigue tests

for variety of helical springs with different mean stresses

are obtained on fatigue testing machine and compared with

statistically evaluated results [53]. An experimental

investigation on a car suspension framework is examined

and considered the test signal excitation of various fre-

quencies from 1 Hz to 10 Hz. To quantify the fatigue sign

and vibration reaction, the strain gauge and an

accelerometer is mounted on the inward surfaces of the coil

spring. The strain sign is seen to be straight and compar-

atively recognized with the responses to the vibration [55].

An analysis of wheel rail rolling contact fatigue using

Vampire, ADAMS/Rail and NUCARS to do recreations for

a scope of vehicles running on new and worn wheels has

been clarified. A rail vehicle model is prepared in ADAMS

with the primary suspension having four coil springs on

each axle with two vertical dampers and with the secondary

suspension having four coil springs, two vertical dampers,

two lateral dampers and two yaw dampers. The simulation

results reveal that the wheel is oscillating from left to right

on the rail, and afterward arrives at a steady position in the

bend [52]. The failure of exhaust valve spring of I.C.

Fig. 11 Fatigue analysis of helical compression spring using fatigue

testing machine [53]
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engine for reliability is discussed. An oscillatory dis-

placement occurred during start/stop time of IC engine

which is responsible for its fatigue failure. A fatigue

analysis of modeled spring is carried out under cyclic

loading using simulation tool MSC NASTRAN. An

expected life of spring is estimated for the predetermined

loads during its operation [56]. The fatigue fracture surface

of helical compression spring is shown in Fig. 12. ANSYS

is used for fatigue analysis of spring suspension system for

cyclic loading to determine its fatigue life. A finite element

model for helical compression springs as shown in Fig. 13

subjected to cyclic loads (compression) is developed for

fatigue stress analysis. The results are determined for

fatigue life of suspension spring and compared with the

experimental observations [57, 58].

Summary and Conclusion

This paper is categorized in three sections, analytical,

experimental and finite element method revealing static

and dynamic consideration for analysis of helical suspen-

sion spring system. A helical compression spring

commonly used to absorb shock and vibration causes shear

stress in the inside diameter due to twisting by axially

applied load. The different stress factors like Wahl’s,

Bergester’s can be used to find shear stresses in the spring.

The experimental investigation for shear stress in spring

emphasizes use of strain gages in static condition or stiff-

ness of spring can be confined for its static deflection for

varying loading condition. Railroad vehicle with primary

and secondary suspension system experiences a large

deformation in vertical and lateral direction in dynamic

condition. The vibration is reduced by primary suspension,

and to stabilize, a vehicle secondary suspension is used.

The primary suspension causes very high fluctuation due to

wheel flatness, track imperfection or irregularities in track

by several ways. Hence the natural frequency of rail

vehicle predicted in many studies by considering 10–17

degree of freedom for vertical, lateral and rotation motion

of rail vehicle system. But for the simplicity to find har-

monic response of rail vehicle model 2–4 degree of

freedom damped vibration system is also considered. The

frequency response of railroad vehicle system computed by

software package MATALAB program and Simulink

model represents maximum amplitude of displacement,

acceleration and power spectrum density. Also mathemat-

ical models are also presented to find excitation frequency

of railway track by considering infinite beam using

Timoshenko beam theory or Euler–Bernoulli beam theory.

The dynamic response wheel rail interaction for rail

irregularities is also presented by acquiring an experi-

mental result of track using accelerometer or FFT analyzer

for its frequency response. An experimental dynamic

response is also presented experimentally for rail vehicle

and compared with excitation frequency of railway track.

Mainly, it is observed that the excitation frequency is twice

of natural frequency of rail vehicle but sometimes it is

matches with natural frequency and causes a resonance and

responsible for failure of rail components. Standard finite

elements tools are used for static and dynamic analysis of

mechanical components. A structural analysis of helical

compression spring to present stress concentration on

inside diameter is presented for fixed and rotary surface at

Fig. 12 Fatigue fracture surface of helical spring [60]

Fig. 13 Fatigue zone of helical spring using FEA
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bottom and top of spring, respectively. A static analysis is

also presented for one-fourth and one turn coil of spring.

Modal and harmonic analysis represents dynamic analysis

in FEA tool. The frequency response of dynamic railroad

vehicle and railway track is also analyzed in FEA tool like

MSC NASTRAN or ANSYS.

The dynamic response of rail vehicle may be responsible

for fluctuation of suspension system which causes cyclic

response to reduce its fatigue life. Literature presented

experimental fatigue analysis of helical spring using fati-

gue testing machine, but many found its fatigue life using

finite element method for the ratio of minimum and max-

imum force acting on spring. The suspension spring of rail

road vehicle is not responsible for large deformation while

moving over straight track but responsible while moving

over curved track in vertical as well as in lateral direction.

The wheel rail interaction also causes wear of wheel and

railway track on curvature. Hence, the suspension system is

the important part of rail vehicle which gives ride comfort,

reduces vibration of bogie and also stabilize a rail body.

Hence, the literature discusses a railway vehicle may also

derail due to damage to the suspension system.
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