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Durability Analysis of Helical Coil Spring in Vehicle
Suspension Systems

Dhananjay Kumar

ABSTRACT

The suspension system in vehicles supports the vehicle’s road stability and ride
quality by scaling down the vibration responses resulting from road surface’s roughness.
This research focuses on fatigue life analysis of coil spring component. Static linear analysis
is conducted on the 3D model of helical coil spring to investigate deformation and stress
responses. Modal analysis evaluates the characteristics of vibration, i.e. natural resonance
frequencies and corresponding mode shapes. The stress frequency response is generated
after performing the harmonic analysis on the spring. Dynamics and performance of spring
are analyzed over practical frequency range of 0 Hz to 200 Hz. Fatigue life estimation of
vehicle suspension spring is performed using the stress data obtained from frequency response
analysis. The stress-life (S-NN) approach is utilized for fatigue life assessment of suspension
spring. This durability analysis technique can be utilized in the automotive industry to
improve reliability of vehicles. The outcome of this research can contribute in analysis and

design of modern smart vehicles.
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Dhananjay Kumar

GENERAL AUDIENCE ABSTRACT

The suspension system in vehicles supports the vehicle’s road stability and ride
quality by scaling down the vibration responses resulting from road surface’s roughness.
This research focuses on the fatigue life analysis of suspension spring component. Initial
phase of analysis is conducted to investigate the deformation and stress in 3D model of
spring. Dynamics and performance of spring are analyzed over applicable frequency range
of 0 Hz to 200 Hz. Fatigue life of vehicle suspension spring is evaluated using stress data
from frequency response analysis. This durability analysis technique can be utilized in the
automotive industry to improve reliability of vehicles. The outcome of this research can

contribute in analysis and design of modern smart vehicles.
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Chapter 1

INTRODUCTION

1.1 An Overview: Evaluation of Fatigue Life

Automotive components are exposed to vibration conditions and are subjected to various
dynamic loadings, during the operating conditions. Loadings and vibrations induce stress
in the components that can lead to mechanical failure. Mechanical failures have been the
foundation for injuries and loss of assets. Mechanical failures in the automotive components
can be diminished rather than completely eradicated. Many mechanical structures and
components have effectively reduced the mechanical failure by following adequate design
procedures, e.g. turbines [1], automotive dampers [2] and aircraft [3]. Continuous vibration
loading can have either constant or varying amplitudes that originates cracks, deprivation in
ductility of material and leading to failure of mechanical component [4]. This type of failure
is termed as fatigue failure. In practical applications, mechanical components and structures
are exposed to varying amplitudes load scenarios where stress-strain cycles are oscillating

with time [5, 6].

Fatigue contributes to at-least 50 percent of the failures of mechanical components
and structures [4, 7]. Fatigue failure can lead to fatal accidents involving risking multiple
lives. Hence, analysis of fatigue behaviour becomes a crucial part in the mechanical design

of enhanced durable product. The stress-life (S-N) curve was first introduced in 1850 by a

1



German engineer, August Woéhler, to study and investigate fatigue behaviour of materials.
Wohler conducted the study using specimens of cylindrical geometry and under constant
amplitude loadings. The S-N curve has significantly contributed in the understanding of

fatigue properties of materials [8].

1.2 Durability of Vehicle Suspension System

Manufacturing process and product design are two factors that impact the durability of an
automobile component. Most mechanical automotive components were subjected to heat
treatment or process of shot peening to increase the fatigue life prior deploying components
for mechanical operations [9]. Being a complex dynamical system, the vehicle response is
influenced by the rapid change of contact between tires and road surface. Dynamic vibrations
are generated in vehicle components by unsteady interactions, which can further lead to
failure of components. During the design stage of automobile components, appropriate
manufacturing process must be taken into consideration to deal with fatigue failure induced

by unpredictable vibrations [10, 11].

Vibrations are induced in an automobile via running engine, drivetrain and road
excitations [12]. Fatigue failure of vehicle component is critically influenced by road induced
vibrations [13]. Thus, suspension system was setup in automotive vehicles to isolate the
road disturbances and improve the ride comfort, also to increase the reliability of other
supporting vehicle components. At large, a set of spring dampers are present in suspension
system that bear the vehicle weight and permit the vertical translation motion of wheels.
Tire also constitutes in the suspension system, regular replacement are necessary as they

are considered as a wear and tear component [14]. Consistent examination of tire bring out
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more attentiveness towards the fatigue analysis of spring because the spring is supposed to
be deployed in vehicle until its targeted durability warranty period ends i.e. for a maximum

of 6 years [15].

When a vehicle passes through a rough terrain, the vibration energy is absorbed
by the compression and expansion motion of the coil spring. The spring reacts interactively
to the road conditions. Helical spring has circular geometry; the principal stresses are ob-
served in different directions during the compression stage. The process of fatigue analysis
is complex because of the complicated stress conditions observed in the coil spring. A study
was performed to assess profile of road based on a new technique of vehicle ride and durabil-
ity [16]. During the research, it was identified that both vehicle characteristics of durability

and ride were predominantly influenced by excitation of road surface.

A research was performed on 1400 springs to analyse the fatigue characteristics
of coil spring [17]. Fatigue testing machine was used in experimental testing to investigate
influence of spring material state and wire diameter on fatigue life of coil spring. Being
destructive testing, all the springs were destroyed in the experiment. The fatigue testing
experiment was not cost efficient. However, to understand the behaviour of helical coil
spring and failure resulting from fatigue, numerical analysis using finite element modeling

(FEM) is a cost effective and reliable solution [18].

Road excitation influences the ride quality, and also contributes to the fatigue of
suspension coil spring. Rough road conditions can affect the passenger comfort during the
vehicle ride. The design of vehicle suspension system is optimized to counteract the effect
of vibrations induced by various road conditions [19]. The experiment setup was developed
having a quarter car model to replicate the vehicle ride conditions. Combination of various

spring stiffness and damping coefficient values generated vertical acceleration amplitudes of



vehicle, that effectively evaluated the optimized parameter. A technique was proposed to
refine the quarter model of vehicle suspension for ride analysis [20]. The method resulted in

a simplified equation to evaluate the damping impact in vehicle ride comfort.

1.3 Problem Statement

In the present age, there is demand and requirement for passenger vehicle having durable
system and excellent riding properties. Therefore, good suspension design can serve the
purpose of automotive industries to satisfy the consumer needs and sustain in the competitive
automotive world. However, the design process of vehicle suspension spring consumes a good
amount of time focusing on selection of suitable vehicle target level, hard points, system
architecture, bushing rates, spring rates, analysis of loading on suspension, characteristics of
shock absorber, each component’s structural integrity and vehicle dynamics assessment of
the design results [21]. These tasks require extensive human efforts, resources and time to
validate the suspension spring design of sustaining the repetitive road induced disturbances

without early stage failure and providing smooth vehicle ride attributes.

Vibrations contribute to a greater extent in the ride performance of automo-
biles [22]. Recent literature draws attention towards the potential irrelevancy arising from
independent analyses on durability and vibrations of the vehicle suspension. After executing
integrated suspension structural analysis, suspension design contribution towards the ride
dynamics of vehicle were examined for betterment in vehicle ride characteristics. Hydro
mounts were utilised in vehicle simulation model for extracting durability loadings for ride
and durability study of vehicle [23]. The suggested technique had limitations of complicated

modelling and each tuning on suspension generated new transfer function. The repetition
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of procedures were required for setting up a balance between fatigue strength of suspension
components and vehicle ride characteristics for obtaining design optimization. The iterative
time consuming procedure, generated minute engineering value. Essentially, there exists
good probability of error or unavailability in the simulation or measurement that could
possibly generate obstruction in analyzing desired results [24]. In the adverse scenario, it
could hinder the timeline of product launch and impact the reputation and stature of the

automotive industry.

It becomes quite important to perform design analysis quickly by opting a robust
and simple technique which could serve as a guideline in reducing the repetitive human
efforts. Data obtained form durability tests performed on old vehicles were not utilized
for future vehicles after investment of human efforts and monetary funds. The need that
arises is to have a workflow to use the information from present generation of vehicles to the
upcoming new vehicle generation which reduces the unnecessary repetition of development
processes. This research focuses on providing solution to the requirement of automotive
industry in present era. However, extensive road load analysis had been performed, vehicle
ride dynamics although being closely associated to the suspension components were not
considered of the integrated structure of the analysis. This leads to need for determination of
relationship existing between vehicle ride comfort and durability of suspension for assistance

during automobile design.

1.4 Research Objectives

This current study aims to establish the relationship of vehicle spring durability for vibration

along with considering the varying profiles of road terrain. Several objectives have been



determined for the successful execution of this study. The specific objectives are

1. Generation of helical coil spring model in 3D CAD software, and using FEA software
tool to obtain the mean stress about static equilibrium position from static linear

analysis of spring CAD model.

2. Performing the modal and frequency response analyses on the helical spring model
to estimate the natural resonance frequencies of vibration, and obtaining the stress

frequency response data over practical frequency range of 0 Hz to 200 Hz.

3. Determination of durability relationship, predicting the vehicle vibration by analyzing

the simulation of a quarter vehicle model traveling on wavy road surface.

4. Establishing the prediction of fatigue life in helical suspension spring, considering the

mean stress, 0,,, and using the S-N approach.

1.5 Significance of Research

This research comes up with innovative approach of durability analysis of suspension spring
and it contributes new approach to the fields of vehicle dynamics, mechanical design and
durability. This study performed on the coil spring focuses on developing a technique for
durability assessment of vehicle vibrations. Initially, the stress was analyzed for realistic
prediction of suspension spring fatigue life. Later, durability evaluation was performed on
automotive coil spring for varying wavy road conditions. It becomes crucial to qualitative

gauge the suspension spring design in refining the road excitations.

Furthermore, this research constructs a relationship between vehicle suspension

spring and vehicle ride dynamics. In application process, designing a suspension spring



having both vibration properties, and good durability consumes good amount of time and
efforts. Hence, assessment of durability and vehicle ride characteristics becomes important
to reduce the required time. The relationship developed under this study is quite robust,
and the results could be extracted instantly within acceptable range of accuracy which is

important contribution from this current research.



Chapter 2

LITERATURE REVIEW

2.1 Automobile Suspension

Automotive suspension systems have been continuously developed over the years. All types
of suspension systems have undergone through consistent development cycles. The vehicle
suspension systems are classified in three categories namely active, passive and semi-active
suspensions. An active type comprises of spring and damper that dissipates or gain energy
into the system in compliant manner whereas the variable damping with predefined charac-
teristics of spring is allowed in a semi-active suspension system. Passive suspension system
includes a damper and pair of springs having predetermined characteristics. Passive system
being the simplest, it is most extensively accepted in automotive applications [25]. Further
there are advanced suspension systems, the suspension system having continuous varying
damping, while air springs with variable spring and damper characteristics utilised by the

automotive companies [26].

Passive suspension systems can be broadly categorised in further three groups
namely dependent, independent and semi-dependent systems. Hotchkis suspension system
is one of the most popular example of dependent suspensions as shown in Fig. 2.1. Motion
of the left and right wheels are dependent on each other as both the wheels are connected to

same solid axle. If any wheel of dependent suspension moves over an uneven surface, subse-



quently vibrations are originated in other wheel. This category of passive suspension system
has capability to insure a fixed camber which is appropriate for heavy duty automobiles.
In semi-dependent suspension, a compliant link replaces the rigid connection between both
the wheels. Trailing twist axle suspension is an example of semi-dependent system. The
dependent and semi-dependent system can be mainly differentiated based on the count of

compliant links attached to both the left and right wheels.

Figure 2.1: Dependent System: Hotchkis Suspension.
Source: Jazar [27]

The two wheels in independent suspension system that are mounted on vehicle
axle can move independently. In contrast to dependent suspension system, this class of
suspension system is advantageous while packaging and allows greater freedom in design. The
Macpherson strut, multilink, double wishbone, and trailing arm are few common examples
of independent suspension system as described in Fig. 2.2. The Macpherson strut as shown

in Fig. 2.2 (a), has a strut combined with spring and shock absorber and it connects wheel

9



with vehicle frame. This suspension system has lesser components and acknowledged for

being lightweight, cheaper and compact in size [28].

.~

(c) (d)

Figure 2.2: Types of Independent Suspension System.
Source: Jazar [27]

The other two categories of independent systems, double wishbone and multilink
systems have better performance and versatility than Macpherson system. Double wishbone
system as shown in Fig. 2.2 (b), generally comprises of two lateral control arms of unequal
lengths accompanying with coil spring and shock absorber. Whereas the multilink system
has five connecting links as described in Fig. 2.2 (¢). Design parameters increase with the
increase in number of connecting points in suspension system and it evokes the kinematic

and dynamic complexity in the suspension system which is good for vehicle handling [29].

However, the cost may rise with increase in number of links and components.
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Trailing arm suspension system is commonly applied by attaching pivot point to the axle
as shown in Fig. 2.2 (d) and extensively applied in heavy duty vehicle having solid axle
such as military trucks [30]. Type of vehicle, allocated cost and desired performance are the
deciding parameters in choosing the appropriate vehicle suspension system. During vehicle
design, in-depth understanding of suspension mechanism is required for selecting suitable

suspension system.

2.2 Mechanism of Suspension Components

Suspension system mechanism describes the kinematics of wheel’s movement in lateral and
vertical directions while vehicle is moving on the road. The wheels move vertically upward
and downward when the vehicle travels through various terrains and rough road conditions

as shown below:

z
Sprung mass Vehicle body response
Spring / \ Zg
L and k, g ¢

y W e - - - — i

[ damper / Ground input
 — - e

Time (s)

Figure 2.3: Quarter Car Model.
Source: Blundell and Harty [31]

here Z, is excitation of road surface, Z is vehicle response to excitation, ¢ is damping
coefficient of the damper, and k, represents ride rate as described by Eq. 2.1. Wheels

move in perpendicular direction to the road surface that expands and compresses the spring

11



component of vehicle suspension system. The energy is absorbed by the spring and it is
released moderately. Remaining load that gets transmitted to body of the vehicle creates
dynamic body response. Most vehicle suspension system apply this mechanism to reduce

the disturbances induced by the road surface.

While the vehicle is in motion, both coil spring and wheel displace relative to each
other. Motion ratio (MR) creates relationship between displacements of suspension spring
and wheel [32]. It is proposed to have MR value as 1 to ensure vehicle balance during roll
of front suspension system [33]. While modelling, tire element is considered as linear spring

which is in series connection with coil spring, and ride rate, k,, is expressed as

Fsk:

hp = ot
(ks + kt)

(2.1)

here k, is spring rate or spring stiffness, and k; is tire stiffness. The compression and extension

mechanism of helical coil spring is shown below:

(a) (b)

Figure 2.4: Spring Loading Diagram: (a) Uni-Axial Loading, (b) Free Body Diagram.
Source: Sequeira et al [34]
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When vertical applied force, F', is applied on the coil spring, it gets compressed and is
subjected to torsional shear, T', as described in Fig. 2.4 (b). The fundamental Hooke’s law
is applicable for coil spring, that can be stated by the Eq. 2.2 [35]. Hooke’s law has been
existing for more than three centuries and is extensively referred during the design of coil
spring [36].

F
K=— 2.2
- (22)
here K and z represent stiffness and displacement of spring respectively. The stiffness of

spring, K, also known as spring rate or spring constant or spring scale, is obtained from the

slope of force-deflection curve. This constant can behave in linear or nonlinear manner.

Spring deform with application of load and the objective of extension and com-
pression movement of spring is to attain equilibrium by returning the attached mass to its
initial static position. In case of unanticipated impact, the rebound and vibration in coil
spring lasts until the entire energy transmitted from the impact gets exhausted. Only spring
component in the vehicle suspension system cannot provide smooth ride to the passengers.
Shock absorbers are installed in suspension system to diminish the vibrations induced in
the helical spring by converting kinetic energy to heat which gets dissipated using hydraulic
fluid [37]. The viscous effects are commonly observed in damping behaviour of the shock
absorber. There is a relation between viscous damping of shock absorber and the velocity

of excitation, &, which is expressed below:

(2.3)

C = —
T

here ¢ is damping coefficient. Rebound and compression are two mechanisms observed in

a shock absorber as described below in Fig. 2.5 (a) and (b) respectively. Mechanism of

13



damper has been expressed by the damping curve as shown in Fig. 2.5 (c).

L | Ll
(a) (b)

L
3

5 compression (soft)
2]
e
=

_ deflection

velocity

v

tension

energy loss

(c)

Figure 2.5: Damper Mechanism.
Source: Schramm et al [38]

The hysteresis effects observed in the curve is owing to the oil being compressed by the
valve [39]. Compression represents positive damper force whereas negative damping force
indicates rebound state of the damper [38].

When the focus is on dynamic properties of vehicle, tire is also considered a sig-

14



nificant component of the suspension system. Knowing the tire properties is essential in
order to replicate the vehicle ride properties. The stiffness and damping values are needed
to simulate the ride scenario of automobile. The tire is commonly modelled as linear system
of spring and damper as shown in Fig. 2.6, where k; is stiffness of tire, ¢; is tire damping
coefficient, m; is mass of wheel, ¢, is vertical displacement of tire, Zg4r is vertical axis as

per SAE coordinate system, and Xg4g is the longitudinal axis.

Figure 2.6: Automotive Tire Model.
Source: Blundell and Harty [31]

The tire is moderately damped in passenger cars and vehicles in motion are nor-
mally influenced by wheel hop [31]. A linear tire model system is perfectly adequate in
simulating majority of automotive passenger vehicles [40]. In case of heavy vehicles, the
nonlinear tire model should be considered over linear tire model in consequence of the large

deflection. The Kelvin-Voigt-type model, and Maxwell model are two ways to model the

15



suspension tire. The Kelvin-Voigt-type model is represented by parallel connection of a
Newtonian damper and Hookean elastic spring, whereas the Maxwell model comprises of a

series connected viscous damper and elastic spring.

The movement of wheel is guided by control arm and it is an important component
that regulates stability of vehicle and ride comfort [41]. The mounting of control arm is in
between vehicle chassis and vertical suspension sustaining the wheel. It is connected to the
chassis by one pivot bushing which directs the location of control arm end in one DOF and
maintains distance in radial direction from inboard. While moving along rough road terrain,
lower arm oscillates in constant radius and drives wheel’s motion along an arc. The weight
of control arm has influenced few advancements in the field of vehicle dynamics. Design
enhancement of reinforcing carbon fiber on the composite was suggested to lower down the

weight of suspension while sustaining its strength [42].

Components of suspension usually have the same objective for majority of auto-
motive passenger vehicles. Although, varying the setup of suspension components modifies
the dynamic attributes of the vehicle. The Macpherson and double wishbone systems are
the most commending suspension systems and they are listed in specifications of numerous
automotive vehicles [43]. The high performance car manufacturing companies have deployed
the Macpherson suspension system [28]. Meantime, many car manufactures installed the
Macpherson system as the front suspension system of vehicle. Therefore, researches have
been conducted for simulating and analyzing the Macpherson suspension system and vehicle

dynamics [44].
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2.3 Coil Spring Parameters

Springs are flexible components used for storing energy and exerting force or torque. In case
of door closers, springs are installed to generate torque. The nature of spring-force can be
tensile or compressive, and direction can be radial or linear. FEnergy transfer is observed
and spring energy is stored during the process of spring displacement. The stored spring
energy gets released after the applied force producing the deflection of spring is removed.
Classification of springs are based on the direction and characteristics of exerted force while
the springs get displaced from equilibrium position. Various classes of springs are described

below in accordance with nature of applied torque or force [45].

Table 2.1: Springs Classification Based on Force or Torque Nature.

Actuation Spring type
Compressive Helical compression
Compressive Belleville
Compressive Flat; e.g. leaf springs
Tensile Helical extension
Tensile Drawbar
Tensile Constant force
Tensile Flat; e.g. cantilever springs
Radial Garter
Radial Elastomeric bands
Radial Spring clamps
Torque Torsion
Torque Power

Helical compression spring being the most common type of spring has constant
round wire diameter and constant value of pitch. Configurations having variable pitch,

barrel shape, hour glass shape and conical shape are also possible as shown in Fig. 2.7.
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(a) (b) (c) (d)

Figure 2.7: Helical Spring Configurations.
Source: Childs [45]

Other than diameter and pitch of coil spring, end treatments as shown in Fig. 2.8
are also crucial as it adds to the production cost and effect the performance of spring. The
ends of spring are formed to improvise the interconnection between mating components of

the suspension system.

(a) (b) (c) (d)
Figure 2.8: End Treatments: Plain, Plain Ground, Squared, and Squared Ground.

Source: Childs [45]
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For coil springs having end treatments, it becomes important to account for the
inactive coils and only active coils should be considered for evaluating the deflection and
stresses from static structural analysis. The relationship between inactive and active coils
for various end treatments can be obtained as shown in Table 2.2 [45], where N, is active

coils count, and N is total coils count in helical spring.

Table 2.2: Counting Number of Active Coils.

Plain/Open | Plain Ground | Squared | Squared Ground
N, =N N,=N-1 N,=N -2 N,=N -2

The principal geometrical parameters for a helical compression spring having con-
stant pitch are described in Fig. 2.9. The wire diameter, mean coil diameter, freelength, and

either the pitch or total number of coils define the geometry of helical coil spring and are

Figure 2.9: Dimensional Parameters.
Source: Childs [45]
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used for corresponding analysis. The outer coil diameter, D,, and inner coil diameter, D;,
are utilized in design of locating and mating associated components of vehicle suspension
system. Other than the principal dimensions for an unloaded spring as identified above in
Fig. 2.9, various lengths are defined for a coil spring as described in Fig. 2.10. The installed
length, L,, is obtained after the spring has been installed considering the primary deflection,
Oinitial- The operating length, L,,, is shortest compressed length of spring associated with
the maximum working load. The solid length or shut height, L, is the shortest possible
length when the adjacent coils are actually touching each other.
Maximum

working

Mo load ¥ Preload
load

|

|

|
=
o
=
E‘!

a——

i
i

|
u

i
!

—

Free length Installed Operating Shut height
length length or
solid length

Figure 2.10: Various Spring Lengths Terminology.
Source: Childs [45]

Coil spring is installed in both Macpherson and double wishbone suspension systems
primarily to diminish the vibrational impact in vehicle. Design of helical coil spring usually
depends on the stiffness target value associated with natural frequency of vehicle suspension
system. The force mean and amplitude loadings (F,,, F;) are defined using the mathematical

equations as mentioned below:

(Fmaa: + szn) (24)
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Fa = 3 (Fmaac - szn) (25)

here F),., and F,,;, are maximum and minimum forces applicable on spring during vehicle
in motion. Helical coil springs can fail either by fatigue in case of dynamic loading or
by yielding caused by high stress in case of static loading. For evaluating helical spring
geometry to overcome or estimate such failure, consideration of loading induced stresses in
spring becomes necessary. The mean and amplitude shear stresses (7,,, 7,) are obtained

using expressions as mentioned below:

8F,,D
K, 2.6
=t (P27 2.6
8F,D
Ta = Wwahl ( Td3 ) (27)

here K, is direct shear factor and W, is the Wahl factor, and these two constant values
can be evaluated using Eq. 2.8 and Eq. 2.9 as mentioned below [46]. The direct shear factor,
K, accounts for direct shear stress effects while the Wahl factor, W,.u, considers both
direct effects of shear stress and the stress concentration factor arising from the curvature
of helical spring component. Equation 2.6 is used for modelling of spring considering only

static loading, and Eq. 2.7 is quite commonly utilised for fatigue modeling.

K,=1+ (%) (2.8)

(2.9)

4C —1 0.615
Wwahl = ( )

4C -4 C
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here C' describes spring index, and is defined as

D
“=3

(2.10)
The value of spring index is preferred in a range between 4 to 12. Manufacturing of spring is

difficult for value less than four and springs are prone enough to buckling for value greater

than 12 [45].

Distribution of stress in helical springs is crucial for validation of design. Virtually,
springs can be manufactured using any material. However, material having high ultimate
strength, high yield point, and Young’s modulus on lower side would be ideal one providing
maximum energy storage while oscillatory motion of the helical spring. Spring manufac-
turing industries have largely adopted the techniques to analyze the stress distribution in
coil springs. For stress analysis, FEA technique works satisfactorily for various types of coil
springs [47]. FEA method was applied for validation of stress levels in different configurations
of coil springs [48]. The relationship possessing by stress and strain have linear behavior,
acknowledged as Hooke’s law as described by Eq. 2.11, exists under certain assumptions and

is followed by material within limit of elasticity.
o= Fe (2.11)

here o represents stress, F is modulus of elasticity, and e represents strain. Under linear
elastic condition, the spring can restore the initial position from deformed configuration post

removal of load.

Design of component may not be linear and does not follow the limit of elasticity,

this scenario can be treated as plastic design application e.g. vehicle body requiring a non-
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linear relationship between stress and strain [49]. In 1943, a mathematical relationship was
proposed by W. Ramberg and W.R. Osgood to express the non-linear behavior of stress and

strain. The initial representation of Ramberg-Osgood equation can be described as
o o\
e=Z 4 (—) " (2.12)

here K" and n’ describe cyclic strain coefficient, and cyclic strain hardening exponent. The
former part of equation illustrates stress-strain elastic behavior, and later part defines plastic
relationship of material. The Masing’s model evaluates the incremental reversals associated

with reference turning point as mentioned below [50]:

’

Ao Ac\"

here Ae and Ao represent strain range and stress range respectively.

The strain hardening effect caused failure of many vehicle components due to accu-
mulation of damage under plastic limits [51]. The transition effect of elastic to plastic behav-
ior described as yield. For analyzing the simple stress state, especially for brittle materials,
the principal stress theory was applied for design of components. However, in the complex
stress analysis for ductile materials, the von-Mises stress yield criterion is utilized [52]. The

yield criterion of von-Mises stress is given as

o= /3, :\/ (o = om)’ + (o = o)+ (ow = ou) +6(h * o+ o) (5

here J; represents second invariant of deviatoric stress, and o1y, 099, ..., 012, 013, €tc. are
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components of the Cauchy stress tensor, as expressed below:

011 O12 013
0= |091 029 093 (2.15)

031 032 033

The von-Mises stress criterion is very commonly applied in automotive applications e.g. twin
helical springs analysis [53] and stress estimation of automotive coil springs [54]. Several
studies and conducted experiments have verified the accuracy level of the von-Mises stress

evaluation method for the estimation of stress [55].

The failure of component is instantaneous in case of maximum stress in component
exceeding the ultimate tensile strength of material. This category of failure is termed as
static failure. Important aspects of component design comprise of selecting the material and
determining the geometrical dimensions to ensure that component will sustain for lifetime
needed for specific application and it will neither buckle nor deform beyond certain permis-
sible limits. Nevertheless, it has been mentioned in literature article that static scenarios
had never resulted in the failure of automotive coil springs [18, 56, 57]. The study express
that repeated cyclic loading was significant factor in the failure of coil spring, as coil spring
can sustain the static single load whereas vehicle in motion experiences iterative and contin-
uous cyclic loading applied on the suspension system. Hence, durability analysis becomes
important in fatigue life estimation of design to ensure coil spring is safe and operational

throughout the desired lifespan of vehicle system.
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2.4 Durability Analysis

Durability analysis is an important domain for automotive industries as fatigue failure can
lead to severe losses. For ground vehicles, suspension components are very crucial for safe and
smooth travel. Fatigue failure in suspension components, especially spring, could cause road
accidents. The road accident can cause financial losses, vehicle damage and injuries to people
riding in vehicle. Fatigue analysis of vehicle suspension component becomes mandatory in

preventing potential losses, and encouraging safety of vehicle.

2.4.1 Durability Analysis and Design

Engineering researchers and automotive industries have acknowledged the importance of
fatigue analysis. Several experiments in fatigue domain had been performed to improvise
the design of vehicle components. A technique known as V-Cycle, was established to consider

fatigue design of vehicle suspension components as shown below:

Customer Customer
requirements satisfaction ¢a\

Car validation

| Car requirements |

Design / calculation experiments

i Subsystem '

.........

validation |

! Subsystem
7| requirements

Design / calculation experiments
..-nn.| COMponent : ............ | Component |.......
| requirements | validation

Design / calculation experiments

Figure 2.11: Fatigue Design Technique of Automotive Suspension System.
Source: Thomas et al [58]
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The V-Cycle first consider the requirements of customer and later categorize the design
requirements of vehicle into subsystems. Experimental results are used to validate the sus-
pension component design. After gaining a good understanding of fatigue characteristics
requirement, unnecessary material could be removed to reduce cost and achieve the optimi-

sation of component design [59].

Durability analysis is performed for predicting the fatigue life of component. The
process considers input as geometry, material property and service loadings. The procedures

are collectively called the “Five - Box Trick” durability model, is described below:

Geometry Material properties Service loads

I |

Durability model

v

Fatigue life

Figure 2.12: “Five - Box Trick” Durability Model.
Source: Karthik et al [60]

The geometry is utilized for determination of critical stress concentration region and distri-
bution of fatigue life. In addition, assigning correct boundary conditions imitate the original
experimental set up for fatigue analysis and generates relevant results. Material property,
geometry and service loads are utilised together for the fatigue assessment which is clearly

visualised in the Fig. 2.12 shown above.

In the past, numerous durability models have been implemented during the fatigue
design process of automotive suspension. Various researches have used virtual simulation
techniques for prediction of fatigue life in vehicle suspension components. The aim of analyses

was reduction in weight of component and altogether sustaining the fatigue characteristics.
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In addition, methodologies to model the road surface loadings for predicting fatigue life
have drawn interest of researchers and automotive industry as well. Those studies focus on
developing exact loading conditions generated from road surface profiles. The constructed

road model is utilized for fatigue life assessment related to suspension components.

2.4.2 Classification of Road Surface Loading

Road surface can be expressed as a function having independent variables consisting details
of loading induced from road profiles. Understanding the information carried by road sur-
face, becomes crucial for durability and vehicle ride analyses. The exactness of road surface
mapping to a function leads the precise durability analysis of automobile components. The
road surface characteristics are first determined statistically for studying the dynamic be-
havior of an automobile. Fatigue property of vehicle component is influenced by behavior of
road profiles [61]. Fatigue cyclic loadings are classified under two major types, having con-
stant and variable amplitudes. Constant amplitude loading (CAL) can be expressed using a

mathematical equation, e.g.

y = Asin (wot — 0) (2.16)

where A is loading amplitude, wy and 6 represent frequency and phase angle of loading
respectively. The CAL consists of specific function over time and no variation is observed
with time. The CAL can be represented in various forms as shown in Fig. 2.13. The CALs
generate a complete pattern that gets repeated over time frame. For fatigue life assessment
of automobile components, the manufactures utilize the CALs [60] as equivalent CALs being

easy and convenient to execute for experimental testing of component in research labs.
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Figure 2.13: CAL Representations: (a) Time Series, and (b) Peak-Valley Reversals.
Source: de Jesus and da Silva [62]

Variable amplitude loading (VAL) signifies random behavior of road profile load-
ing that cannot be expressed using mathematical equation as in case for CAL. The VALs
are broadly implemented in automobile industries. Multiple loading analysed for fatigue
assessment exhibit variable amplitude characteristics [63]. The VAL data was applied for
producing cyclic load in evaluation of vehicle fatigue life [64]. Another study implemented
VALs for analyzing the dynamic response of vehicle planetary gear [65]. Considering prac-
tical road operating scenarios, mostly loadings are expressed as VALS because road profiles

comprise of potholes or bumps [66].

For CAL cyclic loading scenarios, stress amplitude, o,, and mean stress, o,,, can

be evaluated by mathematical expressions given as

AU Omaz — Omin
O’a = ——-—--

. . (2.17)

= O+ O 219

here Ao represents stress range, 0,,q, and 0,,;, are maximum and minimum stress values

28



respectively. For CAL fatigue assessment, the oscillating loading is implemented on auto-
motive component along with mean stress, o,,. Another parameter known as stress ratio,
R, as defined in Eq. 2.19 | is utilized for representing the mean stress during fatigue testing
of component. Multiple stress ratios were used for evaluating the fatigue behavior of high

strength steel during generation of S-N curve [67].

R = Jmin (2.19)

Umax

In CAL scenarios, determination of stress ratio and analysing various parameters
are convenient for fatigue assessment. The behavior of multiple parameters were observed
on nitride steels during growth of fatigue cracks under CAL conditions [68]. It was also
mentioned than VAL was not important for their analysis as loading applied consisted of an
independent variable. Fatigue assessment of component under VAL and CAL are completed
distinct. Most of loading applications in real world comprise of stress amplitudes exhibiting

irregular characteristics.

The VAL comprises of no definite pattern as shown in Fig. 2.14, and the cyclic
loading oscillates in between varying minimum and maximum value of amplitudes. A study
was performed for analysing the behavior of fatigue life under CAL and VAL scenarios [69].
The experiment outcome expressed that fatigue evaluation of component was lower in VAL
than measured under CAL for equivalent range of stress. Another experiment was conducted
using VAL for determination of crack growth under fatigue for various combination of over-
load (OL) and underload (UL) conditions. It was observed that for OL scenario, the overall
crack fatigue life got increased also called a crack retardation, and the fatigue life decreased
(known as crack acceleration) under UL application [70]. The implementation of VAL for

study of crack initiation, and growth under fatigue are quite distinct.

29



Overload Overload

Amplitude
Amplitude

Underload ) Underload

Time (s) Time (s)
(a) (b)
Figure 2.14: VAL Representations: (a) Time Series, and (b) Peak-Valley Reversals.
Source: de Jesus and da Silva [62]

For engineering applications, VALs are included as a component of entire design
process. Considering efficient and robust analysis, actual VAL are transformed to an equiva-
lent damage load as assessment of VAL are excessive time taking and costly process [58]. The
VAL had been broadly applied in automobile industry for study of fatigue behavior in vehicle
suspension components [71, 72, 73]. Load time histories are utilized in automobile industry
in various forms e.g. stress, strain or force. Few studies had concentrated on transforming
VAL to CAL for fatigue assessment of vehicle components. This signifies the importance of

mapping road surface loading for durability analysis of automotive suspension.

2.4.3 Fatigue Life Analysis

Fatigue life of specimen is described by counting the stress cycles prior to failure occurrence
of a particular nature. There are two classification of fatigue life evaluation techniques, low
and high cycle fatigue (LCF and HCF). The LCF is considered below 1 x 10* cycles while
HCF occurs above 1 x 10* cycles. Considering LCF, total fatigue life of specimen consists
of crack characteristics e.g. initiation and propagation of crack. Very high cycle fatigue

(VHCF) is expressed as occurrence of fatigue life above 1 x 107 cycles [74]. Mechanical
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rotating components e.g. turbine blades are designed considering HCF as the components

are exposed to multiple cyclic loadings or large frequency vibrations [75].

Regular periodic maintenance of component or structure is needed for preventing
the fatigue failure [76], and prognostics health monitoring can be used for scheduled main-
tenance [77, 78]. The fatigue preventive techniques are feasible economically for large and
expensive products e.g. aircraft, as the replacement cost is extremely high, whereas for small
mechanical components such as vehicle steering, automotive engine and suspension compo-
nent, those methods are not suitable. Replacement of small mass-produced components,
after the service period, is simple feasible approach for prevention of fatigue failure [79].
With the initiation of crack in component, it is determined as failed. A study was conducted
for evaluating effect of crack length on fatigue life of spring steel [80]. It was mentioned that

crack length under 0.2 mm can be considered as safe for spring material.

Crack is initialised due to concentration of stress at a critical location and stress life
(S-N) technique was utilised for assessing the fatigue characteristics of component. The S-N
approach was proposed by A. Wohler for determination of fatigue feature which could further
lead to actuation of cracks. The S-N method is still broadly used by researchers [81]. The
mean stress and amplitude stress are two important parameters for fatigue assessment using
S-N approach. For an initial model in 1874, inclusion of mean stress effect was suggested by
W. Gerber. Tension and compression effects were not considered in proposed model. The
model was updated to more conservative form by J. Goodman in 1914. Again in 1930, C. R.
Soderberg reformulated existing Goodman model considering the yield strength. Soderberg
model being conservative and expecting no occurrence of fatigue failure nor yield [82]. For

the Gerber, Goodman and Soderberg models, only tensile loading scenarios are considered.
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The two S-N curve constants, U} and b, for four different types of steels, considering

zero mean stress, are tabulated below [7]:

Table 2.3: S-N Curve Constants at Zero Mean Stress, o,, = 0.

Types of Steel 0} (MPa) b
SAE 1015 1020 —0.1380
SAE 4142 1937 —0.0762
ATST 4340 1758 —0.0977
SAE 5160 2063 —0.0800

here 0’} represents fatigue strength coefficient, and b represents fatigue strength exponent
for steel materials. During this research, SAE 5160 carbon steel is material selected for
suspension spring. Referring to data from Table 2.3 and using the Eq. 2.20, the S-N curve

for different types of steel are plotted below:
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Figure 2.15: S-N Curve for Various Steels.
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Considering the correction in mean stress, fatigue life of component can be predicted
using a mathematical relation. The fatigue life prediction model is mathematically expressed

as mentioned below:
0o =0 (2Ny) (2.20)

For nonzero value of mean stress, o,,, the above equation yields to a general stress-life relation

described as [7]
o = <a} - 0m> (2N;)" (2.21)

here o, is induced stress, a} represents coefficient of fatigue strength, Ny is cycles count
prior to fatigue, and b represents exponent of fatigue strength. The Goodman model is
considered conservative where load scenarios are dominant with tensile behavior [60], while
the Gerber model is selected in case of zero-mean loading. The S-NN technique is appropriate
for structure or component requiring high factor of safety. The S-N approach is utilized
where better accuracy exists for component having only higher fatigue life, in the range
of 10° cycles [83]. There is another method for fatigue life assessment, which is strain life
approach (e-N), that considers material behavior under varying load with time, such as

cyclic hardening effects.

The e-N method provides better accuracy in fatigue life assessment of compo-
nent [84]. This technique considers plastic deformation in nearby region of fatigue crack
origin [85]. The e-N curve behavior of steel material is described by Fig. 2.16. The curve
marked with “Total” label expresses the e-N model, and it is obtained using both elastic and
plastic data sets. e-N approach is implemented for component made up of ductile material

having low cycle fatigue in range of 103 life cycles. Both the techniques, S-N and e-N, are
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Figure 2.16: Typical e-N Curve for Steel.
Source: Williams et al [86]

not applicable for growth and propagation of cracks. It is mentioned that elastic linear be-
havior of e-N model is obtained from a relationship provided by O.H. Basquin in 1910 [87].

S.S. Manson proposed a mathematical relation for plastic strain in 1954 which is
ep = € (2Ny)° (2.22)

here ¢, is plastic strain, e/f and c represents coefficient of fatigue ductility and exponent of
fatigue ductility respectively. Later, Coffin-Manson relationship was obtained considering
both elastic and plastic strains. This relationship is the first e-/N mathematical model that
correlates fatigue life and strain, as mentioned below:
g /f b, ! c
&= (2Ny)" + €7 (2Ny) (2.23)
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Consideration of mean stress effect is significant for fatigue life evaluation with
both S-N and e-N methods, as mean stress is a segment of fatigue failure criterion [7, 83].
The Coffin-Manson relationship provided acceptable outputs when compared with different
fatigue models [88]. However, it was observed that this relationship could not fit the data
well for small plastic strain [89]. Also, this relationship exhibits the limitation with com-
ponents subjected to multiple mean stresses. In real world applications, tensile (positive)
and compressive (negative) mean stresses tend to reduce and increase the fatigue life of
components respectively [90, 91, 92, 93|. Hence, few automobile components e.g. gears, are
induced with compressive stress for enhancing their fatigue lives [94]. In 1968, J.D. Morrow
proposed strain-life model to adjust the mean stress effect in the e-N curve. In Morrow
strain-life model, the mean stress, o,,, was included to Coffin-Manson relationship which
can be mathematically expressed as

Om , .
=T (2N;)* + €, (2Ny) (2.24)

The value of 0, is positive for tensile loading, and negative for compressive loading. Consid-
ering the fatigue assessment of spot weld joint, Coffin-Manson model provided better results

as compared to Morrow strain-life relationship [95].

Another e-N model was proposed by K.N. Smith, P. Watson and T.H. Topper
in 1970. This Smith-Watson-Topper (SWT) model is broadly applied for fatigue assess-
ment [85]. The mathematical representation of SWT model is expressed using Eq. 2.25.

7\ 2
o (Uf) 2 btc

The two model parameters, maximum stress, ¢,,q,, and strain amplitude per cycle, were

evaluated from fatigue testing results, and obtained using multiple mean stress and various
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stress or strain amplitude values. The SW'T relationship is robust and acceptable for broad
range of materials [85], while fatigue life evaluation obtained from Morrow approach holds

good only for steel [96].

There is a technique opted for fatigue life assessment through computation of a
damage parameter on cycle basis. The SWT model provided acceptable results under tensile
load conditions, while Morrow approach predicted better fatigue life for compressive loading
on automotive component made of steel material [97]. It was stated that the SWT model is
more flexible, and holds good for fatigue life assessment for several practical applications [85].
Both Morrow and SWT approaches are utilized for fatigue evaluation under zero mean stress
as well [60]. Considering zero mean stress, Morrow model and Coffin-Manson relationship
are equivalent. Each model provides specific interest or mean amplitude value of strain for
fatigue damage estimation. Finally, accumulated total damage under fatigue is utilized for

complete fatigue life assessment.

2.5 Current Research

The dynamic analysis was conducted on helical coil spring, and performance of multiple
finite elements were compared to provide an easy and reliable approach in area of spring
design [98]. Jugulkar et al analysed the suspension system for varying stiffness and damping
forces used for automotive application [99]. The quarter car model was applied in this
study for quantifying ride comfort and assessment of vehicle handling. Dong conducted a
recent study in 2020, which compared the performance of ordinary vehicle suspension coil
spring with variable-parameter coil compression spring, based on load-deformation behavior

and stress distribution characteristics [100]. Another study was performed by Yildirim and
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Ince on helical springs having different shapes to investigate the natural frequencies, behavior
under axial and shear deformations, and effects of rotary inertia [101]. Becker et al conducted
a research that produced frequency design charts for coil spring having circular cross-section
and clamped ends, under static axial compression loading [102]. The linear equations that
governed resonance frequencies of helical spring were solved using transfer matrix approach,
and investigation of effect of variation in number of coil turns was conducted. Also, this
research validated previous work done by modelling the helical spring as an elastic beam

with rigidities for bending, compression and shearing.

The study conducted in 2011, provided description and review of various automo-
tive suspensions, and the authors compare suspensions considering multiple parameters e.g.
ride comfort, weight, dynamic performance, structure, energy recovery etc [103]. Lavanya et
al investigated safe loading on automotive suspension helical spring using different materi-
als [54]. This research was performed in 2014, and it compared overall stress and deformation
of spring for selected materials, and proposed the acceptability for optimum design and anal-
ysis. Another research focused on weight reduction of automobile coil spring by replacing
steel with composite materials [104]. This study utilized numerical and experimental meth-
ods for attaining spring rate equivalent to a steel spring component. The outcome from

finite element model of optimized composite spring was compared with experimental results.

Sun et al conducted a research on high speed vehicles, and utilized dynamic stiffness
matrix approach to evaluate dynamic stiffness of helical coil spring used in vehicle suspen-
sion [105]. Under this research, FEA was conducted to compare the results, and the behavior
of spring dynamic stiffness on vehicle vibration was studied. In 2019, a study performed by
Pastorcic et al described the failure and fatigue analyses conducted on helical spring of
automotive passenger vehicle [106]. In this research, various experimental techniques were

applied for fracture assessment, and finite element model of helical spring was analyzed for
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dynamic loading scenarios. Also, quarter car model was implemented to evaluate the vehicle
behavior, and results obtained from the analysis were useful in predicting the spring fatigue
characteristics and futuristic design optimization of automotive spring. Putra et al studied
the failure analysis of automotive suspension spring, and stated that inner surface was harder
as compared surface of coil spring and maximum stress concentration at a point in spring
resulted in the initiation of early cracks [107]. Another recent study performed in 2020,
proposed a dynamic model to understand and analyse the various influential factors con-
tributing to induced abnormal vibrations, which further led to failure of vehicle suspension

coil spring [108].

Multiple studies had been conducted in 2017 and 2018, focused on analysing the
loading profiles generated by the unevenness of various road surfaces which significantly
influence the fatigue characteristics of suspension coil spring [109, 110, 111]. Strain signals
were acquired for analysis from suspension spring, and these studies aimed at generating more
accurate road loading profiles, and predicting realistic fatigue life behaviour of suspension
spring. Another research was conducted for determining fatigue life of automotive suspension
coil spring considering different vehicle speeds [112, 113]. The e-NN approach was utilised for
fatigue assessment of coil spring, and this research highlighted that roughness of road surface
along with driving behavior e.g. turns, acceleration, braking etc significantly affected the
component life of vehicle. In 2018, Kong et al conducted a study to evaluate vibrational
fatigue analysis of automotive coil spring, using frequency-based approach under different
road excitation scenarios [114]. In this analysis, acceleration signals from suspension were
converted to PSD, and different cycle counters obtained equivalent load cycles. The S-N
method was utilised for assessing the fatigue life of coil spring, using the stress response

obtained using a spring FRF, equivalent load cycles, and various stress criterion.
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Kong et al discussed the MLR model for predicting the fatigue life of vehicle
spring [115]. The MLR model was developed considering the Coffin-Manson, Morrow, and
Smith-Watson-Topper strain-life models. The durability model utilised weighted vehicle
acceleration (vibrations), and natural frequencies as inputs for fatigue assessment. The re-
sults predicted by various models were validated and compared with prediction from strain
measurements. The same authors conducted another study, using HMLP ANN model for
fatigue evaluation of suspension coil spring [116]. The study implemented quarter car model
for conducting the simulations using acceleration signals and artificial road surface profile as
inputs. After validating results, researchers mentioned that optimised HMLP ANN model
performed the fatigue life assessment of automotive suspension spring with acceptable range

of accuracy.

Chin et al performed two studies for durability assessment of vehicle suspension
coil spring, first study considered multifractal analysis of road excitations [117], and the
second study focused on strain generation using simulation of MBD [118]. The models
established in both the studies generated durability assessment of coil spring under allowable
range of accuracy, thus reducing the requirement of real measurement of strain data at
suspension coil spring. The cohesive zone modeling is popularly used for modeling fatigue
crack initiation and propagation [119]. In the recent work by Karthik et al, a framework has
been developed for probabilistic fatigue life prediction by integrating cohesive zone modeling,

machine learning and statistical techniques [120, 121].
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Chapter 3

DYNAMICS OF SPRING

3.1 Introduction

Passenger vehicles require the suspension system to have simple operation mechanism, and
utilize less space in the vehicle. Macpherson suspension system suited well, and fulfilled the
requirement as compared to double wishbone type of suspension system. Although, both the
suspension systems, Macpherson and double wishbone types, have good endurance strength
and good durability. In this study, helical coil spring of front suspension system was utilized
for performing the stress and fatigue life analysis. The methodologies opted to perform the

analysis has been described in the subsequent sections.

3.2 Mechanics of Coil Spring

3.2.1 Static Load-Deformation Relation

Multiple researches and experimental work have been conducted to study the properties of
helical springs. Thomson and Tait [122] and Love [123] performed analyses to derive geo-
metrical relationship between spring parameters, e.g. static load, pitch angle and curvature

of coil. The work of Love [123] describes the static response of helical spring by deriving
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equilibrium equations. A helical spring is commonly considered as linear compression and
extension element, in which deformation is proportional to applied force. In fact, Jiang et
al [124] mentioned that spring is a non-linear mechanical component, where torsional de-
formation consistently accompanies compressive and extensional deformation of spring, and

vice versa.

Figure 3.1 describes static displacement of spring, d;,ia;, under application of axial

compressive preload, F', due to quarter weight of vehicle.

Mo load Preload

Free length Installed
length

Figure 3.1: Static Displacement, §;,tq1, under Preload Condition.

Source: Childs [45]

Considering the design theory of helical compression spring, an axially loaded spring behaves
like a straight bar element under pure torsion, and the shear stress, 7, across the cross-section

of spring wire is expressed as [125]

_8FD
rd3

T (3.1)

here D and d represent mean coil diameter, and spring wire diameter. Also, the total static
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deflection of spring, d;nitiar, caused from the total angular torsion, ¢, is given as [125]

mhNa 9 mPNe 16F D 16F N, D?
¢ = _de:/ 166D, 16FN.D” (3.2)
o Gd 0 TG Gd*
D¢ 8FN,D?
5im'tial - T - W (3-3)

here G represents modulus of rigidity, and N, is number of active coils. The expression for

spring stiffness, K, is evaluated using Hooke’s law (Eq. 2.2) is described below [125]:

F Gd*

K pu— pu—
dmitial 8NaD3

(3.4)
3.2.2 Governing Equations of Spring Motion

Johnson [126], Dick [127], Geballe [128], Wittrick [129], Kagawa [130], Phillips and Costello
[131], Stokes [132], Costello [133], and Sinha and Costello [134] discussed the dynamic
response of helical spring. Michell [135] derived three governing differential equations of
motion to describe spring dynamics, using Lagrange’s equation. Love [136] expressed six
spring motion equations, considering the Michell’s assumptions. Lin and Pisano [137] derived
the dynamic equations describing the spring motion, having varying helix radius and pitch

angle, using Hamilton’s principle is mentioned below:

/t25<ZTi—ZUi> dt =0 (3.5)

where Y T; and ) | U; are total kinetic and total potential energies from elastic strain in heli-

cal spring respectively. Four equations of motion were formulated by applying the Hamilton’s
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principle and variational methods. In this research, the dynamic equations were reduced to

simplified forms and comparison was performed with pre-existing spring equations of motion.

Jiang et al [138] investigated the extensional and torsional dynamic characteristics

of helical spring, and expressed the linear force-strain relationships, that are

F = ]{'16 + k2¢ (3 6)

M = l{36+l{?4¢

here F' is axial force, M is twisting moment, € is axial strain, ¢ is rotational strain, and

TER*

k=% [1+ K (1+v)]
TvE Rk
ko = —
rA
T T4 ( v ﬁ)

TER* o K*R?

ks = —% [4(1+V—|—k:)+ . }

are stiffness constants. In Eq. 3.7, R is spring wire radius, r is radius of helix, k£ is tangent

of helix angle o, and

A:ﬁ [4(1+y) (a+r) 4 2 [(1—u)+k2(1+y)}] (3.8)

Considering the linear force-strain relationships, Eq. 3.6, the equations of spring motion for

small deformations are [138]

0%u Lk 020 - d%u
022 o2 Top

ki (3.9)
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o*u 0?0 020

R Thigs = Hoe

(3.10)

where u(z,t) and 0(x,t) are axial and rotational displacements at specific time ¢, «y is mass and
1 is mass moment of inertia about axis per unit length of spring in undeformed configuration

respectively.

3.2.3 Dynamic Analysis of Vehicle System

The method based on degree of freedom (DOF) is utilised to analyse the vibrations induced
in vehicle. The mass-spring-damper system as described in Fig. 3.2 having single DOF was

considered in this study, based on an assumption that vibrations are transmitted in each

F,(t) *falt)
Sprung mass(m) '

z(t) f
k =L c (?:1}
U v
nsprung
mass F(t}

Figure 3.2: Free Body Diagram of Single DOF Mass-Spring-Damper System.
Source: Putra et al [110]

suspension independently without affecting other suspensions. The motion of mass-spring-

damper system is initiated by applied force, F'(t). The governing equation of motion of
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system, as obtained from Newton’s second law, is

Fu(t) = F () = By (t) = Fa (2) (3.11)

where spring force Fy(t), damping force Fy(t), and inertia force F,(t) are expressed in terms

of dynamic quantities of the system, as mentioned below:

Fy (t) = ci(t) (3.12)

Fo (t) = mi(t)

Equation of motion after substituting the above expressions, is second-order linear ordi-
nary differential equation with constant coefficients having m, ¢ and k representing system

parameters, takes the form

mi(t) + ci(t) + ka(t) = F (¢) (3.13)

For a damped forced vibration, the equation of motion for mass-spring-damper system is
represented by Eq. 3.13. The left side of equation specifies internal forces, and right side
represents external forces. Vibrations are transferred to the vehicle suspension spring through
wheels while travelling on uneven road terrain. The quarter vehicle model comprising of
sprung mass, m, spring stiffness, k, and damper coefficient, c, is considered for analysis. The
road surface model utilised in this research is described as shown in Fig. 3.3. The vehicle
model is traveling with horizontal velocity, V', over the sinusoidal road surface model having

wavelength, L.
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Figure 3.3: Quarter Vehicle Model Traveling on Wavy Road Surface.
Source: Thangjitham [139]

The harmonic excitation in wheel passing over road surface is represented as
y(t) = yoe™ (3.14)

here yy and w are magnitude and frequency of excitation, respectively. Considering the

Newton’s second law, the governing equation of motion of sprung mass (m) is
mz(t) + cz(t) + kz(t) = cy(t) + ky(t) (3.15)
or
B(t) 4 2Cwn2(t) + w2 2(t) = 2Cw,g(t) + wiy(t) (3.16)

here w, is natural angular frequency of system, and ( is damping factor, that are defined as

Wy = \/% (3.17)
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(= (3.18)
The mathematical expressions to evaluate response of sprung mass, m, and force transmitted

to spring traveling on road surface model (Fig. 3.3) are discussed in subsequent sections.

3.2.3.1 Transmissibility of System

After substituting the characteristics of wheel excitation into governing equation of motion

(Eq. 3.16), the response of mass m is obtained as z(t), as expressed below:

2(t) = yoG(w)e™ = yo|G(w)]e’~? (3.19)

here G(w) is the frequency response, |G (w)| is known as transmissibility, and ¢ is the phase

angle, which are defined as

G(w)| = (3.21)

! % (“i> : (3.22)



The plot of transmissibility, |G(w)|, and frequency ratio, w/w, for different values

of ¢ is shown below:

)
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Figure 3.4: Transmissibility Curve for Different Frequency Ratios.

The resonance behavior is clearly visualised in the form of vertical peaks near the value of
frequency ratio, w/w,, close to unity. As the value of damping factor, ¢, becomes zero, the

peak value of transmissibility of vehicle system approaches to infinity. Also, with increase in
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damping factor value from zero to unity, there is shift in the vertical peak towards the left
direction. For larger values of frequency ratio, w/w,, the slope of curve move towards zero

i.e. curve becomes horizontal, and magnitude of transmissibility approaches to zero.

3.2.3.2 Force Response of Helical Suspension Spring

The excitation force transmitted to the spring, is evaluated considering net displacement

and using the free body diagram, is expressed as

Fy(t) =k [y(t) — 2(t)] = kyoG1(w)e™ = kyo| Gy (w)]e @) (3.23)

where |G (w)] is the magnification factor of force response. The parameters G;(w), |G1(w)|,

and 1 are defined below:

Gi(w)] = <§> (3.25)

Y(w) = tan™! M (3.26)

The plot of magnification factor of force response, |G1(w)|, and frequency ratio, w/w, for

49



different values of ( is shown below:

R
¢=0.05
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Figure 3.5: Plot of Force Response Magnification Factor and Frequency Ratio.

The vertical peak signifies the resonance condition, which is clearly visualised near the value
of frequency ratio, w/w,, close to one. For a particular value of frequency ratio, with the
increase in value of damping factor, (, the force response magnification factor decreases. As
the value of ¢ becomes zero, the peak value of force response of suspension spring approaches
to infinity. Also, with increase in damping factor value from zero to one, there is shift in
the vertical peak towards the right direction. For larger values of frequency ratio, w/w,,
the slope of curve move towards zero i.e. curve becomes horizontal, and magnitude of force

response magnification factor approaches to unity.
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3.3 Finite Element Analysis on Coil Spring

The 3D geometry model of the helical spring is used as input for performing static, modal, and
harmonic analyses. This section discusses meshing element, applied boundary conditions,
and the formulation of finite element method. The mathematical equations to be solved

during static and frequency response analyses have been expressed in the subsequent sections.

3.3.1 Geometry and Material Properties of Spring

The dimensions of suspension spring is comparable to 5-seater 1300 cc sedan passenger
vehicle having 1085 kg of curb weight. The geometry of automobile suspension spring, used
for the analysis, has been tabulated below:

Table 3.1: Geometrical Parameters of Helical Compression Spring.

Spring free length, Ly 360 mm

Mean coil diameter, D 120 mm

Spring wire diameter, d 12 mm

Total coils count, N 8

Number of active coils, N, | 6

End condition Squared and Ground
Orientation Counter-clockwise
Direction of wind Left-handed

The spring model has been generated using the 3D computer aided design (CAD) program,
SolidWorks®. The geometrical model of coil spring shown in Fig. 3.6 (a) and (b) consists
of total eight coils, and describes the connection between spring and vehicle as shown in
Fig. 2.1 and Fig. 2.2. The weight of suspension spring model, considering only eight coils,
comes out to be 2.65 kg. The 3D CAD model of helical spring having six active coils, as
described in Fig. 3.6 (c), is the finite element model which is utilised for static and dynamic

FEA using Ansys Workbench™ software package.
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Figure 3.6: CAD Model of Helical Coil Spring.

Virtually, springs can be manufactured using any available material. Although, an
ideal spring material should possess low elasticity modulus, E, and higher values of yield
point and ultimate strength, so that maximum energy can be stored by spring component.
Automotive industries prefer ASTM, DIN or BS specifications for manufacturing spring using
various materials. Plain carbon steels, copper based alloys, high nickel steels, alloy steels, and
stainless steels are materials chosen for majority of spring applications. The very common
spring material, SAE 5160 carbon steel, was selected for analysis in this research. This

material possesses high yield strength, and the chemical composition is described below [114]:

Table 3.2: Chemical Composition of SAE 5160 Carbon Steel.

Carbon Chrome Manganese | Molybdenum Silicon Vanadium
0.56 - 0.64% | 0.70 - 0.90% | 0.75 - 1.00% | 0.15 - 0.25% | 0.15 - 0.30% 0.15%
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The carbon composition of spring steel can be categorised as low to medium carbon steel
having availability of carbon ranging from 0.3 % to 0.6 %. Fatigue testing of heat treated
samples can be used for obtaining the cyclic properties of spring material i.e. SAE 5160

carbon steel.

3.3.2 Hexahedron Meshing Element

The 3D solid hexahedron element, as shown in Fig. 3.7 (left) and Fig. 3.8, comprises of six
faces and eight nodes. Each node of element has three translational DOFs, and there are in
total of twenty-four DOFs in one solid element. Figure 3.7 (right) is the meshed model of
spring having six active coils as shown in Fig. 3.6 (¢). The meshed model is comprising of

27058 hexahedron finite elements, and 110130 nodes.

2000 0100 a0

[ FE——______ E—

Qe a1

Figure 3.7: 8-Nodal Hexahedron Meshed Element.
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Figure 3.8: Mapping of Hexahedron in Two Coordinate Systems.
Source: Liu and Quek [140]

This 3D element is capable of deforming in all three directions in space. The shape functions

defined in natural coordinate system, (£, 1, ¢), are described below [140]:

Ni = 2 (14+66) (1 +nmi) (1+¢G) (3.27)

ool —

here N; is shape function of node, i, and (&;, 7;, (;) represent natural nodal coordinates. The

matrix of shape function, N (3x24), for a hexahedron element is represented as

N - [Nl N2 N3 N4 N5 N6 N7 Ng] (328)

where each sub-matrix, N; (3x3), is described as

N, 0 0
N:i=|0o N, 0] (=12.,8) (3.29)
0 0 N
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For hexahedron shaped 3D finite element, the strain matrix, B (6x24), is expressed as

B=[B;

B, Bs; B,

where each sub-matrix, B; (6x3), is given as

-6/8x 0
0 9/0y
0 0
0 0/0z
0/0z 0

d0/dy 0/0x

Bs

0/0z
d/0y
d/0x

Bs B; Bg] (3.30)
N, 0 O
0 N, 0 (3.31)
0O 0 N;

here L (6x3) is the differential operator. The Jacobian matrix, J (3x3), considers the

interpolation between the two coordinate systems, (x, y, z) and (&, n, (), is defined below:

oz Oy

o o¢
J= |9z 9
on  On
ox oy
o¢  o¢

(3.32)

The stiffness matrix, k. (24x24), for 3D solid hexahedron element is computed using the

strain matrix, B, is expressed as [140]

+1 p+1 41
k, = / BTcBdV = / / / B’ cBdet [J] dédnd¢ (3.33)
e —1 —1 -1

here ¢ is a symmetric matrix of material constants. For an isotropic spring material, ¢ (6 x6)
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matrix, is explicitly written as

Ci1 Ci2 C12 0 0 0
Ci2 €11 Ci2 0 0 0
o C12 Ci2 (11 0 0 0 (3.34)
0 0 0 (Cll — 612)/2 0 0
0 0 0 0 (011 — Clg)/Q 0
0 0 0 0 0 (CH - 612)/2
here ¢;; represents material constants, and they are expressed as
E(1-v)
M= 021+ (3.35)
B Ev '
LT A w1+

where E and v represent modulus of elasticity, and Poisson’s ratio. The mass or inertia

matrix, m, (24x24), is obtained using shape function matrix, N, which is given as [140]

+1 41 41
m, = / pNTN AV = / / / pNTNdet [J] dédnd¢ (3.36)
e -1 —1 —1

here p is density of spring material. For hexahedron element, displacement vector, {U,}

(3x1), is interpolated using the shape functions, N, is described as

{Uc} = N{d.} (3.37)
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where nodal displacement vector, {d.} (24x1), takes the form

{d} = (3.38)

here {d;} (3x1) is displacement vector at node, i, represented as

(di}={ 0 b (i=12.8) (3.39)

wy

here u;, v; and w; are nodal displacements along x, y and z axes respectively. Similarly, the

nodal displacement vector, {U;} (3x1), is evaluated as mentioned below:

{Ui} = Ni{di} (3-40)

here IN; is matrix of nodal shape function as obtained from Eq. 3.29.

Considering a 3D finite element, the corresponding vector of strain components for

a given element, {€.} (6x1), is evaluated as

{e.} = L{U,} = LN{d,} = B{d.} (3.41)
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Similarly, the nodal strain vector for ith node, {¢;} (6x1), is described below:

where N; is matrix of nodal shape function, B; is nodal strain matrix, and {d;} represents

displacement vector at node, 1.

Using the constitutive equation, termed as Hooke’s law, the stress components for

a 3D hexahedron element, {o.} (6x1), is written in following matrix form:

{o.} = c{e.} (3.43)

and the corresponding nodal stress vector for ith node, {o;} (6x1), is evaluated as

{0} = c{e} (3.44)

here ¢ (6x6) is material constants matrix, obtained from Eq. 3.34.

3.3.3 Boundary Conditions

There are two boundary conditions applied on finite element model of coil spring. The
bottom cross-section of model is fixed, while the top cross-section is allowed to displace
only along the vertical axial direction. The two DOFs of all nodes on the top cross-section
are constrained, and for bottom cross-section nodes, all the three DOFSs of each node are
constrained. The six active coils between bottom and top end cross-sections are free to

deform in any direction. Mathematically, the boundary conditions are expressed below.
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For nodes on bottom cross-section:

For nodes on top cross-section:

here u;, v; and w; are displacements of node, i, along x, y and z axes respectively.

3.3.4 Formulation of Finite Element Method

This chapter describes formulation of finite element equations in local, and global coordinate
systems. Solving the equations result in evaluating displacement of nodes, and subsequently
the stress induced at nodes of finite element. The obtained governing equations of motion
are further utilised for static, and frequency response analyses of helical coil spring, which

are discussed below in later sections.

3.3.4.1 Finite Element Formulation in Local Coordinate System

The finite element equation for an element is formulated after constructing the shape func-
tions. The strain-displacement matrix, B, provides the strain information in element, using
the element nodal displacements. After determination of strain matrix, the element stiffness

matrix, k., and mass matrix of element, m., are obtained. Liu and Quek [140] derived the
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FEM equation of motion for an element, expressed as

m {d.} +k{d.} = {f.} (3.47)

where {d.} is displacement vector for nodes of an element, and {f.} is element force vector

acting on the nodes of element.

3.3.4.2 Obtaining the Global Finite Element Equation

A coordinate transformation is required to convert elemental equation from local coordinate
system to global system. The transformation is performed using the transformation matrix,

T, and mathematically represented as

{de} = T{De}

{fe} = T{Fe}

(3.48)

After substituting the above expressions, the obtained finite element equation based on the

global coordinate system, is mentioned below [140]:

M.{D.} + K.{D.} = {F.} (3.49)
here
K. =Tk, T
M, =T"m,T (3.50)

{Fe} - TT{fe}
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The FE equations generated from all elements in global coordinate system, are assembled

together to obtain the global Finite Element equation of system, which is

M{D} + K{D} = {F} (3.51)

where K and M represent global stiffness and mass matrices, {D} is global vector of nodal

displacements, and {F'} represents global vector comprising of equivalent nodal force vectors.

3.3.5 Static Analysis of Coil Spring

During static analysis, term involving the global mass matrix, M, from Eq. 3.51 is not

considered. The representation of static system of equations, is expressed as

K{D} = {F} (3.52)

There are multiple techniques to solve for global static displacement vector of all elements,
{D}, in above Eq. 3.52. The Gauss elimination or LU decomposition methods are commonly

used for solving the above system of equations.

For further analysis, the global displacement vector of element, {D.}, is extracted
from {D}, which is utilised to evaluate the local displacement vector of element, {d.}, using
the mathematical relation expressed in Eq. 3.48. The local nodal displacement vector, {d;},
is obtained from {d.}, which is used to generate the nodal strain vector, {¢;}, using Eq. 3.42.
Finally, the static analysis provides the nodal stress, {0}, calculated using {e¢;} from the

expression in FEq. 3.44.
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3.3.6 Frequency Response Analysis of Coil Spring

This section discuss the governing equations of motion, that are required to be solved during
the modal and harmonic analyses of helical spring. The modal analysis is performed for
obtaining the modal natural frequencies, and corresponding modal shapes, considering the
undamped system and free vibration analysis. The modal results are prerequisites to conduct
the harmonic analysis on helical spring model. Mathematical formulations of modal and

harmonic analyses are discussed in subsequent sections.

3.3.6.1 Modal Analysis

The general linear equation of motion is expressed by Eq. 3.51. Modal analysis is performed
on deformed configuration obtained from static analysis. The technique considers the system
to be free from external force i.e. it becomes the case {F} = {0}, also called free vibration
analysis [140]. Under undamped and free vibration, Eq. 3.51 transforms into system equation

expressed as

M{D} + K{D} = {0} (3.53)

For a harmonic motion, Eq. 3.53 is reduced to an eigen value problem, Eq. 3.54 [141].

K — AM] {6} = {0} (3.54)

where ) is equal to w?. In order to obtain non trivial solution for {¢}, determinant of below
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matrix should be equated to zero, which is mathematically represented as

det [K — AM] = 0 (3.55)

The solution of above polynomial equation are called as eigen values, \;, which are related to
natural frequencies of component, w;, corresponding to ith mode. After substituting the eigen
value, \;, in Eq. 3.54, a set of algebraic equations are obtained, which are mathematically

expressed as mentioned below [140]:

(K — AM]{¢i} = {0} (3.56)

Solving these algebraic equations result in eigen vector, {¢;}, corresponding to the eigen
value, \;. Mathematically, eigen vectors are utilised to generate the displacement fields, and

an eigen vector, {¢;}, constructs the shape of component vibrating in ith mode.

3.3.6.2 Harmonic Analysis of Coil Spring

Harmonic analysis determines response of suspension spring to the excitation at various
frequencies. The governing equations of motion, with damping effects into consideration,

are represented as

M{D} + C{D} + K{D} = {F} (3.57)

here {D} is global vector of displacements of all elements, and C is damping coefficients

matrix. The damping coefficient matrix, C, is obtained as [142, 143]

C= CKK + CMM (358)
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here cx and cj; represent damping coefficients.

Considering harmonic analysis, the force vector, {F}, and the displacement vector,

{D}, in Eq. 3.57 are expressed as

{F} = {Fo}e™

{D} = {Dg}e™

(3.59)

here 2 is the excitation frequency. Taking into consideration, the sinusoidal behavior of
excitation force, and corresponding displacement of node, after substituting the parameters

from Eq. 3.59 in Eq. 3.57, the harmonic equations of motion takes the form:

(—°M +iQC + K) {Do} = {Fo} (3.60)

The solution of the above harmonic equations, Eq. 3.60, results in the global time-
independent displacement vector, {Dg}. Further, the global displacement vector of element,
{D.}, is extracted from {Dg}, which is utilised in evaluation of local displacement vector of
element, {d.}, using the mathematical expression in Eq. 3.48. The local nodal displacement
vector, {d;}, is obtained from {d.}, which generates the nodal strain vector, {€;}, using
Eq. 3.42. Using constitutive model and the nodal strain components, {€;}, in Eq. 3.44, the

nodal stress vector, {o7;}, is obtained based on the harmonic response analysis.

3.4 Summary

The FEA methodologies deployed in this research have been discussed in this chapter. All

the necessary mathematical equations are expressed to evaluate the displacement, and stress
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obtained from static and harmonic analyses. The techniques were employed to attain the
objectives of analysing the fatigue life, and durability of helical suspension spring. Utilising
the mathematical formulations from this Chapter 3, the subsequent Chapter 4 presents the
obtained results that demonstrate the objectives of this research. The validation of discussed

results provide confirmation to the originality of the analysis performed under this thesis.
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Chapter 4

RESULTS AND DISCUSSION

4.1 Introduction

The results are presented in this chapter in accordance with the requirement of durability
assessment. The FEA was performed by simulating the spring model under actual loading
conditions. The analysis has been conducted through dual step process. The former step
obtains the static equilibrium position of spring from the static linear analysis. In the later
step, modal and frequency response analyses are performed on the deformed configuration
about the static equilibrium position of coil spring model. The results led to identification
of critical location in the helical spring, and estimation of fatigue life along with durability

analysis of suspension spring component.

4.2 Determination of Durability Characteristics

The static linear analysis determines the static equilibrium position, and von-Mises stress
distribution in coil spring. The modal analysis is performed about the static equilibrium
position, for evaluating natural frequencies, and corresponding modal shapes. Further, the
harmonic analysis generates stress amplitude of vibration in coil spring. Subsequently, the

frequency response of stress amplitude is used for fatigue life evaluation of spring model.

66



4.2.1 Static Mean Stress Analysis

The static displacement, {D}, is evaluated using Eq. 3.52 by substituting K with Kg, and
{F} is obtained from weight of vehicle. Here K, represents the global stiffness matrix
of spring model generated from static undeformed length, Ly (Fig. 2.10). The boundary
conditions applied for static analysis are expressed by Eq. 3.45 and Eq. 3.46. The plot below

describes the total static displacement of 3D spring model.
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Figure 4.1: Total Static Displacement of Coil Spring Model.

The maximum spring displacement obtained from static analysis is 15.007 cm,
which is used to evaluate the spring stiffness, K, from Hooke’s law, Eq. 2.2. The deformed
length of spring, L,, from static analysis is the static equilibrium position of the deformed

configuration. Further, the static nodal displacement, {d;}, is obtained from {D}, which
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is utilized to obtain the nodal strain vector, {€;}, using Eq. 3.42, and that subsequently is
used to generate the nodal stress vector, {o;}, by solving Eq. 3.44. The plot highlighting

the von-Mises stress distribution in spring CAD model is shown below:
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Figure 4.2: von-Mises Stress Distribution in Coil Spring Model.

The maximum von-Mises stress value comes out to be 1148.3 MPa, which is used as the
static mean stress at equilibrium position, o,,, for the fatigue life assessment using Eq. 2.21,
that is discussed below in later section. After performing the static linear analysis on initial
Lagrange’s configuration, the outcome of FEA simulation resulted in the indication of region
corresponding to critical maximum von-Mises stress induced in spring model. The von-Mises
stress contour was obtained, and location of maximum critical von-Mises stress in coil spring

model was observed to occur along the periphery of inner curvature of spring.

The developed CAD model of helical coil spring was evaluated through FEA, and
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analytical calculation using Eq. 3.4. Difference was observed in between the analytically
calculated, and FEA obtained spring stiffness values. Consequently, analysis of the deviation
in results was required for assuring the validation of the 3-dimensional CAD model of helical
spring. The assessment of obtained stiffness values of spring is expressed below:

Table 4.1: Assessment of Spring Stiffness Values.

FEA simulation | Analytical calculation | Deviation
19610.8 N/m 19903.8 N/m 1.47%

The deviation of 1.47% was observed in the values of spring stiffness. The variation of
FEA simulation and analytical experimental results was acceptable upto 10% [144]. Hence,
the designed model of helical coil spring was validated for performing the stress evaluation,

modal, and harmonic analyses leading to more precise prediction of fatigue life.

4.2.2 Modal Analysis and Modal Shapes

During the initial stage of this research work, FEA was performed on automotive suspension
spring model for obtaining distribution of von-Mises stress contour. Initiation of crack takes
place at the critical stress location which directly leads to failure due to fatigue. In case of
uni-directional loading, the critical von-Mises stress location is observed at inner region of
coil spring. The deformed configuration of helical spring model, initially meshed using 3D
hexahedron (hex) shaped finite elements, is deployed for performing modal analysis. The

practical frequency range of 0 Hz to 200 Hz is considered during modal analysis evaluations.

The static mean stress, o,,, is pre-applied on CAD spring model, to be utilized
for modal analysis calculations. The modal analysis about static equilibrium position is
performed using Ansys Workbench™ software package on the deformed configuration as

obtained from static linear analysis. The modal resonance frequencies, and corresponding
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modal shapes are obtained using Eq. 3.56 by substituting K with Kg, where Kg represents
the global stiffness matrix evaluated from spring model having static deformed length, L,

(Fig. 2.10). The first 20 modal natural frequencies evaluated in between 0 Hz to 200 Hz are

Table 4.2: Modal Natural Frequencies between 0 Hz to 200 Hz.

Mode i | (1R Noqe | preduency
1 24.24 11 141.66
2 53.02 12 150.82
3 53.59 13 153.58
4 54.94 14 155.39
5 71.71 15 162.07
6 95.97 16 171.63
7 98.40 17 180.38
8 105.27 18 180.62
9 115.42 19 186.05
10 139.54 20 197.70

And the corresponding modal shapes for first 6 natural frequencies are shown as

(Mode 1) (Mode m2) (Mode 3)

(Mode 4) (Mode 6)

Figure 4.3: Deformed (Color) and Undeformed (Grey) Modal Shapes for First 6 Modes.
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Figure 4.3 above describes the 6 modal shapes for both the deformed (color) and undeformed
(grey) configurations of spring model. The same boundary conditions are applied for the

static and modal analyses, as expressed by Eq. 3.45 and Eq. 3.46.

4.2.3 Frequency Response of Stress Amplitude

The frequency dependent displacement vector, {Dg}, under harmonic analysis is obtained
by solving Eq. 3.60. Further, the harmonic nodal displacement, {d;}, is obtained from
{Dy}, which is used to derive the nodal strain vector, {€;}, using Eq. 3.42, and subsequently
the nodal stress vector, {o;}, is evaluated from Eq. 3.44. The frequency response of stress
amplitude considers maximum von-Mises stress in the spring model at a particular frequency
value. The frequency response data obtained from harmonic analysis of helical spring model,

over practical frequency range of 0 Hz to 200 Hz, is described in the two plots below:

10

Stress Response, 0,, (MPa/N)

Frequency, f, (Hz)

Figure 4.4: Plot of Stress Response and Frequency, from 0 Hz to 100 Hz.
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===

Stress Response, g,, (MPa/N)

Frequency, f, (Hz)

Figure 4.5: Plot of Stress Response and Frequency, from 100 Hz to 200 Hz.

The 20 modal natural frequencies as observed on the above two plots, Fig. 4.4 and
Fig. 4.5, are represented using vertical dotted lines. The vertical axis on the curve has unit
of MPa/N for maximum von-Mises stress response, o,. The stress response attains peak
value near the resonance modal frequencies. The spring damping of 0% (red), 2% (dark-
green), 5% (blue), and 10% (light-green) are represented on the two plots. Damping in
the suspension is inversely proportional to the stress response, o,. In other words, with the
increase in damping value of coil spring, the corresponding stress response value keeps on
decreasing. However, the damping value of spring can not go beyond a certain value in order
to obtain a smooth and stable ride. The value of optimum damping for spring is desired

while designing the components of vehicle suspension system.

In this research, the range of frequency chosen for fatigue assessment of vehicle

suspension spring is from 0 Hz to 200 Hz, and considering a passenger car, analysing for
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frequency up to 200 Hz is quite practical. However, natural frequency of overall vehicle sus-
pension system can be obtained in between 1 Hz to 3 Hz. Considering the engine component
of vehicle, the resonance frequency comes in between 20 Hz to 200 Hz having the range of
engine speed from 600 rpm to 6000 rpm [145]. For the investigation of fatigue life behav-
ior of suspension spring, performing the frequency responses analysis along with durability

assessment are required.

4.2.4 Durability Assessment

The cyclic and mechanical properties of suspension spring material, SAE 5160 carbon steel,

have been tabulated below [146]:

Table 4.3: Cyclic and Mechanical Properties of SAE 5160 Carbon Steel.

Material Properties Values
Density, p 7850 kg/m?
Modulus of elasticity, £ 207 GPa
Poisson’s ratio, v 0.3
Tensile yield strength 1487 MPa
Ultimate tensile strength 1584 MPa
Fatigue strength coefficient, a} 2063 MPa
Cyclic strength coefficient 2432 MPa
Fatigue strength exponent, b -0.08
Fatigue ductility exponent -1.05
Fatigue ductility coefficient 9.56
Cyclic strain hardening exponent | 0.13

Considering the above spring material properties, the description of parameters utilised for
evaluation of fatigue life, Ny, of coil spring, using Eq. 2.21, are mentioned in Table 4.4.
The mean stress, o,,, is obtained from static linear analysis of coil spring. For the spring
material, the is reached, when fatigue life, Ny, is greater than 10® cycles

(Fig. 2.15), while the Stress Failure occurs with fatigue life, N, lower than 10* cycles.
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Table 4.4: Various Parameters Used for Fatigue Life Estimation.

Parameter Expression/Value
System damping, ¢ 10%
Amplitude of road surface, yq 1 cm, 2 cm
Velocity of vehicle, V 60, 80, 100, 120 km/h
Wavelength of road surface, L 25, 50, 75, 100, 200, 500 cm
Excitation frequency, f V/L
Force applied in spring F
Mean stress applied on spring, o, 1148.3 MPa
Spring material SAE 5160 carbon steel
Fatigue strength coefficient, a} 2063 MPa
Fatigue strength exponent, b -0.08
Fatigue life Ny
Ny > 10° cycles
Stress Failure Ny < 10* cycles

The durability assessment of spring having excitation amplitude, yo (Fig. 3.3), of 1 cm is

Spring damping = 2% Spring damping = 5%
o,* |6,/0,"xF, o,* |6,50,%xF,
L (ecm)|V (km/h)| f (Hz) | F,(N) (MPa/N) (MPa) N; (cycles) (MPa/N) (MPa) N (cycles)
60| 66.67 | 196.18 1.06 207.95 55010600 0.78 153.02
25 80| 88.89| 196.15 0.66 129.46 0.62 121.61
100| 111.11| 196.13 3.34 655.07 | Stress Failure 1.60 313.81 321110
120| 133.33 | 196.13 1.07 209.86 49074500 0.70 137.29
60| 33.33| 196.40 0.77 151.23 0.76 149.26
80| 44.44| 196.27 1.02 200.20 88466200 0.98 192.35
>0 100| 55.56| 196.21 1.25 245.26 6991400 0.68 133.42
120| 66.67 | 196.18 1.06 207.95 55010600 0.78 153.02
60| 22.22| 196.75 2.70 531.23 | Stress Failure 1.99 391.53 20200
75 80| 29.63| 196.47 1.05 206.29 60797300 1.03 202.36 77318800
100| 37.04| 196.34 0.81 159.04 0.79 155.11
120| 44.44| 196.27 1.02 200.20 88466200 0.98 192.35
60| 16.67 | 197.26 0.80 157.81 0.77 151.89
100 80| 22.22| 196.75 2.70 531.23 | Stress Failure 1.99 391.53 20200
100| 27.78| 196.52 1.59 312.47 338770 1.37 269.23 2179530
120| 33.33| 196.40 0.77 151.23 0.76 149.26
60 8.33 | 200.80 0.59 118.47 0.58 116.46
200 80| 11.11| 198.72 0.59 117.21 0.59 117.20
100| 13.89| 197.77 0.62 121.77 0.61 120.92
120| 16.67 | 197.26 0.80 158.54 0.77 151.77
60 3.33| 229.51 0.59 134.96 0.59 134.95
500 80 4.44 | 213.63 0.59 125.67 0.59 125.66
100 5.56 | 206.98 0.59 121.81 0.59 121.80
120 6.67 | 203.53 0.59 119.85 0.59 119.83

Figure 4.6: Fatigue Life Assessment I of Coil Spring.
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The fatigue life, Ny, is evaluated using Eq. 2.21, and the static mean stress, 0,,, is maximum
von-Mises stress obtained from static linear analysis of spring model. Considering the fatigue
life assessment as described in Fig. 4.6, with the increase in value of spring damping from
2% to 5%, the induced stress, o,, decreases, resulting in increase of fatigue life, Ny. There
are 20 natural resonance frequencies from modal analysis, between 0 Hz to 200 Hz, as listed
in Table 4.2. The magnitude of stress, o,, rises significantly as the excitation frequency, f
approaches any of the modal natural frequencies, w;. Multiple scenarios

are observed in Fig. 4.6 which signifies vehicle traveling on smooth road surface conditions.

The durability assessment of vehicle suspension spring travelling through a road

surface model as shown in Fig. 3.3, and having excitation amplitude value, g, of 2 cm is

Spring damping = 2% Spring damping = 5%
L(cm)|v (km/h)| fFiH2) | Fony | Oa |Oa= o7 xFs N, (cycles) " |04=0a"xF, N, (cycles)
(MPa/N) (MPa) (MPa/N) (MPa)

60| 66.67| 392.36 1.06 415.90 | Stress Failure 0.78 306.04 439250

25 80| 88.89| 392.30 0.66 258.92 3551610 0.62 243.23 7759410
100 111.11| 392.27 3.34 1310.18 | Stress Failure 1.60 627.63 | Stress Failure

120 133.33| 392.25 1.07 419.71 | Stress Failure 0.70 274.58 1704870

60| 33.33| 392.79 0.77 302.45 509113 0.76 298.52 599485

80| 44.44 | 39254 1.02 400.39 15272 0.98 384.67 25181

>0 100f 55.56| 392.42 1.25 490.53 | Stress Failure 0.68 266.85 2436140
120| 66.67 | 392.36 1.06 415.90 | Stress Failure 0.78 306.04 439250

60| 22.22| 393.51 2.70 1062.48 | Stress Failure 1.99 783.09 | Stress Failure

75 80| 29.63| 392.94 1.05 412.59 10495 1.03 404.73 13347
100f 37.04| 392.68 0.81 318.07 271273 0.79 310.22 370792

120| 44.44 | 392.54 1.02 400.39 15272 0.98 384.69 25181

60| 16.67| 394.52 0.80 315.62 298859 0.77 303.78 481900

100 80| 22.22| 393.51 2.70 1062.48 | Stress Failure 1.99 783.09 | Stress Failure
100f 27.78| 393.04 1.59 624.93 | Stress Failure 1.37 538.47 | Stress Failure

120{ 33.33| 392.79 0.77 302.45 509113 0.76 298.52 599485

60 8.33 | 401.60 0.59 236.94 10761700 0.58 232.93 13325500

200 80| 11.11| 397.44 0.59 234.42 12303300 0.59 234.40 12316400
100f 13.89| 395.54 0.62 243.54 7636840 0.61 241.83 8338280

120{ 16.67| 394.52 0.80 317.09 281972 0.77 303.55 486532

60 3.33| 459.02 0.59 269.92 2111520 0.59 269.90 2113090

500 80 4.44 | 427.25 0.59 251.34 5149040 0.59 251.32 5153660
100 5.56 | 413.96 0.59 243.61 7607120 0.59 243.60 7611800

120 6.67 | 407.07 0.59 239.69 9316200 0.59 239.66 9330790

Figure 4.7: Fatigue Life Assessment II of Coil Spring.
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There are multiple Stress Failure scenarios observed in Fig. 4.7 that signifies the vehicle is
traveling on rough road surface conditions. When excitation frequency, f, is exactly equal
to any modal natural frequency, w;, the induced stress, o,, reaches infinite magnitude to hit
the resonance condition. Considering a particular value of wavelength of road surface, L, as
the velocity of vehicle, V', gradually increases from 60 km/h to 120 km/h, the applied force
in spring, F§, reduces in magnitude. For the same value of excitation frequency, f, the road
surface having amplitude of 1 cm (Fig. 4.6) has comparatively lower stress, o,, and larger

fatigue life, Ny, and therefore is comparatively smoother than road surface amplitude of 2

cm (Fig. 4.7).

4.3 Summary

The results corresponding to static linear analysis, modal analysis, and harmonic analysis
have been expressed and discussed in this chapter. The various analyses performed were in
accordance with the defined objectives for this research. The techniques utilized for eval-
uation of vehicle body frequency, vibration, and spring fatigue life has made important
contribution in the novelty of research. Overall, proposed technique utilized in this research
can provide significant contribution in designing of vehicle suspension spring, considering
the fatigue life behavior and improving the ride characteristics of automobile. The design
procedure of suspension spring is time consuming process along with fatigue life estimation,
and vehicle ride performance evaluation corresponding to stiffness value of spring, and sub-
sequent damping of suspension system. The proposed analysis in the thesis work aims to

ease this complicated process of spring design, for improving the vibration fatigue life.
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Chapter 5

CONCLUSION

5.1 Conclusion

The aim to this research is to propose an approach to predict the fatigue life, and assess the
durability of suspension coil spring using inputs as body response of vehicle, road surface
excitation, and vehicle ride characteristics. The technique utilized in this thesis focuses on
simplifying the vehicle suspension spring design, using estimation of fatigue life behavior.
The execution of this research generated optimum characteristics of durability for prediction
of fatigue life, and vibration properties of spring having sustainable precision as well as
replicability and reliability. The current study can estimate the fatigue life of spring, and

the vibration behavior corresponding to the stiffness parameter of helical coil spring.

5.2 Research Contribution

The design stages of vehicle suspension need significant number of hours and considerable
human efforts. This research provides a novel approach for estimation of relationships to
diminish the required time and efforts. Using the body frequency of vehicle system, road
surface induced vibrations, and vehicle ride characteristics as inputs for analysis, fatigue life

as spring can be estimated with sustainable accuracy. In other words, the road induced
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vibrations can be evaluated by using body frequency of vehicle, and fatigue life of spring as
inputs. The obtained results in this research can contribute in these three areas of design
of vehicle suspension, ride analysis of automobiles, and structural durability analysis. This
study could bridge the gap existing in between these three domains of mechanical engineering.
The research outcome could be beneficial for automotive industries in addressing vehicle
suspension component prototyping issues, saving money and time. Furthermore, researchers
from academia, and automotive industries could enhance the understanding of analysing

effect of road induced vibration on fatigue life of vehicle suspension component.

5.3 Future Research

This current research has developed an innovative approach for durability assessment of
vehicle suspension spring, contributing to the various branches of mechanical engineering.

There are some futuristic research areas, utilising the current work, listed below:

1. Considering practical applications, the suspension springs are subjected to multi-axial
road surface loadings. The current work could be extended to the deformation of spring
along multiple axes, and evaluating the induced vibrations in lateral and longitudinal

directions.

2. The linear and single DOF quarter car model was analysed for extracting the responses
of spring and the vehicle. A non-linear and multiple DOFs model could provide more

accurate results for durability assessment of automotive spring.

3. The developed road model could be expanded to generate an innovative tool for

analysing more complex road surface conditions. The road surface could be modeled
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using probabilistic distribution of harmonic wavelength, L, that directly influences the

excitation frequency, f.

. This current performed study could develop a novel and robust procedure for the
probabilistic fatigue life prediction of automotive mechanical components, including

the suspension spring.
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