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Abstract: 

A 3 Point Bend Specimen (3PBS) is modelled for a pre-cracked cushion 

spring and analyzed for different loading cases. A failure occurring due 

to fracture in the spring invites for a fracture analysis. An impacting load 

and a cyclic load are used for analysis. In this thesis work we emphasize 

our effort on theoretical modelling, analytical analysis and simulation in 

ABQUS. Stress intensity factor for different loading cases is compared 

and life cycle of material has been evaluated. The general criterion for 

how to choose the material is also discussed. 
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Notation 

a Crack height in beam (mm) 

E Young‟s Modulus (GPa) 

𝑓11(
𝑎

𝑊
)  Geometric function 

I Moment of Inertia (𝑚3) 

∆𝐾𝐼   Stress intensity factor range  (𝑀𝑁/(𝑚3/2)) 

𝐾𝐼  Stress Intensity Factor (𝑀𝑁/(𝑚3/2)) 

𝐾𝐼𝑐  Fracture toughness(𝑀𝑁/(𝑚3/2)) 

𝐾𝐼𝑚𝑎𝑥  Maximum stress intensity factor during the load period

  (𝑀𝑁/(𝑚3/2)) 

𝐾𝐼𝑚𝑖𝑛  Minimum stress intensity factor during the load period

  (𝑀𝑁/(𝑚3/2)) 

M Bending moment (Nm) 

N Number of loading cycles 

ns Factor of saftey 

P Force (KN) 

𝑅 Ratio of the stress intensity factor 

s Length of the beam (between two support points) (mm) 

t Thickness of beam (mm) 

W The width of beam (mm) 

𝜍𝑐  Critical stress (MPa) 

𝜍𝑌                   Elastic limit tension yield strength (MPa) 

𝜍𝑚𝑎𝑥  Maximum stress (MPa) 

𝜍∞ Remote stress (MPa) 

𝜌 Plastic zone (mm) 

𝜈 Poison‟s ratio  



Abbreviations 

3PBS Three Point Bending specimen 

COD Crack Opening Displacement 

CTOD Crack Tip Opening Displacement  

DFT Dynamic Fracture Toughness 

DSIF Dynamic Stress Intensity Factor 

LEFM Linear elastic fracture mechanics 

SSY Small Scale Yielding 
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1. Introduction 

In the wide field of engineering, it‟s of a great interest to test the parts by 

using impulse device. A force generated by the impulse device can be 

called impulse force.  This is a force which is just applied for a very short 

time. For example, striking a ball by a bat, here the force applied by the bat 

on the ball can be considered as an impulse force, since the force was just 

applied to the object within very short time [1]. 

In this thesis, we are focusing on the Static and the Dynamic Analysis of an 

impulse force acting on a three point bend specimen modeled for pre-

cracked cushion spring. These cushion springs are used as shock absorbers 

in railway ballast tamping machine. The ballast tamping machine is used in 

the stone compaction while setting the railway tracks. A failure occurring 

due to fracture in these springs invites fracture analysis. This thesis work 

also includes guidelines for the material selection criteria for the spring in 

general and the analyses with different loading condition, for instance, 

different loads frequency and different load amplitudes. 

Our aims are as follows: 

1) To study behavior of the pre-cracked cushion spring under two 

loading conditions: Static load and Cyclic impact loads with 

different amplitudes and frequencies. 

2) To create a theoretical model for the cushion spring for the crack 

initiation and crack propagation. 

3) To create a model in ABAQUS and carry out Fracture analysis for 

crack initiation. 

4) To identify common type of failure for the spring due to different 

situation. 
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In order to do the analysis, the cushion spring was modeled as the 3PB 

specimen (3PBS). Analysis of the fatigue and the crack propagation due to 

the cyclic loads was carried out theoretically. This analysis was carried out 

using a material with different fracture toughness. 

Now we feel it is important for us to give a view of the ballast tamper tools 

and tamper machine in which the spring under analysis is being used. The 

figure 1.1 and figure 1.2 below shows the picture of ballast tamper tools [2] 

and tamping machine [3] respectively. 

 

Figure 1.1: Ballast tamper tools [2]. 
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Figure 1.2: Ballast Tamper [3]. 
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2. Previous work 

In general there are many articles available regarding the failure of 

materials, but we emphasis ourselves on impact loading, especially cyclic 

impact loading on a three point bend specimen.  

A three point bend specimen analysis had been carried out in literature [4], 

and Euler Bernoulli equation has been used to calculate the deflection of 

the beam. The beam under analysis is a notched beam whose fracture 

parameters have also been determined. In the international journal of 

fracture [5], a 3PB specimen under dynamic loading, determines the stress 

intensity factor theoretically and experimentally modeling 3PB specimen as 

a spring mass system. Here the load applied is a sinusoid load and the 

system considered as a spring mass system only. As one of our goals is to 

compare the plane stress and plane strain conditions results, this is also 

compared here. The literature [6] uses both Euler Bernoulli beam theory 

and Timoshenko beam theory to predict oscillatory behavior in measured 

DSIF history. Article [7] has a combination of rubber to metal bond anti-

vibration spring to analyze the fatigue failure. The analysis gives us an idea 

of life time of the springs that one expects since in that case 1.25 million 

cycles was expected but only 0.7 million cycles was achieved. He also 

chose one method to improve the life time. Rubber spring‟s failure due to 

fatigue was analyzed in the literature [8].  

All the works that have been done give us the general idea about how 

Dynamic Stress Intensity Facto can be estimated for different loading and 

boundary conditions but most of the articles deal with 3PB specimen used 

in different situations. At the same time, however, we found that very few 

papers use the simulation to find the behavior of 3PBS due to cyclic impact 

loading environment. This encourages us to do some new analysis for the 
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3PB specimen due to cyclic impact loading case from both analytical and 

simulation point of view. 
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3. Theoretical Model 

One of the goals of this work is to get knowledge about how different 

design parameters, e.g., materials properties, the amplitude of load and the 

frequency of the impulse loads, will influence the structure and finally 

influence the life of the machine. For this, a simulation model is needed. In 

this chapter, we emphasize on the theoretical modeling using a section of a 

spring and analyzing as a 3PB specimen. In the following chapter, we will 

do the analysis in ABAQUS. 

Prior to construction of theoretical model, some assumptions are made so as 

to simplify the complexities involved in analyzing. These assumptions are: 

1. Material behavior is elastic and linear. 

2. Effects due to Viscous Damping are neglected. 

3. Shear force is neglected. 

4. Effects of temperature are neglected. 

 

3.1  Beam stress under a static load 

At the very beginning, it is necessary to find the beam stress under a static 

load which will be very useful for the later calculation.  

From the literature [9] - [11], we get the formula which is showing in the 

following figures.  

The moment of the simple supported beam has the following figure. It is 

showed us that the maximum moment happens in the middle of the beam.  
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Figure 3.1: The moment along the beam, [9]. 

 

 

Figure 3.2: Shear and normal stress distributions in a uniform cross 

section beam, [11]. 

 

 

Figure 3.3:  Shear and normal stress distributions, [11]. 

 

And from the literature [11], we get: 𝜍𝑚𝑎𝑥 =  
𝑀𝑦𝑚𝑎𝑥

𝐼
  

Where M is the bending moment and I is the Moment of Inertia. 
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First, M and I are to be found out. The load is P=10KN, and x=150mm, 

yielding: 

𝑀 = 𝑃𝑥 = 1500(𝑁𝑚) 

𝐼 = 6.3281 ∗ 10−7(𝑚3) 

Hence, we have:  

𝜍𝑚𝑎𝑥 =  
𝑀𝑦𝑚𝑎𝑥

𝐼
=

1500 ∗ 37.5 ∗ 10−3

6.3281 ∗ 10−7
= 88.88𝑀𝑃𝑎  

where  𝑦𝑚𝑎𝑥 = 37.5 ∗ 10−3 . 

This is the maximum stress without crack, this value agrees with ABAQUS. 

3.2 Introduction to crack 

In a material, it‟s very difficult to avoid formation of crack. Crack also can 

cause serious problem in most of the structures. The stress and the 

deformations also depend on how the cracked structure is loaded. Crack, 

normally, can be loaded in three different ways [12], but in our case, we 

only consider the crack which will be open in y direction that surfaces are 

separated from each other, see figure 3.4 

 

 

Figure 3.4: Crack load in Mode 1, [12].  

 

From the figures, it clearly shows us that for this model, the crack will grow 

in the xy-plane. Cyclic impact force will be applied to this model. Static 
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case will also be studied here. For other types of cracks, please refer 

literature [12]. 

 

3.3 Stress intensity factor 

In fracture mechanics, the Stress intensity Factor  𝐾𝐼  is frequently used to 

predict the stress state close to the crack tip. The stress may be caused by a 

remote load. It can be theoretically used to provide a criterion for failure of 

homogeneous elastic materials [13]. 

The magnitude of this parameter depends on many factors, such as: the 

geometry of the structure, the size of the crack and the location of the crack. 

It also depends on which type of load acting on the structure [13]. In this 

project, we choose 3PB specimen as the basic structure. Concentrated force 

will be applied to this 3PB specimen. 

There are many types of materials which can be used for spring. Steel is 

one of the common material whose fracture toughness may vary from 25-

157𝑀𝑁/𝑚3/2 [10]-[13]. Hence we analyze considering two steel materials:  

1) Low fracture toughness steel material. 

2) High toughness steel material.  

In order to decide which load we are going to choose, we assume that: 

𝐾𝐼 = 𝐾𝐼𝐶                                                                                               (3.1) 

so as to obtain the critical force 𝑃𝐶 .  

The 3PB specimen is as shown in figure 3.5.  
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Figure 3.5: Three Point Bend Specimen. 

 

According to the standard material SIS2309, fracture toughness of this 

material is  𝐾𝐼𝑐 = 48𝑀𝑃𝑎 .  

From the literature [12], we know the formula for 𝐾𝐼  as follows: 

𝐾𝐼 =
𝑃𝑠

𝑡𝑊3/2
∙ 𝑓11(

𝑎

𝑊
)                                                                              (3.2) 

𝑓11  
𝑎

𝑊
 =

3 𝑎/𝑊

2 1+2
𝑎

𝑊
 (1−

𝑎

𝑊
)3/2

[1.99−
𝑎

𝑊
(1−

𝑎

𝑊
)(2.15− 3.93

𝑎

𝑊
+ 2.7(

𝑎

𝑊
)2)]          (3.3) 

Where:  s is the length of the beam (between two support points); 

a is the crack height in beam; 

t is the thickness of beam; 

W is the width of beam; 

P is the force applied; 

 𝑓11  
𝑎

𝑊
  is the geometric function depending on „a‟ and „W‟. 

The specimen dimensions are: 

a=18.75mm 
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t=18mm 

s=300mm 

W=75mm 

Using equation (3.1) and (3.2), yields: 

𝐾𝐼𝑐 = 48𝑀𝑃𝑎 = 𝐾𝐼 =
𝑃𝐶 𝑠

𝑡𝑊
3
2

∙ 𝑓11  
𝑎

𝑊
                                                    (3.4) 

𝑃𝐶 = 44.18𝐾𝑁                                                                                    (3.5) 

So in order to do analysis on the safer side in ABAQUS, loads  𝑃1 =

10𝐾𝑁 𝑃2 = 20𝐾𝑁  and 𝑃3 = 30𝐾𝑁 are chosen. 

For these three different loads, we obtain the stress intensity factors as 

follows: 

𝐾𝐼 = 10.87(𝑀𝑁/𝑚3/2) for  𝑃1 = 10𝐾𝑁  

𝐾𝐼 = 21.73(𝑀𝑁/𝑚3/2) for  𝑃1 = 20𝐾𝑁  

𝐾𝐼 = 32.60(𝑀𝑁/𝑚3/2) for  𝑃1 = 30𝐾𝑁  

These values will be compared with the value obtained using Finite 

Element Method (FEM). 

Meanwhile, according to the literature [15]-[16], we also know for the high 

strength steel, the fracture toughness can be reach to 𝐾𝐼𝑐 = 154(𝑀𝑁/𝑚3/2). 

Then the load can reach to 141KN. In our project, we choose High Strength 

Alloy (AISI-4340) [17]. Its fracture toughness is  𝐾𝐼𝑐 = 75(𝑀𝑁/𝑚3/2) .  

This case is also analyzed in ABAQUS. 

Similarly with P=15KN with the low fracture toughness steel material, we 

choose 50KN for the High Strength Alloy, and we get the stress intensity 

factor as: 

KI = 54.33(𝑀𝑁/𝑚3/2) 
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3.4 Dynamic Stress Intensity Factor 

The literature [5] discusses about how to establish a simple technique and 

formula for the calculation of Dynamic Stress Intensity Factor (DSIF) for a 

pre-cracked three-point bend specimen in the impact case. Here we are 

going to use the same but with impact load. We use similar approach to 

literature [5].  

The 3PB specimen structure with pre-crack with load P (t) is showed in the 

following figure 3.6(a), it can be equivalent to the spring mass model which 

is showed in the figure 3.6(b) . 

 

 

Figure 3.6: The geometry of the pre-cracked three-point bend specimen subjected 

to dynamic loading and (b) the equivalent spring -mass model, [5]. 

 

Now we can build the system equation for the system which is showed in 

the figure 3.6(b). As the assumption made in the paper [5], we use an 

equivalent mass  𝑚𝑒  and the displacement 𝑢(𝑡) . We also assume the 



 18 

stiffness of the pre-cracked specimen is 𝐾 𝑎 , and 𝐾 𝑎   is a function of 

the crack-length, then according to the Newton‟s second law, we can easily 

obtained the damped system equation as follows 

𝑚𝑒𝑢  𝑡 + 𝐾 𝑎 𝑢 𝑡 = 𝑃(𝑡)                                                               (3.6) 

With initial conditions 

 
𝑢 0 = 0

𝑢  0 = 0
                                                                                             (3.7) 

From literature [5], we know that the solution to the equation is given by  

𝑢 𝑡 =
1

𝜔1𝑚𝑒
 𝑃 𝜏 sin𝜔1(t − τ)

1

0
                                                      (3.8) 

where ω1  stand for the first order natural frequency of 3PB the specimen. 

In 1969, Nash [5] point out that with a pre-cracked specimen, the 𝜔1 can be 

written as 

𝜔1 =  
𝑛 𝑖

𝑠
 

2

 
𝐸𝐼

𝜌𝐴
                                                                                   (3.9) 

In the equation (3.9) E is the sample‟s modulus, ρ is the density and A is the 

cross-sectional area, respectively. We also can get the value of ni by solving 

the following equation: 

𝑡𝑎𝑛
𝑛 𝑖

2
=

2𝑆

𝐷𝐼(
𝑛 𝑖

2 )
+ tanh(

𝑛 𝑖

2
)                                                             (3.10) 

If vibration is according to the first mode, then i = 1, and the parameter D is 

the coefficient related to the crack length.  

Under the first mode of vibration, Nash points out that one formula to 

calculate the DSIF of a cracked-specimen: 

𝐾𝐼 𝑡 = 𝐶𝑢(𝑡)                                                                                   (3.11) 

where C is a constant, and it has the form: 
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𝐶 =
3𝑠 𝑎

2𝐵𝑊2
𝑌  

𝑎

𝑊
 𝐾(𝑎)                                                                       (3.12) 

Where  𝑌  
𝑎

𝑊
 =

1

 1+2
𝑎

𝑊
 (1−

𝑎

𝑊
)3/2

[1.99 −
𝑎

𝑊
(1−

𝑎

𝑊
)(2.15 − 3.93

𝑎

𝑊
+

2.7)(
𝑎

𝑊
)2] 

In the literature [5], the author takes the shear deformation and rotary 

inertia of pre-cracked specimen into account in the calculations for 

specimen stiffness and specimen natural frequency and points out that: 

By substituting the equation (3.12), (3.13) into equation (3.11), we get 

𝐾𝐼 𝑡 =
3𝑆 𝑎

2𝐵𝑊2
𝑌(

𝑎

𝑊
)𝜔1  𝑝 𝜏 𝑠𝑖𝑛𝜔1(𝑡 − 𝜏)𝑑𝜏

𝑡

0
                                (3.13) 

Where:  

𝜔1 =  
𝐾(𝑎)

𝑚𝑒
                                                                                        (3.14) 

In equation 3.14, it contains two factors K (a) and me.   K (a) stands for 

stiffness of the sample with crack-length a, and me stands for equivalent 

mass. The equivalent mass me can be calculated as: 

𝑚𝑒 =
17

35
𝑊𝑡𝑆𝜌                                                                                    (3.15) 

The main problem how to solve the stiffness of the sample is also solved by 

in literature [5] and presented in the following formula 
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 𝐾 𝑎 =

48𝐸𝐼

𝑆3

(1 +
6

𝑆
𝑊 
𝑉  

𝑎

𝑊
 + 12𝑞2)

            𝑓𝑜𝑟 𝑝𝑙𝑎𝑛𝑒 𝑠𝑡𝑟𝑒𝑠𝑠 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛

𝐾 𝑎 =

48𝐸𝐼

(1−𝜐2)𝑆3

(1 +
6

𝑆
𝑊 
𝑉  

𝑎

𝑊
 + 12𝑞2)

    𝑓𝑜𝑟 𝑝𝑙𝑎𝑛𝑒 𝑠𝑡𝑟𝑎𝑖𝑛 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛

        (3.16) 

Where the formula of the  𝑉(
𝑎

𝑊
)   is also giving in the literature [5] as 

follows 

𝑉  
𝑎

𝑊
 =  

𝑎
𝑊 

1−𝑎 𝑊 
 

2

 5.58 − 19.57  
𝑎

𝑊
 + 36.82  

𝑎

𝑊
 

2
− 34.94  

𝑎

𝑊
 

3
+ 12.77  

𝑎

𝑊
 

4
       (3.17) 

We also know that: 

𝑞2 =
2 1+𝑣 

𝑘

1

𝐴𝑠2
                                                                                   (3.18) 

𝑘 =
10(1+𝑣)

12+11𝑣
                                                                                        (3.19) 

In our 3PB specimen, we have the load case: 

𝑃 𝑡 =  
10𝐾𝑁   0 < 𝑡 < 0.2

0           0.2 < 𝑡 < 0.5
                                                           (3.20) 

So we can get parameters for the equation (3.12) as follows by using 

MATLAB 

𝑉  
𝑎

𝑊
 = 0.2770  

me =  1.5442Kg 

w1 = 22.4194(rad/s) 

We can integrate it and then get the DSIF 
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 𝑃 𝜏 sin ω1 𝑡 − 𝜏 𝑑𝜏
𝑡

0
=

P

ω1
(cosω1 t − cosω1(t− 0.2))           (3.21) 

We substitute equation (3.21) into equation (3.14), and then we can obtain 

𝐾𝐼 𝑡 =
3𝑆 𝑎

2𝐵𝑊2
𝑌  

𝑎

𝑊
 (P cosω1 t − cosω1 t− 0.2  )                    (3.22) 

By putting n=2.8 and from the previously calculation in equation (3.22), we 

can get: 

 
𝐾𝐼𝑚𝑎𝑥  𝑡 = 17.05(𝑀𝑁/𝑚3/2)

𝐾𝐼𝑚𝑖𝑛  𝑡 = 0(𝑀𝑁/𝑚3/2)   
                                                        (3.23) 

 

3.5 Cyclic loading  

Now we are going to discuss about the crack propagation under cyclic 

loading case. As we know many kinds of parts are subject cyclic loading. If 

we have cyclic load, then the plastic flow (not like we discussed in static 

case) will alternate between yielding in tension and compression [12]. 

Finally, the crack will grow due to fatigue even when the load is lower than 

the critical value. There are several factors which will influent the fatigue 

crack growth such as [12]: 

1) 𝐾𝐼𝑚𝑎𝑥  and  𝐾𝐼𝑚𝑖𝑛  : the maximum and the minimum stress intensity 

factor during the load period; 

2)  𝑅 = 𝐾𝐼𝑚𝑖𝑛 /𝐾𝐼𝑚𝑎𝑥  : the ratio of the stress intensity factor; 

3) The amplitude and the frequency of the load; 

4) Environment factors, such as corrosion, temperature (but we are not 

going to discuss these factors). 

An example of applied cyclic amplitude for loading in this thesis work is as 

shown in figure 3.7. When a study of the crack propagation is undergoing 
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in such cases, one very important concept stress intensity factor range  ∆𝐾𝐼  

should be mentioned.  

 

 

Figure 3.7: Applied cyclic impulse amplitude. 

 

Form the literature [12] we know that the range of the stress intensity factor 

KI is defined as: 

∆𝐾𝐼 = 𝐾𝐼𝑚𝑎𝑥 − 𝐾𝐼𝑚𝑖𝑛                                        𝑖𝑓  KImin ≥ 0 

∆𝐾𝐼 = 𝐾𝐼𝑚𝑎𝑥                                                         𝑖𝑓 KImin < 0            

∆𝐾𝐼 = 0                                                                 𝑖𝑓 KImax < 0 

In the following section, we are going to discuss the dynamic intensity 

factor. 
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3.6 Fatigue growth by Paris’s law 

As we discussed before, the stress intensity factor has the form as 𝐾𝐼 =

𝜍∞ 𝜋𝑎𝑓(𝑎) , the parameter 𝜍∞  stands for the remote stress applied to the 

stress far away from the point of stress concentration at the crack tip [15]. 

We have the stress intensity factor for the static case as 

𝐾𝐼𝑚𝑎𝑥 = 10.87(𝑀𝑁/𝑚3/2) 

According to the figure (3.6), we obtain: 

 𝐾𝐼𝑚𝑎𝑥 = 10.87  
𝑀𝑁

𝑚
3
2

 𝑎𝑛𝑑  𝐾𝐼𝑚𝑖𝑛 = 0(𝑀𝑁/𝑚3/2), which yields: 

∆𝐾𝐼 = 𝐾𝐼𝑚𝑎𝑥 = 10.87(𝑀𝑁/𝑚3/2)                                                   (3.25) 

According to the Paris‟s law [12], we know that the fatigue growth rate 

 𝑑𝑎/𝑑𝑁  has the relationship with the range ∆𝐾𝐼  which is shown in the 

following figure 3.8. In the formula, a stands for the crack length and N is 

the number of loading cycles. 

 

Figure 3.8: Fatigue growth rate by Paris’s law, [12]. 

 

From the figure 3.8, we can clearly see that there are three regions, namely, 

threshold region, intermediate region and unstable region. In the first region, 

the crack growth will be very slow or zero, and it will be that no crack 

growth. In the second region, the relation between  𝑙𝑜𝑔
𝑑𝑎

𝑑𝑁
  and 𝑙𝑜𝑔Δ𝐾𝐼  is 
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approximately linear. This log-log diagram is named after Pairs. In the third 

region, the structure will be not unstable and the crack will propagate very 

fast [12]. The regions are showed in figure 3.9 [12].  

 

Figure 3.9: Fatigue growth rate in three regions, [9]. 

 

Paris points out that in the linear region, it follows the equation: 

𝑙𝑜𝑔
𝑑𝑎

𝑑𝑁
= 𝑛𝑙𝑜𝑔∆𝐾𝐼 + 𝐶′                                                                     (3.26) 

or we can rewrite in another form as: 

𝑑𝑎

𝑑𝑁
= 𝐶(∆𝐾𝐼)

𝑛                                                                                     (3.27) 

The parameters C and n can be consider as the material properties.  Paris 

also points out that for metallic materials, we often obtains 2 < 𝑛 < 4  (n is 

dimensionless.) Practically, we also introduce one additional parameter 

namely safety factor ns, which is always large than unity to make sure the 

structure will stay at the safer side. 

For our 3PB specimen, we apply the Paris‟s law with safety factor ns=1.8 

[18] which has always been used in practice. The other parameters are the 

same as we have mentioned before. 

We can find the other parameter in the literature [14] as follows: 

C= 9.77 ∗ 10−12(MPa
4
m) 
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n=2.8 

and from the previously calculation in equation (3.15) 

 ∆𝐾𝐼  = 10.87(𝑀𝑁/𝑚3/2)  

After putting these parameters into the equation (3.27), we get: 

𝑑𝑎

𝑑𝑁
= 𝐶 ∆𝐾𝐼 

𝑛 = 9.77 ∙ 10−12(10.87 ∗ 106)2.8 = 4.9129 ∗ 108     (3.28) 

Now we need to integrate the Paris‟s law, according to the literature [12], it 

gives us: 

𝑑𝑎

𝑑𝑁
= 𝐶 ∆𝐾𝐼 

𝑛 = 𝐶(∆𝜍 𝜋𝑎𝑓 𝑎 )𝑛                                                   (3.29) 

Using the method of separating the variables, we put all the terms which 

contains crack length „a‟ to the left side and collecting all the other factors 

on the right hand side.  

 
𝑑𝑎

  𝑎𝑓(𝑎) 
𝑛

𝑎1

𝑎0
= 𝐶(∆𝜍 𝜋)𝑛  𝑑𝑁

𝑁

0
                                                     (3.30) 

We know the crack length „a‟ give very little influence on the term 𝑓 𝑎  so 

finally, we obtain: 

𝑁 =
1

𝐶 ∆𝜍∞ 𝜋𝑓0 
2.8 (

𝑎1
−

2.8
2

+1
−𝑎0

−
2.8
2

+1

−
2.8

2
+1

)                                                 (3.31) 

Since n=2.8 in equation (3.30). 

Let the material for analyses with the fracture toughness as 

𝐾𝐼𝑐 = 48(𝑀𝑁/𝑚3/2) is chosen. 

We should notice that we can‟t use the Paris law in the third region. Hence 

we have to divide the fracture toughness 𝐾𝐼𝑐  by the safety factor. Here 

safety factor ns=1.8. This can bring us to the safer side when we try to 

predict crack propagation. 
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We denote this partially used fracture toughness as 𝐾𝐼𝑐𝑠 = 𝐾𝐼𝑐/𝑛𝑠 ,  

So: 

  𝐾𝐼𝑐𝑠 =
𝐾𝐼𝑐

𝑛𝑠
= 26.6667(𝑀𝑁/𝑚3/2)                                                   (3.32) 

As we all know, for the mode1, we have: 

𝐾𝐼 = 𝜍∞ ∙  𝜋𝑎𝑓, f is the function of geometry. From previous calculation, 

we know 𝑓 = 1.339 for 3PB specimen. 

So for just simple static case, we obtain: 

𝜍∞ =
𝐾𝐼

 𝜋𝑎 𝑓
=

10.87(𝑀𝑁/𝑚
3
2 )

 𝜋∗18.75/1000∗1.339
= 33.45𝑀𝑃𝑎                                 (3.33) 

Where we assume 𝑓  
𝑎1

𝑊
 ≅ 𝑓  

𝑎

𝑊
 = 1.339  

Substituting equation (3.33) to (3.32), and applying  𝐾𝐼𝑐𝑠 = 26.6667(𝑀𝑁/

𝑚3/2), we can obtain: 

𝑎1=112.8mm, which is bigger than W. so finally, a1=75mm. 

Using all the value in the equation (3.30), we get: 

𝑁 =
1

𝐶 ∆𝜍 𝜋𝑓0 
2.8 

𝑎1
−

2.8
2

+1 − 𝑎0
−

2.8
2

+1

−
2.8
2

+ 1
 = 1. 616 ∗ 106  

It means after 1.616 ∙ 105  cycles with K=10KN, the crack will growth to 

75 from the initial value 18.75mm. 

In the impact loading case, we get the DSIF in the previous section: 

𝐾𝐼𝑚𝑎𝑥 = 17.05(𝑀𝑁/𝑚3/2)  
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So we have 𝐾𝐼𝑚𝑎𝑥 = 17.05  
𝑀𝑁

𝑚
3
2

 𝑎𝑛𝑑  𝐾𝐼𝑚𝑖𝑛 = 0(𝑀𝑁/𝑚3/2) , and so the 

range  ∆𝐾𝐼 of the stress intensity factor  𝐾𝐼  is: 

∆𝐾𝐼 = 𝐾𝐼𝑚𝑎𝑥 = 17.05(𝑀𝑁/𝑚3/2)                                                   (3.34) 

Using the same procedure as mentioned before, we get: 

𝑑𝑎

𝑑𝑁
= 𝐶 ∆𝐾𝐼 

𝑛 = 9.77 ∙ 10−12(17.05 ∗ 106)2.8 = 1.7327 ∗ 109    (3.35) 

Now we need to integrate the Paris‟s law, according to the literature [12], 

similarly, we have: 

𝑑𝑎

𝑑𝑁
= 𝐶 ∆𝐾𝐼 

𝑛 = 𝐶(∆𝜍 𝜋𝑎𝑓 𝑎 )𝑛                                                   (3.36) 

Using the method of separating the variables, we put all the terms which 

contains crack length „a‟ to the left side and collecting all the other factors 

on the right hand side.  

 
𝑑𝑎

  𝑎𝑓(𝑎) 
𝑛

𝑎1

𝑎0
= 𝐶(∆𝜍 𝜋)𝑛  𝑑𝑁

𝑁

0
                                                     (3.37) 

We know the crack length „a‟ give very little influence on the term 𝑓 𝑎  so 

finally, we obtain: 

𝑁𝐼 =
1

𝐶 ∆𝜍∞ 𝜋𝑓0 
2.8 (

𝑎1
−

2.8
2

+1
−𝑎0

−
2.8
2

+1

−
2.8

2
+1

)                                                 (3.38) 

Since n=2.8 in equation (3.37). 

So as just impact case, we obtain: 

𝜍∞ =
𝐾𝐼

 𝜋𝑎 𝑓
=

17.05(𝑀𝑁/𝑚
3
2 )

 𝜋∗18.75/1000∗1.339
= 52.47𝑀𝑃𝑎                                 (3.39) 

Substituting equation (3.39) to (3.32), we can obtain: 

𝑎1=45.86mm 
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Where we assume 𝑓  
𝑎1

𝑊
 ≅ 𝑓  

𝑎

𝑊
 = 1.339   

Using all the value in the equation (3.30), we get: 

𝑁𝐼 =
1

𝐶 ∆𝜍 𝜋𝑓0 
2.8 

𝑎1
−

2.8
2 +1 − 𝑎0

−
2.8
2 +1

−
2.8
2

+ 1
 = 5.132 ∙ 105  

It means after 5.132 ∙ 105  cycles with K=10KN, the crack will growth to 

45.86mm from the initial value 18.75mm. 

It clearly tells us the fatigue life will be decreased a lot when we apply the 

cyclic impact load.  

The difference between them is:  

N − 𝑁𝐼

N
=
 1.616 ∗ 106 − 5.132 ∗ 105 

1.616 ∗ 106
= 68.24% 
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4. Analysis using ABAQUS 

4.1 Introductions to Finite Element Method (FEM) 

Finite element analysis has always been a field involving analysis of simple 

structure like a simply supported beam to a much more complicated 

structure like aircraft engine or turbine. Failure of materials and hence 

structure has always been an issue. There are many methods to carry out the 

analysis, some of which being Analytical method, Finite difference method, 

Finite element method etc. Finite element analysis can be carried out by 

numerical method or by the available software like ABAQUS, ANSYS, 

LS- DYNA etc. These software are quite user friendly and give wide range 

of analysis option. Some of which being static, dynamic, fluid, thermal etc. 

In this thesis work we use one such user friendly Finite element analysis 

software package ABAQUS. ABAQUS can solve simple linear problems 

along with nonlinear problems involving complexities. This software 

designed such that it not just is used as a simulation tool but to carry out 

analysis involving more tedious work than just calculation of stress or 

strain. By just specifying some parameters like material properties, 

boundary conditions and loads one can easily carry out both linear and non 

linear analysis. ABAQUS does not need user help in choosing the load 

increments. This is done automatically. Also ABAQUS can adjust various 

parameters continuously needed for calculation during analysis. This 

ensures the accuracy of the analyzed solution. The interested reader can 

refer ABAQUS documentation [19] to explore more about this software 

package. 

As we are analysing in our case a section of a pre-cracked spring material 

as 3PBS, we choose the general static and general dynamic implicit options 
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available in ABAQUS for static and cyclic impulse analysis respectively. It 

can be seen from figure 3.5 that the model is symmetric with respect to 

crack, hence only half section is modelled and analysed. 

The crack in the abaqus model is a notched crack. The crack is modeled as 

notch in reference to literature [4] where the experiment of impact loading 

was carried out on a notched beam. Now prior to presenting the results of 

analysis using FEM, the loading conditions and other parameters used in 

analyzing are to be understood. Initial loading is 10KN and then the load is 

increased to 20KN and 30KN. Due to the symmetry of the specimen only 

half model is analyzed in abaqus hence the loads are reduced to half of 

original values. The initial frequency of loading for cyclic impact is 

120cycles/min and then increased to 240cycles/min, 360cycles/min and 

480cycles/min. These frequencies are chosen as trial frequencies with 

reference to literature [20]. 

 

4.2 Plane stress and Plane strain models 

As the model constructed for analysis is a 2D model, deciding the type of 

condition to be chosen for Finite element analysis is important. The 

condition here refers to plane stress condition or plane strain condition. The 

total process of loading and results for both plane stress and plane strain 

condition are tabulated below in table 1.   

Note: For the static stress distribution in crack region and dynamic stress 

intensity factors in plane stress condition please refer the figures in 

appendix 4. Please note that the unit of stress intensity factor in figures in 

appendix 4 is 𝑀𝑁/𝑚𝑚3/2. 
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Table 1: Stress intensity factors (Abaqus) in 𝑀𝑁/𝑚3/2. 

Load in 
KN 

Load case Plane 
stress 

Plane 
strain 

10 Static 10.727 10.727 

20 Static 21.454 21.454 

30 Static  32.180 32.180 

10 120cycles/min 10.871 10.794 

 

Figure 4.1 below shows the graphical comparison of the results obtained in 

table 1. 

 

Figure 4.1: Stress intensity factor comparison (plane stress and plane 

strain). 

 

From table 1 and figure 4.1 it can be seen that with the thickness of 

specimen as 18mm, both in plane stress and plane strain condition the stress 

intensity factor has negligible difference for the applied load. Hence it can 

be concluded that modeling the 3PB specimen as a 2D model was 

satisfactory and modeling the 3PB specimen as a 3D model was not 
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necessary. Hence all the analysis was carried out under plane stress 

conditions. 

 

4.3 Impact loading 

Static loading results in increasing stress with respect to time. Impact 

loading on the other hand yields high stress due to impact. This means due 

to high force applied suddenly the material is highly stressed. Due to this 

the stress intensity factor is higher than either cyclic loading or static 

loading.  

An impact load of 10KN, 20KN and 30KN was applied on the three point 

bend specimen used in this thesis work. It was observed that the stress 

intensity factor id directly proportional to the applied impact load. The 

reason for this is that we have considered linear model.  

For the load of 10KN the stress intensity is for different loading case that is 

static and impact load is tabulated below in table 2. 

 

Table 2: Stress intensity factors for different loading case (plane stress). 

Load 

in 
KN 

Static 

loading 
case 

Impact 

loading 
case 

Cyclic 

Impac
t 

120 

cycles
/min 

Cyclic 
Impact 

240 

cycles/

min 

Cyclic 
Impact 

360 

cycles/

min 

Cyclic 

Impac
t 

480 

cycles
/min 

10 10.727 10.928 10.87

1 

10.916 11.315 13.49

7 
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It can be seen from table 3 that for an applied load with different cases that 

is static impact and cyclic impact (with increasing frequency of loading) 

respectively, the stress intensity factor goes on increasing respectively. The 

figure 4.2 below shows a plot of stress distribution in the crack region for 

the applied impact load of 10KN. 

 

 

Figure 4.2: Stress distribution in crack region for 10KN impact load. 

 

4.4 Cyclic loading – Influence of frequencies 

Cyclic loading on any structure shows us the behavior of that material with 

respect to time. This type of loading aids us in studying the material 

behavior under varying conditions which is of great importance. For the 

three point bend specimen used in this thesis work cyclic impact load with 

varying frequencies was applied as mentioned earlier in chapter 4.1. The 
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obtained stress intensity factors are tabulated below in table 3 and for better 

understanding a graphic plot is shown in figure 4.3a. 

 

Table 3: Stress intensity factors (Abaqus) in 𝑀𝑁/𝑚3/2 (plane stress). 

    Load 

KN 

 

Cycles/min 

10 20 30 

120 10.871 21.742 32.613 

240 10.916 21.831 32.784 

360 11.315 22.631 33.946 

480 13.497 26.974 40.461 

  

 

Figure 4.3a: Stress intensity factors under various cyclic loads (plane 

stress, varying frequencies). 

 

Figure 4.3b below gives a comparison of stress intensity factors for 

increasing frequency of cyclic loads. 
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Figure 4.3b: Comparison of stress intensity factor for different cases 

(plane stress). 

 

In above figure 4.3b the red, blue and black lines represent static stress 

intensity factors for load of 10KN, 20KN and 30KN respectively. The 

asterisk around the lines indicates Dynamic stress intensity factors (DSIF) 

for different frequencies for the corresponding load. 

 

An interesting observation was made in stress intensity factor plot obtained 

of the three point bend specimen under cyclic loading with varying 

frequencies and varying loads. These plots are shown in figure 4.4, figure 

4.5, figure 4.6 and figure 4.7 below.  

It should be noted that the unit of stress intensity factor in these figures is 

𝑀𝑁/𝑚𝑚3/2. 
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Figure 4.4: DSIF (10KN, 120cycles/min, and plane stress). 

 

 

Figure 4.5: DSIF (10KN, 240cycles/min, and plane stress). 

 

It can be seen from figure 4.4 and figure 4.5 that the stress intensity plot is 

well defined and distinguishable with little variations. The figure 4.4 and 
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4.5 below shows the plot of stress intensity factor for dynamic load of 5KN 

in plane stress condition for 360cycles/min and 480cycles/min respectively. 

  

 

Figure 4.6: DSIF (10KN, 360cycles/min, and plane stress). 

 

 

Figure 4.7: DSIF (10KN, 480cycles/min, and plane stress). 
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From figure 4.6 and figure 4.7 it can be seen that the plot is well defined 

and distinguishable but there are variations of values in plot. These well 

defined and distinguishable plots were obtained using appropriate step 

increment in abaqus.  The step increment (in abaqus) is equivalent of 1/10
th

 

of the time interval of load cycle it should also be noted that the variations 

increases as the frequency increases due to quicker loading and unloading 

process. 

 

4.5 Stress intensity factors - Analytical and FEM 

The table 4 below gives comparison of static stress intensity factors in 

𝑀𝑁/𝑚3/2computed by analytical formula and directly from abaqus for the 

static loading case only for plane stress condition. 

An alternate way of calculating stress intensity factor in abaqus is by 

obtaining the J integral. The formula for calculation stress intensity factor 

using J integral [23] is given as: 

𝐽 =
𝐾𝐼

2

𝐸′
 

𝑤𝑒𝑟𝑒  𝐸′ = 𝐸  𝑓𝑜𝑟 𝑝𝑙𝑎𝑛𝑒  𝑠𝑡𝑟𝑒𝑠𝑠  

𝑎𝑛𝑑  𝐸′ =
𝐸

1 − ν2
 𝑓𝑜𝑟 𝑝𝑙𝑎𝑛𝑒  𝑠𝑡𝑟𝑎𝑖𝑛  

In the above equation „E‟ is the Young‟s modulus and „ν‟ is poisons ratio. 

However we will not focus on this aspect. 
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Table 4: Comparison of static stress intensity factors (plane stress). 

Load in 
KN 

𝐾𝐼  

analytically 
𝐾𝐼  direct 

from abaqus 

Percentage 
error 

10 10.87 10.727  

1.32% 

 

20 21.74 21.454 

30 32.61 32.18 

 

A comparison of these stress intensity factor in plane stress condition for 

the applied load is shown in figure 4.8 below. 

 

 

Figure 4.8: Comparison of stress intensity factors (plane stress). 

 

From table 4 it can be seen that there is very little difference between the 

analytical stress intensity factor and static stress intensity factor evaluated 

from abaqus for all the applied loads. This difference or error between the 

values for all the loads was computed to less than 5%. The reason for this 

error in calculation is a result of notched crack modeling in abaqus. In the 

chapter 4.1 it was mentioned earlier that the modeling of the crack was 

done as a notch crack instead of sharp one with reference to literature [4]. 

Now it should also be noted that the analytical stress intensity factor 

formula in literature [9] is for a sharp crack in a 3PB specimen, thus 
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resulting in erroneous stress intensity factor values. Hence an analysis on an 

improved model may give more accurate results.  

 

4.6 Stress at any randomly selected point in 3PBS 

In the table 5 stress any randomly selected point for different situations and 

cases are tabulated for plane stress condition. This randomly selected point 

is 18.75mm below the point of loading. The different situations are model 

without crack and with crack. The cases are static and dynamic loading 

case. This computation is carried out for 20KN load. It should also be noted 

that all these stress values computed are carried out in abaqus and analytical 

calculation of stress is only for model without crack.  

The stress at any point can be calculated using the equation from chapter 

3.3 which is 𝜍𝑚𝑎𝑥 =  
𝑀𝑦

𝐼
 . 

Where M=3000 Nm is bending moment, I = 6.3281 ∗ 10−7(𝑚3) moment 

of inertia and y is the distance of the point from neutral axis where stress is 

to be calculated. It should also be noted that the analytical calculation of 

stress is for complete beam with full load where as calculation in abaqus is 

for half beam with half load.  
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Table 5: Stress at a randomly selected point (10KN, elastic). 

              Stress 
case 

Cycles/min  

Stress without 
crack in MPa 

Stress with crack 
in MPa 

Analytical  44.44 --- 

Static  41.06 43.20 

120 40.67 42.78 

240 38.97 42.99 

360 38.91 45.03 

480 41.08 39.43 

 

 

It can be seen from table 5 that there is slight difference in stress value for 

different conditions respectively. This shows us that with the 20KN load 

application, the specimen has not ruptured completely.  

It is observed from table 5 that the stress is higher for loading with low 

cycle of frequency for model with crack then model without crack but the 

stress reduces as model is loaded with higher frequency of 480cycles/min. 

The reason for this variation can be explained by wave theory that is at 

lower frequency the model is more affected by load than at higher 

frequency. The reason for this being that at higher frequency the time 

loading and unloading is much faster than at lower frequency due to which 

the load is not completely transferred to the crack tip. 
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5. Results and Conclusion 

From the earlier analysis and discussion in this thesis work we can 

summarise the process using flow chart as shown below 

 

Figure 5.1: Summary of analysis. 

 

A spring mass model was constructed for the 3PBS and analyzed. The 

analysis showed that the stress intensity factor is higher than the one 

obtained by analytical formula and by static loading. This result confirms 

that the specimen has less life under impact loading. 

Results obtained from plane stress and plane strain models shows us that 

construction of 2D model is satisfactory and 3D model is not required. For 
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a given material subjected to static, impact and cyclic impact loading, the 

stress intensity factor is highest in case of cyclic impact loading. This 

indicated that the material under cyclic impact loading has lesser life as the 

stress intensity factor approached fracture toughness quickly. 

Also it was seen that with higher frequency of loading the stress intensity 

factor value is higher which indicated that the specimen will fail at a faster 

rate and has lesser life. 

   



 44 

6. Future scope of work 

This master thesis work involves analysis of spring as a simple 3PB 

specimen. In other words the analysis done here is fundamental analysis. 

Hence the work in this master thesis can be extended to: 

1) Analysis and simulation of whole spring model instead of analysis 

of a section as 3PB specimen. 

2) Analysis and simulation of a model with inclusion of practical 

parameters like damping, temperature effects and other non linearity.  

3) Analyzing the model based on experimental data. 

4) Analysis and simulation of the model using the practical data which 

could be obtained from railway department. 

5) Analyzing the spring with different spring materials and load cycle. 

6) Using special materials like rubber to metal bonded anti-vibration 

spring. 

7)  Extending the analysis from crack initiation to crack propagation 

direction in ABAQUS. 

 



Page 45 

 

References 

1. James D. Jones. (2009, March 31st), Impulse force, [online] ，  available, 

http://www.mcanv.com/qa_impf.html 

2. Ballast tamper tools, available online, 25-03-09,   

http://www.dymaxrail.com/Tampers/?gclid=CMqg7bqtvpkCFUESzAodyjxF7g 

3. Ballast tamper machine, available online, 29-04-09, 

http://www.alaskarails.org/industries/welded-rails/tamper.jpg    

4. P. R. Marur, “An engineering approach to impact analysis of notched beam by 

conventional beam elements”, Computers & Structures Vol. 59, No. 6, pp. I 115-l 120, 

1996. 

5. Fengchun Jiang, Aashish Rohtagi, Kenneth S. Vecchio and Justin L. Cheney, 

“Analysis of dynamic responses for a pre-cracked three point bend specimen”, 

International Journal of Fracture 127: pp. 147–165, 2004. 

6. P. R. Marur, “On the effect of higher vibration modes in analysis of three point bend 

testing”, International Journal of Fracture 77: pp. 367-379, 1996. 

7. R. K. Luo, W. J. Mortel, X. P. Wu, “Failure fatigue investigation of anti-vibration 

springs”, Engineering Failure Analysis, Sept. 2008, Article in Press. 

8. R. K. Luo, W. X. Wu, “Failure fatigue analysis of anti-vibration rubber spring”, 

Engineering Failure Analysis Vol. 13, pp. 110–116, 2006. 

9. Common Beam Formulas, available online, 28-04-2009, 

http://www3.hi.is/~thorstur/teaching/cont/Continuum_CommonBeamFormulas.pdf,  

10. BEAMS: STRAIN, STRESS, DEFLECTIONS, available online, 28-04-2009, 

http://courses.washington.edu/me354a/chap3.pdf 

11. Topic 5: Beams II - Bending Stress available online, 28-04-2009, 

http://physics.uwstout.edu/Statstr/Strength/Beams/beam51.htm 

http://www.mcanv.com/qa_impf.html
http://www.dymaxrail.com/Tampers/?gclid=CMqg7bqtvpkCFUESzAodyjxF7g
http://www.alaskarails.org/industries/welded-rails/tamper.jpg
http://www3.hi.is/~thorstur/teaching/cont/Continuum_CommonBeamFormulas.pdf
http://courses.washington.edu/me354a/chap3.pdf
http://physics.uwstout.edu/Statstr/Strength/Beams/beam51.htm


 46 

12. Tore Dahlberg Anders Ekberg: Failure Fracture Fatigue, an introduction, Student 

litterature, Lund, 2002, pp.71-72, 153, 346 

13. Stress intensity factor, Wikipedia, available on line 18-05-09, 

http://en.wikipedia.org/wiki/Stress_intensity_factor 

14. Bertram broberg. etc, Formelsamlingi Hållfasthtslära(swedish), Kungl. Tekniska 

Högskokan, stockholm, 1990, pp 219-210 

15. Advanced materials laboratory, Fracture Toughness Measurement, available on line 

21-05-2009, 

http://www.gatewaycoalition.org/files/materials_engineering/fractdoc.html 

16. A K Bhargava, Engineering materials,  PHI Learning Pvt. Ltd, New Delhi, 2004, 

pp37 

17. AISI 4340, EFunds (Engineering fundamentals),  available on line, 21-05-2009, 

http://www.efunda.com/materials/alloys/alloy_steels/show_alloy.cfm?ID=AISI_4340

&prop=all&Page_Title=AISI%204340 

18. Basic Notes on Factor of Safety, available on line 22-05-2009, 

http://www.roymech.co.uk/Useful_Tables/ARM/Safety_Factors.html 

19. ABAQUS version 6.6 documentation 

20. Specifications of ballast tamper, available online, 10-05-09,     

http://gege1815.stagingzeus.netregistry.net/index.php?option=com_content&task=vie

w&id=47&Itemid=91 

21. Spring introduction, , available online, 14-05-09, 

http://en.wikipedia.org/wiki/Spring_(device) 

22. Y. Yamada, Toshio Kuwabara, Materials for springs, Japan Society of Spring 

Engineers, Published by Springer, 2007, pp 11.  

23. Properties of materials, available online, 7-04-09, 

http://www.matbase.com/material/ferrous-metals/spring-steel/67sicr5/properties  

24. Poison‟s ratio of materials, available online, 7-04-09, 

http://www.engineeringtoolbox.com/poissons-ratio-d_1224.html  

25. T.L. Anderson: Fracture Mechanics, Fundamentals and Applications, CRC press, 

Taylor and Francis Group, USA, 2005, pp 59, 570. 

http://en.wikipedia.org/wiki/Stress_intensity_factor
http://www.gatewaycoalition.org/files/materials_engineering/fractdoc.html
http://books.google.com/url?id=aA_l68VlHKoC&pg=PA35&q=http://www.phindia.com&linkid=1&usg=AFQjCNHMIWVRSLHd03bWD1Ag0bla_5edjA&source=gbs_pub_info_s&cad=3
http://www.efunda.com/materials/alloys/alloy_steels/show_alloy.cfm?ID=AISI_4340&prop=all&Page_Title=AISI%204340
http://www.efunda.com/materials/alloys/alloy_steels/show_alloy.cfm?ID=AISI_4340&prop=all&Page_Title=AISI%204340
http://www.roymech.co.uk/Useful_Tables/ARM/Safety_Factors.html
http://gege1815.stagingzeus.netregistry.net/index.php?option=com_content&task=view&id=47&Itemid=91
http://gege1815.stagingzeus.netregistry.net/index.php?option=com_content&task=view&id=47&Itemid=91
http://en.wikipedia.org/wiki/Spring_(device)
http://www.matbase.com/material/ferrous-metals/spring-steel/67sicr5/properties
http://www.engineeringtoolbox.com/poissons-ratio-d_1224.html


Page 47 

 

Appendices 

1. Spring materials and general selection criteria 

Springs are elastic components that are used to store or absorb mechanical 

energy. In general springs are manufactures from hardened steel. Some non 

ferrous material can also be used for this purpose [21]. Material selection 

depends on type of the situation in which the spring is being used. The 

design of spring depends on the combination of rigidity and elasticity 

required [21]. 

Some of the basic roles of spring [22]: 

1. Unloading of spring makes the spring return to original shape or 

position. 

2. Absorption or utilization of vibration. 

3. Relaxation or absorption of impact force. 

4. Storage and/or release of energy. 

5. Measurement of force. 

Spring material selection criteria in general [22]: 

1. Material selected and manufacturing process involved should be 

such that the final product satisfies the customer requirements. 

2. Material selected should be easily available. 

3. Material and hence process required to manufacture should be 

economically feasible. 

4. Process of manufacturing should be such that material quality is not 

deteriorated. 

5. Possibility of recycling. 
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6. Spring material is to be selected keeping in mind that the entire 

process involved in manufacturing, period of usage and after usage  

should cause minimum pollution, ensure maximum safety and other 

regulations.     

Springs in generally fail due to two reasons [22]: 

1. Design and quality requirements determined during design stage 

were not achieved in actual product. 

2. Even though the actual product met the design and quality 

requirements determined during design stage, the product is used in 

an environment where the conditions are much more severe than the 

expected during design stage. 

In either of the above mentioned cases, failure of spring leads to an 

investigation and redesigning process. 

Regardless of the precautions taken in the spring material selection, 

designing and manufacturing, the spring tend to fail. The failure may not be 

immediately but for sure after prolonged usage due to wear. 

Some of the principal types of spring failures [22] are: 

1. Fatigue, Fracture resulting in cracks. 

2. Deformation (permanent set) resulting in yielding, plastic 

deformation, static/dynamic creep and stress relaxation. 

3. Decrease of cross sectional dimension resulting in wearing, fretting, 

corrosion and erosion. 

The different types of loading that can be applied on a spring and properties 

required for the material are mentioned below [22]: 

1 Static load requiring high elastic limit. 

2 Repeated load requiring high fatigue strength. 

3 Impact load requiring high elastic limit and high impact value. 
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4 Load for measuring another load requiring high elastic limit and high 

dimensional accuracy. 

The reader if interested can refer literature [22] to know more about spring 

material selection criteria. As mentioned earlier springs are generally 

manufactured of hardened steel and some non ferrous material, some of the 

suggested spring materials and their properties [23] [24] are presented 

below in the table 6. 

 

Table 6: Suggested spring materials and their properties. 

Material Swedish 

Standard

s 

Density 
kg/m^3 

Young‟s 

Modulus 

GPa 

Poison‟
s ratio 

Strength Mpa 

Tensile  Yeild 

Spring Steel 

50CrV4 

SS-stål 
2230 

7850 210 0.29 1350-
1500 

1200 

Stainless Steel 

GX5CrNi 19 
10(aust.) 

(CF-8) 

SS  
2333-12 

7750 193 0.31 530-
531 

250-
255 

Phosphor 

Bronze 

CuSn8 

(Wrought 
Copper) 

SS-brons 

5443 

8800 114 0.35 420-

700 

120-

650 

Brass 

CuZn40Pb3 

SS-

mäsing 
5170 

8500 97.5 0.33 400-

450 

270-

300 
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2. Static analysis procedure 

As mentioned in chapter 4.1 that only half section is under analysis, the 

steps involved in static analysis are discussed below. It should be noted that 

as the analysis case is static the load acts for an instance. 

1. The first step is sketching the model. It should be noted that only 

sketching of half section is required. This is done using create „part‟ 

option in which model space is 2D, type deformable and shape is 

shell. After selecting these options in create „part‟ menu the 

sketching is carried out using various commands like lines 

connected, auto trim, fillet etc       

2. After completion of sketching the part, material for the sketched 

part is selected from „material‟ menu, along with this the relevant 

material properties are entered. For example material used is 

spring steel which is elastic (selected from sub menu „mechanical‟) 

with young‟s modulus 210GPa and poison‟s ratio 0.29 [23][24]. 

3. Once the material and its properties are defined, it‟s time to define 

the third dimension. It should be noted that the sketching is done in 

2D space and hence the third dimension can now be defined using 

the „sections‟ menu. In this menu, category solid and type 

homogenous is selected. The reason for homogenous type 

selection is that the spring is of uniform thickness. Then the 

thickness of this homogenous sold section is entered. 

4. The ABAQUS software does not understand by itself regarding the 

section that has been created, as to it belongs to which part. Hence 

section assignment has to be done. This is done by using the sub 

menu „section assignments‟ under the „part‟ menu. The sketched 

part is then selected for assigning the section. 
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5. Using the sub menu „instances‟ under the menu „assembly‟, 

independent instance is created. Our model involves analysis of a 

crack which has not been defined until now. This is a special 

engineering feature. Crack can be defined in the sub menu 

„engineering features‟ under the „assembly‟ menu. Defining crack 

involves defining of the crack contour, crack tip and crack 

propagation direction. Crack propagation direction is defined using 

q-vectors that is by selecting the crack start point and end point. 

Defining these parameters the data in the dialog box is filled. The 

data involves specifying that the analysis is being carried out for 

half section of the model and singularity parameters. For static 

analysis with elastic fracture mechanics, in the second-order mesh 

options field, enter a value of 0.25 for the mid side node parameter 

to move the mid side nodes to the points and in the Degenerate 

Element Control at Crack Tip/Line field, choose Collapsed 

element side, single node [19] [24]   

6. Choosing the type of analysis is an important step. The type of 

analysis can be chosen from the menu „steps‟. The analysis type 

chosen here is general static. 

7. „Field output requests‟ and „History output requests‟ are now 

created which is the sub menu in the step that was created earlier 

(type of analysis step). In our case the field output is the Von 

Mises stress, and line spring J-integral stress intensity factors and 

the history output is the stress intensity factor. 

8. For any type of analysis loading and specifying the boundary 

conditions have always been important. In our case the load is a 

concentrated force. This load can be created in ABAQUS in the 

„load‟ menu by selecting the mechanical category and concentrated 

force in type of selected step.  Similarly applying the appropriate 

boundary conditions is also necessary. This is done in the „BCs‟ 
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menu. In our case we apply two boundary conditions one is the 

displacement/rotation condition at the support on which the 

specimen rests and the other is symmetry/antisymmetry/encastre 

condition on the symmetry plane as only half section is being 

analyzed.      

9. As the name Finite element method suggests the whole element 

has to be divided into finite number of small elements for sake of 

accurate analysis. This dividing procedure is carried out by 

meshing the model with suitable elements. Meshing of the model 

is done using the „mesh‟ menu under the instance that was created 

earlier. Before meshing partition of the model has to be done as the 

model contains crack. Stress in vicinity of crack is higher than all 

other region. Hence partitioning of the model as the region with 

crack and the region without crack has to be done first. This is 

done by sketching the partition by selecting partition by face 

option in „partition‟ sub menu in options „tools‟. Initially seeding 

has to be done. This is done using the seed option. Seeding can be 

done by instance or edge biased depending on the model. Seeding 

in general is adjusting the mesh density in selected region [19]. In 

our case we use both seeding edge biased and by instance. Seed 

edge biased for the region with crack and seed instance for region 

without crack. Once the seeding is done mesh controls are 

assigned as quadratic and structured and then element type for the 

mesh is selected form „element type‟ option. Once the selection is 

done the model is meshed using the „mesh by instance‟ option.  

10.  All the steps required to create a model are completed. The next 

step is to analyze. First a job is created using the „job‟ menu and 

then the job created is submitted for analysis. 
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11. Completing the analysis the results can be seen by selecting the 

result menu. In our case results are the Von Mises stress and stress 

intensity factor.   

The final meshed model created is as shown below in figure A2.1. The 

encircled region is the partitioned region, where the part model is 

cracked. In this region the meshing is denser than rest of the part. This 

region is zoomed in figure A2.2. 

 

Figure A2.1: Mesh Model, crack region highlighted in circle. 
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Figure A2.2: Crack region zoomed. 

 

 

 

3. Dynamic analysis procedure 

The steps involved in dynamic analysis using abaqus are quite similar to 

static analysis using abaqus. Few important changes have to be 

incorporated which are mentioned below. 

1. Initial steps like sketching, defining the material properties, 

assigning sections, creating the instance are similar like static 

analysis. While defining the crack, for dynamic analysis, in the 

second-order mesh options field, enter a value of 0.5 for the mid 

side node parameter to move the mid side nodes to the points 
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and in the Degenerate Element Control at Crack Tip/Line field, 

choose Collapsed element side, duplicate node [19] [25]   

2.  In defining the type of analysis step, now general dynamic implicit 

step is chosen. The time period and the step interval time are filled 

up in the editor. 

3. Also in the field output request now the concentrated forces are also 

chosen. The history output remains the same as static analysis.   

4. For the general dynamic analysis the loading is cyclic impulse 

hence the amplitude of the cycle is to be created. This is done by 

choosing the „amplitude‟ menu. Then tabular format is chosen in 

this menu and cycle for the specified time period is created. 

5. In load menu, along with load application the amplitude created 

earlier is also chosen. This is done by selecting the amplitude option 

in the load editor window. It is to be noted that the boundary 

conditions remain same.   

 

 

 

 

 

 

 

 

4. Plot of stress and stress intensity factors 
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Figure A4.1: Static stress distribution in the crack region (10KN, plane 

stress). 

 

 

Figure A4.2: Static stress distribution in the crack region (20KN, plane 

stress). 
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Figure A4.3: Static stress distribution in the crack region (30KN, plane 

stress). 

 

 

Figure A4.4: DSIF (20KN, 240cycles/min, plane stress). 
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Figure A4.5: DSIF (30KN, 240cycles/min, plane stress). 

 

 

Figure A4.6: DSIF (20KN, 360cycles/min, plane stress). 
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Figure A4.7: DSIF (30KN, 360cycles/min, plane stress). 

 

 

Figure A4.8: DSIF (20KN, 480cycles/min, plane stress). 
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Figure A4.9: DSIF (30KN, 480cycles/min, plane stress). 
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5. ABAQUS/CAE Input file for Dynamic Loading 

case 

*Heading 

** Job name: Job-1 Model name: Model-1 

** Generated by: Abaqus/CAE Version 6.8-4 

*Preprint, echo=NO, model=NO, history=NO, contact=NO 

** PARTS 

*Part, name=Part-1 

*End Part 

** ASSEMBLY 

*Assembly, name=Assembly 

*Instance, name=Part-1-1, part=Part-1 

*Node 

      1,   159.998215,   15.3954773 

      2,   159.990005,           0. 

------------------------------------------------------------------------------------------ 

NOTE: Large data involved so not included.  

------------------------------------------------------------------------------------------ 

*Element, type=CPS8R 

  1,    1,   10,  263,   33, 1413, 1414, 1415, 1416 

  2,   10,   11,  264,  263, 1417, 1418, 1419, 1414 
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------------------------------------------------------------------------------------------ 

NOTE: Large data involved so not included.  

------------------------------------------------------------------------------------------ 

** MATERIALS 

*Material, name=steel 

*Density 

 7.85e-06, 

*Elastic 

210000., 0.29 

** ---------------------------------------------------------------- 

** STEP: Step-1 

*Step, name=Step-1, inc=100000 

*Dynamic,alpha=-0.05,direct 

0.01,5., 

** BOUNDARY CONDITIONS 

** Name: BC-1 Type: Symmetry/Antisymmetry/Encastre 

*Boundary 

_PickedSet7, XSYMM 

** Name: BC-2 Type: Displacement/Rotation 

*Boundary 

_PickedSet8, 2, 2 

** LOADS 

** Name: Load-1   Type: Concentrated force 
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*Cload, amplitude=Amp-1 

_PickedSet6, 2, -5000. 

** OUTPUT REQUESTS 

*Restart, write, frequency=0 

** FIELD OUTPUT: F-Output-1 

*Output, field 

*Node Output 

CF, RF, RM, RT, TF, VF 

*Element Output, directions=YES 

BF, CENTMAG, CENTRIFMAG, CORIOMAG, ESF1, GRAV, HP, JK, 

NFORC, P, ROTAMAG, S, SF, TRNOR, TRSHR, VS 

*Output, history, frequency=0 

** HISTORY OUTPUT: H-Output-1 

*Contour integral, crack name=H-Output-1_Crack-1, contours=3, crack tip 

nodes, type=K FACTORS, frequency=10, symm 

_PickedSet4-1_, _PickedSet5-1_, 0., 1., 0. 

*End Step 
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