
1 
 

 
 

 

COMPREHSIVE ANALYSIS  OF A WHEEL LUG STUD FROM TOYOTA RAV4 XLE 2015 

 

COMPREHENSIVE ANALYSIS 

OF WHEEL LUG STUD 

Of Toyota RAV4 XLE 2015 

 

 

 

 

 

Pranav Mohan 

March 4th, 2018 



 
Table  of Content 

 

    

2 

COMPREHSIVE ANALYSIS OF A WHEEL LUG STUD FROM TOYOTA RAV4 XLE 2015 

Table  of Content 

TABLE  OF CONTENT 2 

CHAPTER 1: PROJECT DEFINITION, GOALS, VEHICLE AND 

COMPONENT 5 

SECTION 1.1: PROJECT DEFINITION AND GOALS 5 

SECTION 1.2 VEHICLE INFORMATION 5 

SECTION 1.3: MECHANICAL COMPONENT 7 

SECTION 1.4: TABLE OF DATA 9 

SECTION 1.5: REFERENCES 9 

SECTION 1.6: LEVEL OF EFFORT 10 

CHAPTER 2: DIMENSIONS, MATERIALS, AND ENVIRONMENTAL 

CONDITIONS 11 

SECTION 2.1 GEOMETRY AND DIMENSION 11 

SECTION 2.2: MATERIALS 15 

SECTION 2.3: MATERIAL PROPERTIES 15 

SECTION 2.4: TABLE OF DATA 16 

SECTION 2.5: REFERENCES 18 

SECTION 2.6: LEVEL OF EFFORT 18 

CHAPTER 3: PRE-LOAD CONDITIONS ON LUG STUD WITH FBDS, 

STATICS AND STRESS ANALYSIS 19 

SECTION 3.1 PRE-LOAD TORQUE CONDITIONS 19 

SECTION 3.2: PRE-TENSILE LOAD 23 

SECTION 3.3: STRESS ANALYSIS AND STATIC SAFETY FACTOR 27 

SECTION 3.4: TABLE OF DATA AND RESULTS 30 

SECTION 3.5: REFERENCE 32 



 
Table  of Content 

 

    

3 

COMPREHSIVE ANALYSIS OF A WHEEL LUG STUD FROM TOYOTA RAV4 XLE 2015 

SECTION 3.6: LEVEL OF EFFORT 32 

CHAPTER 4: FATIGUE LOADING CONDITIONS, STATICS AND 

STRESS ANALYSIS 1 

SECTION 4.1: FATIGUE DYNAMICS LOADING CONDITIONS 1 

SECTION 4.2: FATIGUE STRESSES 8 

SECTION 4.3 FATIGUE OPERATING POINT PLOT 9 

SECTION 4.4 TABLE OF DATA AND RESULTS 14 

CHAPTER 5: FATIGUE TESTS/MODELS, FAILURE CRITERIA AND 

FATIGUE FAILURE MECHANISMS 18 

SECTION 5.1: FATIGUE FAILURE MECHANISMS 18 

SECTION 5.2: FATIGUE TESTS 21 

SECTION 5.3: FATIGUE FACTORS 23 

SECTION 5.4: COOK FATIGUE MODEL 25 

SECTION 5.5: GUNN FATIGUE MODEL 27 

SECTION 5.6: FATIGUE SAFETY FACTOR AND MOST RELEVANT FATIGUE MODEL 29 

SECTION 5.7: TABLE OF DATA 29 

CHAPTER 6: FATIGUE FAILURE ANALYSIS AND LIFE EXPECTANCY

 34 

SECTION 6.1: L4 LIFE EXPECTANCY USING COOK AND FATIGUE MODELS 34 

SECTION 6.1.1 L4 LIFE EXPECTANCY USING COOK FATIGUE MODEL 35 

SECTION 6.1.2 L4 LIFE EXPECTANCY USING GUNN FATIGUE MODEL 38 

SECTION 6.2: L5 LIFE EXPECTANCY USING COOK FATIGUE MODELS 41 

SECTION 6.2.1 L5 LIFE EXPECTANCY USING COOK FATIGUE MODEL 41 

SECTION 6.2.2: L5 LIFE EXPECTANCY USING GUNN FATIGUE MODEL 42 

SECTION 6.3: L6 LIFE EXPECTANCY USING COOK AND FATIGUE MODELS 45 

SECTION 6.3.1: L6 LIFE EXPECTANCY USING COOK FATIGUE MODEL 45 

SECTION 6.3.2: L6 LIFE EXPECTANCY USING GUNN FATIGUE MODEL 47 

SECTION 6.4: TABLE OF DATA AND RESULTS 50 



 
 

 

    

4 

COMPREHSIVE ANALYSIS OF A WHEEL LUG STUD FROM TOYOTA RAV4 XLE 2015 

SECTION 6.5: REFERENCES 53 

SECTION 6.6: LEVEL OF EFFORT 54 

I SPENT ALMOST 20 HOURS WORKING ON THIS PARTICULAR CHAPTER. 54 

CHAPTER 7: SUMMARY AND CONCLUSIONS: PROJECTS RESULTS 

AND LESSONS LEARNED 55 

SECTION 7.1: SUMMARIZE PROJECT RESULTS 55 

SECTION 7.2: FATIGUE APPLICATION LEARNING 57 

SECTION 7.3: LESSONS LEARNED 57 

SECTION 7.4: LEVEL OF EFFORT 58 

 

  



 
Chapter 1: Project Definition, Goals, Vehicle and Component 

 

    

5 

COMPREHSIVE ANALYSIS OF A WHEEL LUG STUD FROM TOYOTA RAV4 XLE 2015 

Chapter 1: Project Definition, Goals, Vehicle and Component 

Section 1.1: Project Definition and Goals 

In this project, we are going to analyse the lug stud (M12X1.5) used in the wheel of a Toyota 
RAV4 XLE 2015. A lug stud seems to be a very simple mechanical component with a simple 
design, however, this report will discuss it in very detail the very basics of the theory required to 
completely understand what makes a lug stud, so essential in the safety of the cars. The books 
will conclude with presenting the safety factors for different speeds that the car might drive at.  

In the journey of the books, we will first identify the different variables needed to carry out a 
fatigue analysis of a lug stud. This will include the dimensions, materials and the various 
environmental conditions. Following that, we must determine the pre-load conditions on the lug 
stud by finding the forces and their corresponding stresses using free body diagrams. For this 
particular book, we are going to analyse the lug stud for the speeds 15, 20, 25 and 30 mph. After 
30 mph, the loading mechanisms change and, therefore, we are not considering the speeds 
above. For the specified speeds, we carried out a comprehensive stress and fatigue analysis. In 
order to carry out a fatigue analysis, we will utilise two models from literature – Cook and Gunn 
plots. Using these points, we will be able to identify the life expectancy of a lug stud for the 
numbers of years of use. It was found that a lug stud should be changed every 8.7 years of a 
continuous use of car. For the convenience of the user/customer, both English and Metric unit 
will be presented.  

Section 1.2 Vehicle Information  

The car that we are interested in is Toyota RAV4 2015, which a 5 seater SUV having a unique 
sporty look and is black in colour (Figure 1.2-1). It has a superb mileage of 24 miles per gallon and 
has an automatic shift. Its curb weight is 3445 lbs as given in the Toyota website.1 The full capacity 
weight with passenger is not available, therefore, we will have to approximate it. 

The average weight of a person is 137 lbs2 and the average baggage that a person carries is 48 
lbs.3 Using these assumptions that there are 5 people in the car at all times, we can calculate the 
total weight of the car using the equation 1.2-1.  

  Total weight = 3445lbs + 137*5lbs + 48*5lbs = 4370lbs (1.2-1) 

After carrying out a conversion, this is 1982 kg. The full capacity weight of the car is 4370 lbs. Its 
height is 65.4 in, length is 179.9 in and width is 72.6 in without the mirrors.4 The exact weight 
distribution is not known; however, it is mentioned that they have built the car with quite low 
centre of gravity for extra stability.5 For the ease of our calculation, we will assume the centre of 
gravity is at half distance of all the dimensions of the car.  
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Figure 0-1.2-1: Front-view of the Toyota RAV4 XLE 2015 

 

As mentioned earlier, the mechanical component we are analyzing is a lug stud. The following 
figure 1.2-2 clarifies the position of a lug stud on the wheel.  

Figure 1.2-2: Lug stud on a wheel 

Another important information to consider is that the mechanical component that we are looking 

at is coming from the front-right wheel of the car. This is important because different stresses and 

forces act on different wheels. Because we had to pick one, we chose the one on the front right. 

The figure 1.2-3 displays the front-right wheel, where the lug stud is located.  
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Figure 1.2-3: Front-right wheel 

We will be studying the lug stud from the above mentioned front-ride side the car.  

Section 1.3: Mechanical Component 

The lug stud is a crucial mechanical component that keeps the wheels attached to the car. 
Tremendous amounts of forces and stresses act on these small components, therefore, we have 
to carefully design them. M12X1.5 is the specification of the one used in Toyota RAV4 XLE 2015. 
All the numbers in the specification mean something. 12 is the diameter of the right end of the 
lug stud where the threads are, in millimetres. Similarly, 1.5 is the thread size in millimetres.  

 

Figure 1.3-1: Wheel lug stud 

 

Starting from the left, at first we have the head, then the collar and then the threads in the lug 
stud. The right end of the collar rubs through the hub and is generally shiny looking. The threads 
go through the hub and into the back side of the car and keeps it attached. The following figure 
1.3-2 presents the hub of Toyota RAV4 2015, where the lug studs are placed.  
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Figure 1.3-2: Stud on the wheel 

For clarity purposes, another figure 1.3-3 is shown below to display the position of the lug stud 

on the hub.  

 

Figure 1-3-3: Lug stud on a hub in a front-right tyre 

In total, there are 20 threads in the lug stud M12X1.5 mentioned above. Its diameter is .625 inches 
or 0.156m. Also the length of all the threads is 1.78 inches or 0.045m. All of this information is 
acquired from the car connection website, which has a collection of various mechanical 
components and their specifications.6 These lug studs come in various different lengths, sizes and 
patterns. The user must conduct a comprehensive research to find the appropriate lug stud.  
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Section 1.4: Table of Data 

The table 1.4-1 below provides all the different values specifying the lug stud or the car.  

Table 1.4-1: Chapter 1 Table of Data 

Parameter Description Value in English 
Units 

Value in Metric 
units 

W curb vehicle curb weight 3445 lbs. 1562 kg 

W-full vehicle full capacity weight 4370 lbs. 1982 kg 

Length Length of the car 179.9 in 4.57 m 

Width Width of the car without the mirror 72.6 in 1.84 m 

Height Height of the car 65.4 in 1.66 m 

CG Location of center of gravity of the car (89.95, 36.3, 
32.7) in 

(2.285, 0.92, 
0.82) m 

Stud diameter Diameter of the stud .625 in .0156m 

Stud length Length of the stud 1.78 in  .045 m 

Stud thread Total threads in the stud 20 beads 20 beads 

 

Section 1.5: References

1 “2018 Toyota RAV4 Weight & Cargo Volume.” Toyota, 
www.toyota.com/rav4/features/weights_capacities/4430/4440/4444. 
 
2 Quilty-Harper, Conrad. “The World's Fattest Countries: How Do You Compare?” The Telegraph, 
Telegraph Media Group, 21 June 2012, www.telegraph.co.uk/news/earth/earthnews/9345086/The-
worlds-fattest-countries-how-do-you-compare.html. 

3 "Wheel Stud 1/2 Ton, Each." Wheel Stud 1/2 Ton, Each-Broncograveyard.com. N.p., n.d. Web. 21 Jan. 
2018. 
 
4 “2015 Toyota RAV4 FWD 4-Door LE Specs.” The Car Connection, 
www.thecarconnection.com/specifications/toyota_rav4_2015_fwd-4dr-le-se. 
 
5 Allen, Author Markus. "29 Tips, Secrets and Surprises about the New Toyota 
RAV4." TruthIn7Minutes.com. N.p., n.d. Web. 21 Jan. 2018. 

6 "Wheel Stud 1/2 Ton, Each." Wheel Stud 1/2 Ton, Each-Broncograveyard.com. N.p., n.d. Web. 21 Jan. 
2018. 
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Section 1.6: Level of Effort 

I spent about 7 hours in this project. This was especially hard because I had to first find a car I 
could use for the project. I also took time out to visit AutoZone and have a look at the lug stud 
and get a feel for it. Since I don’t have a car, I had to cycle there. 
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Chapter 2: Dimensions, Materials, and Environmental Conditions 

Section 2.1 Geometry and Dimension 

As mentioned in depth details above in chapter 1, the mechanical component being analysed is a 
lug stud of the front right wheel of a Toyota RAV4 XLE. These lug studs have to be standardised 
for safety issues. For example, the thread size or the pitch needs to meet a certain standard. This 
is also so that when consumers purchase, they can be more confident in the product they are 
buying. Many times, these studs are also manufactured in different units. For example, the one I 
have used is in metric, but it can change from stud to stud as it varies from companies to 
companies that manufacture them. The lug stud that I have bought is from Dorman1 and can be 
seen in the figure 2.1-1.  

 

Figure 2.1-1: Wheel lug stud 

The tyre for RAV 4 XLE is marked as 225/ 65R17 gained from figure 2.1-2 from the front-right tyre 
of Toyota RAV4 XLE 2015. We have to decode this to find more information on the tyre.  

 

Figure 2.1-2: Description of the tyre type 
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Since the picture above was not clear, the code has been outlined and another layer with white 
has been placed on top. From the figure 2.1-2 and code mentioned above, 225 is the width of the 
tyre in millimetres. This is 22.5 cm and 8.85”. This conversion is given in equation 2.1-1. Decoding 
this code is mentioned in etrailer website.2  

 22.5𝑐𝑚 ∗ 2.54
𝑖𝑛

𝑐𝑚
= 8.85 𝑖𝑛 (2.1-1) 

The second number 65 is the sidewall aspect ratio. This means that the section height is 65% of 
the tyre width.  

 8.85 𝑖𝑛 ∗
65

100
= 5.75 𝑖𝑛 (2.1-2) 

The section width is 5.75 inches as found in equation 2.1-2. And the last number is rim diameter, 
which is 17 in. Therefore, the tyre radius is 8.5 in. The circumference is found by the formula 
(equation 2.1-3) 

 Circumference = 2 ∗ 𝜋 ∗ 𝑟 = 2 ∗ 𝜋 ∗ 8.5 𝑖𝑛 = 53.41 𝑖𝑛 (2.1-3) 

The dimensions have been summarised below: 

225/65R17: Tyre Radius : 8.5”, Diameter : 17”, Tyre Width : 5.75”, Circumference : 53.41” based 
on the specified  

 

Figure 2.1-3: Hub of the front right wheel where the lug stud goes 

A picture of the hub is placed above (figure 2.1-3). Different dimensions of the hub is needed to 
further our understanding of the lug stud. The diameter of the hub is measured to be 16.8 cm or 
6.61 in. Therefore, the distance from the centre of the hub to the top is 8.4 cm or 3.31 in.  
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Figure 2.1-4: Lug stud with dimensions 

The table with various other dimensions found in this section above have been placed in the 
table below (Table 2.1-1).3 

Table 2.1-1: Table with lug stud dimensions 

Geometry description  Value (Imperial Units) Value (Metric units) 

Stud diameter at the thread .472 in 1.20 cm 

Stud radius .236 in 0.60 cm 

Thread Pitch .059 in 0.15 cm 

Mean thread diameter of thread contact .484 in 1.23 cm 

Collar diameter  .512 in 1.30 cm 

Pitch circle diameter .484 in 1.24 cm 

Shoulder length .441 in 1.12 cm 

Thread size  1.134 in 2.88 cm 

Knurl diameter .559 in 1.42 cm 

Under head length 1.575 in 4.00 cm 

Cross sectional area .175 in2 1.13 cm2 

 

The wheel lug stud at Dorman is manufactured using the metric units. In the table below, all the 
wheel, rim and tyre information can be found also the figure to allow for the understanding of 
the different dimensions.  
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Figure 2.1-5: Location of lug stud on the front right wheel 

The geometry and dimensions of the wheel, tyre and the hub are shown in the figure above  
(figure 2.1-5). These were measured using a 12 inches ruler in daylight. There is a 5 lug stud 
pattern on the rim and this pattern can vary from car to car.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1-6: Geometry and Dimensions of Wheel, tyre and rim 

The figure 2.1-6 above displays the different dimensions of the tyre. This was again measured 
using a 12 in ruler.  
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Section 2.2: Materials 

The lug stud used in Toyota RAV 4 XLE 2015 is 10.9 in (Society of Automatic Engineers) SAE grade. 
This was found at the back of the wheel lug stud. On Uboltit.com, the 10.9 grade stud is 
manufactured using AISI 1045 Medium Carbon Steel alloy that has been quenched and tempered4, 
which has a composition of .29%-0.54% carbon, with 0.60%-1.65% Manganese and the rest as 
Iron. This particular steel type is very strong and ductile making it the choice for its long wearing 
properties. It has a density of 7.87 g/cc.5 More of these properties will be discussed in the next 
section 

It is noted that a wheel lug stud needs to be changed every 123,000 km, on average, where it 
either starts to rust or the threading starts to wear out.6 The wheel lug stud failure rate is about 
3% per year. Since the temperature in the hottest part of the world is about 50°C, the temperature 
of the tyre can go up to around 60°C and the coldest temperature we will assume to be -30°C.7 
Due this use in extreme range of temperature, these lug studs are made from medium carbon 
steel, which is very. Similarly, since it is not dissolvable in water, it can withstand very high 
humidity near the equator also. It has a density of 7.87 g/cc. Toyota cars are sold in extreme 
weathers like Libya and Niger, and also in Russia and Greenland. Similarly, Toyota cars are also 
sold in sea-side cities and also in extreme humidity.8 There was no information available for 
potential galvanic cell conditions for the lug stud.  

Table 2: Various Material properties of the wheel lug stud 

Property Value (English Units) Value (Metric units) 

Carbon content, C .29% – 0.54% .29% – 0.54% 

Manganese, Mn 0.60% – 1.65% 0.60% – 1.65% 

Iron, Fe 98.51% - 98.48% 98.51% - 98.48% 

Density  7.87 g/cc 0.284 lb/in3 

Harness, Brinell 163 163 

Hottest Temperature 140°F 60°C 

Coldest Temperature -22°C -30°C 

 

Section 2.3: Material Properties 

The material properties of the wheel lug stud have been mentioned in the table 2.3-1. Their 
individual calculations are mentioned below the table. The material selected for the lug stud is 
Medium Carbon steel as mentioned above. 
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Table 2.3-1: Material properties of wheel lug stud 

Properties Value in English Units Value in Metric Units 

Ultimate Tensile Strength (Su) 151 ksi 1040 MPa 

Ultimate Shear Strength (Sus) 113 ksi 780 MPa  

Tensile Yield Strength (Sy) 136 ksi 940 MPa 

Shear Yield Strength (Ssy) 87 ksi 547 MPa 

Young’s modulus (E) 30,168 ksi 208 GPa 

Shear Modulus (G) 11,600 ksi 80 GPa 

Poisson ratio 0.29 0.29 

 

The ultimate tensile strength and tensile strength were gained from the Fundamentals of Machine 
Component Design textbook.9 From the same textbook, values for Ultimate Shear Strength and 
Shear Yield Strength were calculated as the discreet values were not available online. The 
calculations are given below: 

 𝑆𝑢𝑠 = 0.75 ∗ 𝑆𝑢 = 0.75 ∗ 1040 𝑀𝑃𝑎 = 780 𝑀𝑃𝑎  (2.3-1) 

 𝑆𝑠𝑦 = 0.577 ∗ 𝑆𝑦 = 0.577 ∗ 940 𝑀𝑃𝑎 = 547 𝑀𝑃𝑎 (2.3-2) 

The value of Young’s modulus was found at the MIT Library database10. The shear Modulus and 
Poisson Ratio at Azo Material11.  

Section 2.4: Table of Data 

All the data from the document has been summarised in the table 2.4-1 below.  

Table 2.4-1: Data of Geometry, Dimensions and Material Properties of Mechanical Component 
and Vehicle 

Parameter Description Value in English 
Units 

Value in Metric 
units 

W curb vehicle curb weight 3445 lbs 1562 kg 

W-full vehicle full capacity weight 4370 lbs 1982 kg 

Length Length of the car 179.9 in 4.57 m 

Width Width of the car without the mirror 72.6 in 1.84 m 

Height Height of the car 65.4 in 1.66 m 
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CG Location of center of gravity of the car 
(89.5,36.3,32.7)in 
 

(2.29,0.92,0.83)m 
 

Stud thread Total threads in the stud 20 beads 20 beads 

Wheel D Wheel diameter 17 in 43.18 cm 

Hub R Hub radius: distance from center of 
hub to top of hub 

3.15 in 8.0 cm 

Hub D Hub diameter 6.30 in 16.0 cm 

Rim Holes Conf. 
D 

Diameter distance across rim 
configuration of stud/lug bolt holes 

4.72 in 12.0 cm 

Rim Holes Conf.  
R 

Radius of rim configuration of stud/lug 
bolt holes 

2.36 in 6.0 cm 

Rground Distance from ground to center of hub 14.25 in 16.2 cm 

dm Diameter thread size of lug nut/lug 
stud/lug bolt 

0.472 in 1.2 cm 

Am Bolt cross-sectional area using 
dm=thread size 

0.175 in2 1.13 cm2 

dc Collar ‘washer’ diameter or lug nut 
outer diameter 

.906 in 2.132 cm 

L(lead) or p 
(pitch) 

Thread pitch p of lug nut/lug stud/lug 
bolt  

.059 in .15 cm 

Sy Tensile yield strength of lug nut/lug 
stud/lug bolt 

136 ksi 940 MPa 

Su Ultimate tensile strength of lug 
nut/lug stud/lug bolt 

151 ksi 1040 MPa 

Sus Ultimate shear strength of lug nut/lug 
stud/lug bolt 

113 ksi 780 MPa 

Ssy Shear yield strength of lug nut/lug 
stud/lug bolt 

87 ksi 547 MPa 

E Young’s modulus of lug nut/lug 
stud/lug bolt 

30,168 ksi 208 GPa 

G Shear modulus of lug nut/lug stud/lug 
bolt 

11,600 ksi 80 GPa 
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v Poisson’s ratio of lug nut/lug stud/lug 
bolt 

0.29 0.29 

 

Section 2.5: References 

1 “Hardware Store.” Dorman Products - Home Page, www.dormanproducts.com/. 

2 How to Determine Tire/Wheel Diameter, www.etrailer.com/faq-determining-tire-wheel-diameter.aspx. 

3 “Wheel Lug Stud.” Oreilly Auto Parts Toyota RAV4 XLE 2015 - Wheel Lug Stud, 
www.oreillyauto.com/detail/dorman-autograde-3358/tire---wheel-16779/wheel-lug-stud-
12672/dorman-autograde-wheel-
stud/610266/4181186/2015/toyota/rav4?fitAttr_10039=Front#show_applications. 

4 “Grade 10.9 Bolts.” u-Bolt-It Manufacturer, www.uboltit.com/bolts/metric-grade-10-9-bolts.html. 

5 Steel, O'Neal. “Carbon & Alloy Steel.” O'Neal Steel - The Metals Company, www.onealsteel.com/carbon-
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Section 2.6: Level of Effort 

I spent about 16 hours in this project. This was especially hard because I had to first find 
a car I could use for the project. I also took time out to visit AutoZone and have a look at 
the lug stud and get a feel for it. Since I don’t have a car, I had to cycle there. When I did 
go there, they did not have the part so I had to go back 2 days later to get it again on my 
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bike. Besides that, I think I am learning a lot about cars from this project and am excited 
for it.  
 

Chapter 3: Pre-Load Conditions on Lug Stud with FBDs, Statics and 
Stress Analysis 

Section 3.1 Pre-Load Torque Conditions 

The mechanical component being analysed is a lug stud from the front right wheel of Toyota RAV4 
XLE 2015. This is a very powerful SUV and therefore, requires very secure torque and clamping 
force on these studs. For this reason, we are going to analyse the pre-load torque on a lug stud 
and the lug bolt so that we can learn more about the RAV4 and its performance. Below is a picture 
of a lug stud (figure 3.1-1). 

 

Figure 3.1-1: Lug stud of Toyota RAV4 XLE 2015 

 

To make the car move, some initial torque needs to be applied, which is called the pre-load torque. 
This is why we cannot push a car to move. This torque can be measured using numerous analogue 
and digital devices. This information has been found online for RAV4 XLE to be 80 fit-lbs1 or 
108.46Nm. This conversion is given in equation 3.1-1.  

 80 ∗ 𝑓𝑡 ∗ 𝑙𝑏𝑠 ∗
1𝑚

3.28084𝑓𝑡
∗

1𝑁

. 22481𝑙𝑏𝑠
= 108.46𝑁𝑚 (3.1-2) 

This means that the engine of the car needs to deliver at least 80ft-lbs or 108.46Nm to the wheels 
of the car in total to make it move initially.  
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Figure 3.1-2: Free-body diagram of RAV4 with reactions and pre-load Torque aplied 

 

We would like to find the reaction forces (FNormal) for which we need to perform a free body 

diagram analysis. In this document, all the forces are coloured as red and the moments and 

torques are coloured as green. The figure 3.1-2 above shows the free body diagram on RAV4 for 

clear demonstration. 

 ∑𝑀𝑥 = 0  (3.1-3) 

We need to find the summation of moments to find the reaction forces. It is to be noticed that 

there are 2 𝐹𝐹𝑟𝑜𝑛𝑡 and 2 𝐹𝑅𝑒𝑎𝑟 forces for the four wheels in the car.  

 −𝑇𝑝𝑟𝑒−𝑙𝑜𝑎𝑑 + 𝐹𝑤𝑒𝑖𝑔ℎ𝑡𝐿 − 2𝐹𝑅𝑒𝑎𝑟 ∗ 2𝐿  (3.1-3) 

Plugging in the values into the equation 3.1-3. 𝐹𝑤𝑒𝑖𝑔ℎ𝑡 can be calculated as 𝑔 ∗𝑊𝑓𝑢𝑙𝑙 (a parameter 

defined in section 1.2 – 1982kg), which is the vehicle full capacity mass times the gravitational 

acceleration to give the weight of the car. Also, L is the variable defined in figure 3.1-2. This 

calculation is carried out in equation 3.1-4.  

 −108.46𝑁𝑚 + 1982𝑘𝑔 ∗ 9.81𝑚𝑠−2 ∗ 1.461𝑚 − 2 ∗ 𝐹𝑅𝑒𝑎𝑟 ∗ 2 ∗ 1.461𝑚 = 0  (3.1-4) 

The equation 3.1-4 can be solved for 𝐹𝑅𝑒𝑎𝑟  = 4842N. Similarly, 𝐹𝐹𝑟𝑜𝑛𝑡  can also be found by 

summing the forces in the y direction (equation 3.1-5) and solving for it (3.1-6).  

 ∑𝐹𝑦 = 0  (3.1-5) 
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 −𝐹𝑤𝑒𝑖𝑔ℎ𝑡 + 2 ∗ 𝐹𝐹𝑟𝑜𝑛𝑡 + 2 ∗ 𝐹𝑅𝑒𝑎𝑟 =  0 (4.1-6) 

 

 
−1982𝑘𝑔 ∗ 9.81𝑚𝑠−2 + 2 ∗ 𝐹𝐹𝑟𝑜𝑛𝑡 + 2 ∗ 4842𝑁 = 0 (3.1-7) 

Therefore, 𝐹𝐹𝑟𝑜𝑛𝑡  = 4879N after solving 3.1-7. Furthermore, we need to create a free body 
diagram (figure 3.1-3) of the lug stud and the log nut to analyse the preload conditions on these 
mechanical components. Once again, the colour red signifies the forces and green are the torques 
in figure 3.1-3.  

 

Figure 3.1-3: Free Body diagram of a lug nut 

 

Various forces act on the lug nut. These have been described below: 

1. 𝐹𝑟𝑖𝑚 𝑎𝑔𝑎𝑖𝑛𝑠𝑡 𝑛𝑢𝑡: When the lug nut is resting against the rim, the rim exerts a force on 

the nut.  
2. 𝐹𝑠𝑡𝑢𝑑 𝑡ℎ𝑟𝑒𝑎𝑑 𝑎𝑔𝑎𝑖𝑛𝑠𝑡 𝑛𝑢𝑡 𝑡ℎ𝑟𝑒𝑎𝑑: When the nut is screwed into the stud, the threads of each 

component exert a force on each other.  
Various torques act on the lug nut. These have been described below: 

1. 𝑇𝑠𝑡𝑢𝑑 𝑎𝑔𝑎𝑖𝑛𝑠𝑡 𝑡ℎ𝑟𝑒𝑎𝑑𝑠: When the nut is screwed into the stud, a torque acts on the nut to 

resist this motion 
2. 𝑇𝑟𝑖𝑚 𝑎𝑔𝑎𝑖𝑛𝑠𝑡 𝑛𝑢𝑡: When the nut is screwed into the stud, it rests on the rim a torque acts 

on the nut.  
3. 𝑇𝑃𝑟𝑒−𝑙𝑜𝑎𝑑 𝑇𝑜𝑟𝑞𝑢𝑒: Pre-load Torque 

 

Similarly, a free body diagram can be drawn for a lug stud (figure 3.1-4).  
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Figure 0-1-4: Free body diagram of a lug stud 

 

Two forces act on the lug stud. They are described below: 

1. 𝐹𝑠𝑡𝑢𝑑 𝑡ℎ𝑟𝑒𝑎𝑑𝑠 𝑎𝑔𝑎𝑖𝑛𝑠𝑡 𝑛𝑢𝑡: When the nut is screwed into the stud, the threads exert a 

force on the threads of the stud 
2. 𝐹𝑢𝑛𝑘𝑛𝑜𝑤𝑛: This is force from the threads to the shoulder/collar of the stud.  

 
Similarly, two torques act on the lug stud. They are described below: 

1. 𝑇𝑠𝑡𝑢𝑑 𝑎𝑔𝑎𝑖𝑛𝑠𝑡 𝑛𝑢𝑡: When the nut is screwed into the stud, a torque acts on the stud to 

resist this motion 
2. 𝑇𝑃𝑟𝑒−𝑙𝑜𝑎𝑑 𝑡𝑜𝑟𝑞𝑢𝑒: This is the pre-load torque.  

 
The table below provides all the preload quantities with their units.  

Table 3.3-1: Table containing all the pre-load quantities 

Parameter Description Value in 

English 

Units 

Value in 

Metric 

units 

𝑻𝑷𝒓𝒆−𝒍𝒐𝒂𝒅 Pre-load Torque 80 ft lbs 108.46 Nm 

𝑭𝑹𝒆𝒂𝒓 Reaction force at the rear tyres 1088 lbs 4842 N 

𝑭𝑭𝒓𝒐𝒏𝒕 Reaction force at the front tyres 1097 lbs 4879 N 

𝑭𝒔𝒕𝒖𝒅 𝒕𝒉𝒓𝒆𝒂𝒅 𝒂𝒈𝒂𝒊𝒏𝒔𝒕 𝒏𝒖𝒕 𝒕𝒉𝒓𝒆𝒂𝒅𝒔 Reaction force of the stud 
thread the nut threads 

TBD Lbs TBD N 

𝑭𝒓𝒊𝒎 𝒂𝒈𝒂𝒊𝒏𝒔𝒕 𝒏𝒖𝒕 Reaction force of the rim 
against the nut 

TBD Lbs TBD N 

𝑻𝒔𝒕𝒖𝒅 𝒂𝒈𝒂𝒊𝒏𝒔𝒕 𝒕𝒉𝒓𝒆𝒂𝒅𝒔 Torque of the stud against 
threads 

TBD Ft-
lbs 

TBD Nm 
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𝑻𝒓𝒊𝒎 𝒂𝒈𝒂𝒊𝒏𝒔𝒕 𝒏𝒖𝒕 Torque of the rim against the 
nut 

TBD Ft-
lbs 

TBD Nm 

𝑭𝒖𝒏𝒌𝒏𝒐𝒘𝒏 Reaction force of the body to 
the shoulder of the lug stud 

TBD Lbs TBD N 

𝑭𝒔𝒕𝒖𝒅 𝒕𝒉𝒓𝒆𝒂𝒅𝒔 𝒂𝒈𝒂𝒊𝒏𝒔𝒕 𝒏𝒖𝒕 Reaction force of the stud 
against the nut 

TBD Lbs TBD N 

𝑻𝒔𝒕𝒖𝒅 𝒂𝒈𝒂𝒊𝒏𝒔𝒕 𝒏𝒖𝒕 Torque of the stud against the 
nut 

TBD Ft-
lbs 

TBD Nm 

 

Section 3.2: Pre-Tensile Load 

The pre-loaded torque is found to be 80 ft lbs and this is the torque we will place on the stud. In 
this section, we are going to determine the clamping force of the rim on hub due to total pre-
tensile load on lug stud. For this, we will need moment and force diagrams on the free body 
diagrams.  

Figure 3.0-2-1: Forces on a lug nut before loading 

 

Using the figure 3.2-1 above, we can write the summation of forces in the x (3.2-4 – 6) and y 
(3.2-1 – 3) direction.  

 ∑𝐹𝑦 = 0 (3.2-1) 

 𝐹𝑛𝑜𝑟𝑚𝑎𝑙 − 𝐹𝑤𝑒𝑖𝑔ℎ𝑡 = 0 (3.2-2) 

 𝐹𝑛𝑜𝑟𝑚𝑎𝑙 = 𝐹𝑤𝑒𝑖𝑔ℎ𝑡 (3.2-3) 



 
Chapter 3: Pre-Load Conditions on Lug Stud with FBDs, Statics and Stress Analysis 

 

    

24 

COMPREHSIVE ANALYSIS OF A WHEEL LUG STUD FROM TOYOTA RAV4 XLE 2015 

Through the summation of forces in the y direction, we have found that the vertical forces in 
figure 3.2-1 are equal to each other, that is, normal force is equal to the weight of the nut. Similarly, 
we can carry out the balance of forces in the x-direction also.  

 ∑𝐹𝑥 = 0  (3.2-4) 

 −𝐹𝑠𝑡𝑢𝑑 𝑡ℎ𝑟𝑒𝑎𝑑 𝑎𝑔𝑎𝑖𝑛𝑠𝑡 𝑛𝑢𝑡 𝑡ℎ𝑟𝑒𝑎𝑑 + 𝐹𝑟𝑖𝑚 𝑎𝑔𝑎𝑖𝑛𝑠𝑡 𝑛𝑢𝑡 =  0 (3.2-5) 

 𝐹𝑠𝑡𝑢𝑑 𝑡ℎ𝑟𝑒𝑎𝑑 𝑎𝑔𝑎𝑖𝑛𝑠𝑡 𝑛𝑢𝑡 𝑡ℎ𝑟𝑒𝑎𝑑 = 𝐹𝑟𝑖𝑚 𝑎𝑔𝑎𝑖𝑛𝑠𝑡 𝑛𝑢𝑡   (3.2-6) 

Through the summation of forces in the x direction, we found that the force on the thread against 
the nut thread is equal to the force on the rim against nut. Similarly, a free body diagram for the 
moment can also be created (figure 3.2-2) using figure 3.1-3.  

 

Figure 0-3.2-2: Moments on a lug nut before loading 

 

Equation of moments (3.2-7 – 8) can be written down for this scenario of this lug nut using the 
equation 3.2-2.  

 ∑𝑀𝑜 = 0 (3.2-7) 

 𝑇𝑟𝑖𝑚 𝑎𝑔𝑎𝑖𝑛𝑠𝑡 𝑛𝑢𝑡 + 𝑇𝑠𝑡𝑢𝑑 𝑎𝑔𝑎𝑖𝑛𝑠𝑡 𝑡ℎ𝑟𝑒𝑎𝑑𝑠 − 𝑇𝑝𝑟𝑒−𝑙𝑜𝑎𝑑𝑒𝑑 = 0 (3.2-8) 

This lug nut goes into a lug stud and we need to analyse the lug stud also to find the clamping 
force. Therefore, a FBD of the lug stud for all the forces is shown below (figure 3.2-3). 

 

Figure 3.2-3: Forces on a lug stud before loading 
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The forces can be balanced in the x (3.2-12 – 14) and the y (3.2-9 – 11)  direction, similar to the 
page above.  

 ∑𝐹𝑦 = 0 (3.2-9) 

 𝐹𝑛𝑜𝑟𝑚𝑎𝑙 − 𝐹𝑤𝑒𝑖𝑔ℎ𝑡 = 0 (3.2-10) 

 𝐹𝑛𝑜𝑟𝑚𝑎𝑙 = 𝐹𝑤𝑒𝑖𝑔ℎ𝑡 (3.2-11) 

Through a summation of forces in the y direction, we found that the normal force is equal to the 
weight of the lug stud. Similar calculations can be done for the forces in the x direction.  

 ∑𝐹𝑥 = 0      (3.2-12) 

 −𝐹𝑠𝑡𝑢𝑑 𝑡ℎ𝑟𝑒𝑎𝑑 𝑎𝑔𝑎𝑖𝑛𝑠𝑡 𝑛𝑢𝑡 + 𝐹𝑢𝑛𝑘𝑛𝑜𝑤𝑛 =  0 (3.2-13) 

 𝐹𝑢𝑛𝑘𝑛𝑜𝑤𝑛 = 𝐹𝑟𝑖𝑚 𝑎𝑔𝑎𝑖𝑛𝑠𝑡 𝑛𝑢𝑡 (3.2-14) 

From equation 3.2-14, we found that the unknown force is found using the force on rim against 
nut and is equal to it. This Unknown force can also be represented as the tension force and will 
be calculated in the later section. Before that, we need to create the moment diagram (figure 3.2-
4). 

 

Figure 3.2-4: Moments on a lug stud before loading 

 

Finally, moment equations can also be listed just like the forces and moments in the previous 
pages (equation 3.2-15 – 17).  

 ∑𝑀𝑥 = 0 (3.2-15) 

 −𝑇𝑠𝑡𝑢𝑑 𝑎𝑔𝑎𝑖𝑛𝑠𝑡 𝑛𝑢𝑡 + 𝑇𝑝𝑟𝑒−𝑙𝑜𝑎𝑑𝑒𝑑 = 0 (3.2-16) 

 𝑇𝑠𝑡𝑢𝑑 𝑎𝑔𝑎𝑖𝑛𝑠𝑡 𝑛𝑢𝑡 = 𝑇𝑝𝑟𝑒−𝑙𝑜𝑎𝑑𝑒𝑑  (3.2-17) 

Through the moment equations, we found that the torque on stud against the nut is equal to the 
preload torque. The pre-load torque can be calculated by the following equation 3.2-18. However, 
we already know the pre-load torque from the research conducted (80lb-ft). We need to find out 
the clamping force represented by W. This will be used to calculate the forces on the wheel stud. 
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 𝑇 =
𝑊𝑑𝑚
2

𝑓𝜋𝑑𝑚 + 𝐿𝑐𝑜𝑠𝛼𝑛
𝜋𝑑𝑚𝑐𝑜𝑠𝛼𝑛 − 𝑓𝐿

+
𝑊𝑓𝑐𝑑𝑐
2

  (3.2-18) 

In order to further simplify this equation, we can multiple the second figure with 
𝑑𝑚

𝑑𝑚
.  

 𝑇 =
𝑊𝑑𝑚
2

𝑓𝜋𝑑𝑚 + 𝐿𝑐𝑜𝑠𝛼𝑛
𝜋𝑑𝑚𝑐𝑜𝑠𝛼𝑛 − 𝑓𝐿

+
𝑊𝑓𝑐𝑑𝑐
2

∗
𝑑𝑚
𝑑𝑚

 (3.2-19) 

Furthermore, we can take some common factors out from the two terms.  

 𝑇 =
𝑊𝑑𝑚
2

[
𝑓𝜋𝑑𝑚 + 𝐿𝑐𝑜𝑠𝛼𝑛
𝜋𝑑𝑚𝑐𝑜𝑠𝛼𝑛 − 𝑓𝐿

+
𝑓𝑐𝑑𝑐
𝑑𝑚

]   (3.2-20) 

Therefore, we can rearrange the equation 3.2-20 to make clamping force (W) the subject of the 
equation 3.2-21.  

 𝑊 =
2𝑇

𝑑𝑚 [
𝑓𝜋𝑑𝑚 + 𝐿𝑐𝑜𝑠𝛼𝑛
𝜋𝑑𝑚𝑐𝑜𝑠𝛼𝑛 − 𝑓𝐿

+
𝑓𝑐𝑑𝑐
𝑑𝑚

]
  (3.2-21) 

 

There are a lot of parameters in the equation 3.2-21 above but it is a very important equation. 
Therefore, we will present it in a table in an organized manner.  

Table 3.2-1: Parameters for calculating the clamping force 

Parameter Description Value in 
English Units 

Value in 
Metric units 

T Pre load torque 960 in lbs 108.46 Nm 

𝜶𝒏 Angle 30° 30° 

𝒅𝒎 Mean diameter of thread contact 0.472 in 0.012 m 

f Friction  0.15 0.15 

L Length of the stud 0.059 in 0.015 m 

𝒇𝒄 Collar Friction 0.15 0.15 

𝒅𝒄 Collar diameter .839 in 0.02132 m 

 

Using these values, we can calculate the clamping force (W) to be 8449.6lbs or 37583.6N. We can 
also approximate the clamping using the following equation 3.2-22 gained from Fundamentals of 
Mechanical Design.2  
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 𝑊 =
𝑇

0.2 ∗ 𝑑
 (3.2-22) 

The value found using this equation is 10160 lbs or 45192N. Since this is an approximate value, 
we do not get an exact value but we get very close the real value from equation 3.2-21 as 
8449.6lbs or 37583.6N. Therefore, for Toyota RAV4 XLE 2015 lug studs, this formula does not 
seem to apply and we conclude with the results from the equation 3.2-21.  

This clamping force does not create a shear force because the clamping force acts normal to the 
lug stud and the wheel. This is shown in figure 3.2-5 below.  

 

Figure 3.2-5: Clamping force on the lug stud 

 

There is no moment arm, therefore no shear force is created. This is why, the lug studs can survive 
without fatigue for a very long time. Vehicle breaking and acceleration do not affect the lug stud 
or the lug nut because a shear force is not created. 

Section 3.3: Stress Analysis and Static Safety Factor 

Now that we have a value for clamping force, we can calculate the different stresses associated 
with the lug stud – minimum normal, maximum normal and maximum shear stresses within 
lug/stud. We can calculate the normal axial stress using the following equation 3.3-1.  

 𝜎 =
𝑊

𝐴𝑚
  (3.2-21) 

The table of parameters for calculating the axial stress can be found below.  

Table 3.3-1: Parameters for calculating normal stress 

Parameter Description Value in 
English 
Units 

Value in 
Metric units 

W Clamping force or pre-tensile axial force 4510 lbs 20065N 

𝑨𝒎 Cross-sectional area of the lug stud 0.175in2 0.000113m2 
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Therefore, the normal stress is found to be 177.57 MPa or 25.75 ksi using the values from table 
3.3-1. Now we can calculate the maximum and minimum normal and maximum shear stress using 
the Mohr’s circle. One stress element from the lug stud is represented below in figure 3.3-1.  

The value of shear stress can be found from the equation below:  

 𝜏 =
𝑇𝑐

𝜋𝑟4
  (3.2-21) 

The values needed to calculate this shear force are presented in the table 3.3-2 below.  

Table 3.3-2: Parameters to calculate the shear stress 

Parameter Description Value in 
English 
Units 

Value in 
Metric units 

T Pre load torque 80 ft -lbs  108.46 

c, r Radius of the lug stud .236 in .06m 

 

Using the above parameters, shear stress is found to be 0.502 MPa. Since the shear stress is very 
small in comparison to the normal stress. The figure below shows the stress element for before 
loading. Once again, the green signifies the forces and red are the forces.  

 

Figure 3.3-1: Stress element before loading 

 

Using these stresses, a Mohr’s circle diagram has been created in the following figure 3.3-2. The 
radius of the circle is 88.79, therefore using this, we can calculate the maximum and minimum 
normal stress and maximum shear stress. These values are listed in the table below:  

Table 3.3-1: Parameters for Mohr's Circle 

Parameter Description Value in English Units Value in Metric units 

𝝈𝒎𝒂𝒙 Maximum Normal stress 12.88 ksi 88.79 MPa 

𝝈𝒎𝒊𝒏 Minimum Normal stress 0 0 
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Figure 3.3-2: Mohr's Circle for lug stud before loading 

 

The stress element with the above values in table 3.3-1 is shown below in figure 3.3-3.  

 

Figure 3.3-3: Stress element after orientation 

Because the shear stress is so small, it doesn’t have a very big effect. This means that due to the 
shear force, the principal stress value stays the same as maximum normal stress to be 88.79MPa. 
“During initial use, the screw or bolt usually “unwinds” very slightly, relieving most or all of the 
torsion” from page 434 in mentions that the small shear stresses are relieved after the car starts 
moving and therefore, shear stresses are not required in fatigue analysis.2 This is an important 
information to learn about the fatigue analysis. After the car starts moving, the stress element 
looks like this figure 3.3-4.  

 

Figure 3.3-4: Stress element after pre-loading 
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Figure 3.3-5: 3D stress element from the lug stud 

The 3D stress element shown in the figure 3.3-5 above is taken from the center of the lug stud. 
As we can see that there is only one force acting in the x direction. This is because there is only 
one clamping force acting on the lug stud in the x direction. Also, there are no shear forces 
because there is no moment arm acting from 𝐹𝑟𝑒𝑎𝑟 as explained at the end of section 3.2.  

The location of the worst case scenario is at the red point on the lug stud (figure 3.3-5). This is 
because at this point, there is some tensile stress acting as shown in figure 3.3-5. However, 
realistically, this is point that touches the hub and the rim. Therefore, an extra force must exist, 
however, we assumed that it is not significant to our calculations.   

The ultimate yield stress of the lug stud is 940 MPa and what we have found is only 177.57 MPa. 
Therefore, the safety factor can be calculated to 5.23, which is really safe and is realistic from the 
manufacturing side of things.  

Section 3.4: Table of Data and Results 

In this section, we provide a comprehensive list of all the parameters found in this chapter and 

every sections in table 3.4-1.  
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Table 3.4-1: All the parameters from this chapter 

Parameter Description Value in 
English 
Units 

Value in 
Metric 
units 

𝑻𝑷𝒓𝒆−𝒍𝒐𝒂𝒅 Pre-load Torque 80 ft lbs 108.46 Nm 

𝑭𝑹𝒆𝒂𝒓 Reaction force at the rear tyres 1088 lbs 4842 N 

𝑭𝑭𝒓𝒐𝒏𝒕 Reaction force at the front 
tyres 

1097 lbs 4879 N 

𝜶𝒏 Angle 30° 30° 

𝒅𝒎 Mean diameter of thread 
contact 

0.472 in 0.012 m 

f Friction  0.15 0.15 

L Length of the stud 0.059 in 0.015 m 

𝒇𝒄 Collar Friction 0.15 0.15 

𝒅𝒄 Collar diameter .906 in 0.023 m 

W Clamping force or pre-tensile 
axial force 

4510 lbs 20065N 

𝑨𝒎 Cross-sectional area of the lug 
stud 

0.175in2 0.000113m2 

T Pre load torque 80 ft - lbs  108.46 

c, r Radius of the lug stud .236 in .06m 

W (equation 3.2-21) Clamping Force 8449.6 lbs 37583.6 N 

W (equation 3.2-22) Approximate Clamping Force 10160 lbs 45192 N 

𝝈𝒎𝒂𝒙 Maximum Normal stress 12.88 ksi 88.79 MPa 

𝝈𝒎𝒊𝒏 Minimum Normal stress 0 0 

𝝈𝒎𝒂𝒙 Maximum Normal stress 12.88 ksi 88.79 MPa 

SF Safety Factor 5.23 5.23 
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Section 3.5: Reference 

1 Discounttiredirect.com, www.discounttiredirect.com/learn/wheel-torque. 

2 Robert C. Juvinall (Author) › Visit Amazon's Robert C. Juvinall Page Find all the books. “Fundamentals of 

Machine Component Design 5th Edition.” Fundamentals of Machine Component Design: Robert C. Juvinall, 

Kurt M. Marshek: 9781118012895: Amazon.com: Books, www.amazon.com/Fundamentals-Machine-

Component-Design-Juvinall/dp/1118012895. 

 

 

 

Section 3.6: Level of Effort 

Doing this project almost took my 25 hours to finish. I really enjoyed it but it was really tedious.  
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Chapter 4: Fatigue Loading Conditions, Statics and Stress Analysis 

Section 4.1: Fatigue Dynamics Loading Conditions 

As found in the previous sections, some pre-load torques are present in the lug studs of cars. As 
explored in section 3.2, when the car is going straight, no forces act on the lug studs because there is 
no moment arm. However, extra stresses arise on these lug studs when the car turns and then it goes 
back to the pre-load value. Therefore, in this chapter, we are going to analyze the fatigue loading 
conditions, statics and stresses of the lug studs when the car goes through a turn. This situation is 
shown in figure 4.1-1 below.  

 

 

Figure 4.1-6: Toyota RAV4 going through a 90° turn 

 

From the figure 4.1-1 above, we will assume that the car is going on a road of 20ft or 6.096m. The car 
I use is black, however, to provide contrast, in this picture we are using the white RAV4We will call 
this 𝑅𝑟𝑜𝑎𝑑. We are going to assume that the center of gravity of the car is in the center of car, i.e. half 
of length and half of breadth – shown by the yellow dot in the middle of the car (COG) – figure 4.1-1. 
Therefore, by adding the radius of the road and half the width of the car will provide us with a center 
of rotation radius of the center of gravity of the car. This is shown in equation 4.1-120.  

 𝑅𝐶𝑂𝐺 = 𝑅𝑟𝑜𝑎𝑑 +
𝑤𝑖𝑑𝑡ℎ𝑐𝑎𝑟

2
= 6.096𝑚 +

1.84404𝑚

2
= 7.01802𝑚 (4.1-7) 

Therefore, the radius of the center of gravity is 7.02m or 276.3 in (equation 4.1-1). Using this, we can 
calculate the force exerted on the COG due to the circular motion. This can be calculated by equation 
4.1-2.  

 𝐹𝑐𝑖𝑟𝑐 =
𝑚𝑣2

𝑅𝐶𝑂𝐺
 (4.1-8) 

We can plug in the respective mass of a loaded car (m), velocity of the car (V) and radius (𝑅𝐶𝑂𝐺) in 
equation 4.1-2.  

 
𝐹𝑐𝑖𝑟𝑐 =

1982𝑘𝑔 ∗ (6.7056
𝑚
𝑠 )

2

 

7.01802𝑠
= 12731.5𝑁 

(4.1-9) 
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For the velocity of 15 miles per hour or 6.7056 m/sec, we get 12731.5 N of force on the center of 
gravity. If a sharper or tighter turn is taken, the radius becomes smaller and therefore, the centripetal 
force will be higher. This is how the force will change on the lug studs. However, we will assume in 
this case that every turn the car takes is of radius 20m for the ease of calculations. 

Since there are four tyres, we will assume that this force is spread evenly to all the tyres. Therefore, 
the force experienced by all the tyres is equation 4.1-4.  

 𝐹𝑡𝑦𝑟𝑒 =
𝐹𝑐𝑖𝑟𝑐
4
=
12700

4
= 3175𝑁 (4.1-10) 

This force due to the circulation motion of the car can be calculated for different speeds also. The 
speeds we will look at for the rest of the chapters will be 20, 25 and 30 mph. Realistically, we are 
aware that cars do go to speeds above 30 mph, but the fatigue mechanism changes above this speed. 
For the scope of the analysis in the book, we will consider to be only these speeds. Even though the 
force is exerted on the tyres, generally the car does not slide on the road. The reaction force (𝐹𝑜 – in 
figure 4.1-2) preventing the outward motion of the car is the friction force generated between the 
road and the tyres. Without this force, the wheel would go flying outside. The two forces – centripetal 
and friction force acting are equal to each other since there are no other forces acting in this direction. 
Therefore, now we can analyse the effect of this force on the mechanical component lug stud. The 
figure 4.1-2 shows the free body diagram of the right front wheel of the car.  

 

 

Figure 4.1-7: Free body diagram of the right front wheel 

 

In the figure 4.1-2 above, a section of a tyre is shown. The rim of the tyre is pushing against the hub 
as shown. This creates 𝐹𝑜 . At the same time, there is a friction reaction force acting due to the 
centripetal force discuss above – 𝐹𝑅𝐹𝑊 . The hub of the Toyota RAV4 XLE has in total 5 lug studs 
arranged in a pentagonal fashion below in figure 4.1-3. Each of these lug studs have 72° angle between 
each other. One each of these, there is a 𝐹𝐵𝑖  acting on each of these. As it can be seen, there is a 
different elongation on each of these lug studs. The elongation id dependent on the distance from the 
point O to where the lug stud is located. This distance is labeled as 𝑅𝐵𝑖. On all of these moments, there 
is also a moment acting on the lug stud, once again, dependent on 𝑅𝐵𝑖.  



 
Chapter 4: Fatigue Loading Conditions, Statics and Stress Analysis 

 

    

3 

COMPREHSIVE ANALYSIS OF A WHEEL LUG STUD FROM TOYOTA RAV4 XLE 2015 

 

 

Figure 4.1-8: Arrangement of lug studs in a pentagonal fashion 

 

Angle between every lug stud is 72°. We will calculate the force that acts on every lug stud based on 
these angles. We will start from the bottom stud being 0° followed by 72°, 144°, 216° and 288° going 
anti-clockwise. These individual angles will be crucial in calculating the individual forces and moments 
on each of the lug stud. From the free body diagram in the figure 4.1-2, we can calculate the equations 
of motion. First, we can find the balance of moments in the z direction.  

 ∑𝑀𝑧 = 0 (4.1-11) 

 𝐹𝑅𝐹𝑊(𝑅𝐺𝑟𝑜𝑢𝑛𝑑 + 𝑅𝐻𝑢𝑏) −∑𝐹𝐵𝑖𝑅𝐵𝑖 −∑𝑀𝐵𝑖

5

𝑖=1

5

𝑖=1

= 0 (4.1-12) 

Similarly, we can also state the equations of motions for the forces in the x-direction. Since there are 
no forces acting in the y direction, we do not need to write down the equations for that.  

 ∑𝐹𝑥 = 0 (4.1-13) 

 𝐹𝑅𝐹𝑊 + 𝐹𝑂 −∑𝐹𝐵𝑖 = 0

5

𝑖=1

 (4.1-14) 

The angle (θ) is unknown from figure 4.1-2. To find that, we can draw the following figure 4.1-4.  

 

 

 

 

 

  



 
Chapter 4: Fatigue Loading Conditions, Statics and Stress Analysis 

 

    

4 

COMPREHSIVE ANALYSIS OF A WHEEL LUG STUD FROM TOYOTA RAV4 XLE 2015 

 

Figure 4.1-9: Triangle to find θ 

 

Therefore, we can say that using the figure 4.1-4: This is a normal trigonometric identity.  

 tan(𝜃) =
𝛿𝑖
𝑅𝐵𝑖

 (4.1-15) 

Since this angle between the hub and the back of the wheel is really small, we can use the small angle 
approximation it as: 

 tan(𝜃) ≈ 𝜃 =
𝛿𝑖
𝑅𝐵𝑖

 (4.1-16) 

This equation 4.1-10 can be rewritten as: 

 𝛿𝑖 = 𝑅𝐵𝑖𝜃 (4.1-17) 

 

We will leave this identity aside and derive other variables where equation 4.1.11 can be used. Using 
the Hooke’s law, we also have the relationship of the stress and the strain:21 

 𝜎𝑖 = 𝐸𝜖𝑖 (4.1-12) 

From the definition of strain, we also have that:2 

 𝜖𝑖 =
𝛿𝑖
𝐿

 (4.1-13) 

Finally, we also know that the normal stress in equation 4.1-12 can be calculated as: 

 𝜎𝑖 =
𝐹𝐵𝑖
𝐴𝑚

 (4.1-14) 

Plugging equation stress (equation 4.1-13) and strain (equation 4.1-14) into equation 4.1-12, we can 
further derive the equation 4.1-15: 

 
𝐹𝐵𝑖
𝐴𝑚

= 𝐸
𝛿𝑖
𝐿

 (4.1-15) 
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We can replace the value of 𝛿𝑖 with equation 4.10-11. Therefore, the final equation we get for 𝐹𝐵𝑖  is: 

 

 𝐹𝐵𝑖 = 𝐴𝑚𝐸 (
𝑅𝐵𝑖𝜃

𝐿
) (4.1-16) 

 

From the solid mechanics, we are also aware that Moment can be written as: 

 
𝑀

𝐸𝐼
=
𝑑𝜃

𝑑𝑥
 (4.1-17) 

Since the car is turning in a circle, the angle of the hub does not change, therefore the right side of 
equation 4.1-17 is a constant. This can be rewritten as: 

 
𝑀𝐵𝑖
𝐸𝐼

=
𝜃

𝐿
 (4.1-18) 

Rearranging the equation to find the moment:  

 𝑀𝐵𝑖 =
𝐸𝐼𝜃

𝐿
 (4.1-19) 

 

In the moment, all the parameters above inertia (I), Young’s modulus (E), angle (𝜃) and the length (L) 
stays constant. Therefore, the moment on each of the lug stud remains as constant, which is an 
unexpected result. Equation 4.1-16 and 4.1-19 (these have been highlighted for the east of readability) 
can be plugged into the equation 4.1-6 to find 𝐹𝑅𝐹𝑊: 

 𝐹𝑅𝐹𝑊(𝑅𝐺𝑟𝑜𝑢𝑛𝑑 + 𝑅𝐻𝑢𝑏) =∑𝐴𝑚𝐸 (
𝑅𝐵𝑖
2 𝜃

𝐿
) +∑

𝐸𝐼𝜃

𝐿

5

𝑖=1

5

𝑖=1

 (4.1-20) 

Since 
𝜃

𝐿
 appears in both the summations and is a constant, it can be taken out. 𝐴𝑚 ,E, I and L are 

constants, so they can be taken out of the summations also. This changed equation looks like: 

 𝐹𝑅𝐹𝑊(𝑅𝐺𝑟𝑜𝑢𝑛𝑑 + 𝑅𝐻𝑢𝑏) =
𝜃

𝐿
[𝐴𝑚𝐸∑(𝑅𝐵𝑖

2 ) + 𝑁𝐸𝐼

5

𝑖=1

] (4.1-21) 

Equation 4.1-21 can be rearranged to solve for 
𝜃

𝐿
 as this is the only unknown in the equation. 

Everything else is either measured or is known.  

 

 
𝜃

𝐿
=
𝐹𝑅𝐹𝑊(𝑅𝐺𝑟𝑜𝑢𝑛𝑑 + 𝑅𝐻𝑢𝑏)

[𝐴𝑚𝐸 ∑ (𝑅𝐵𝑖
2 ) + 𝑁𝐸𝐼5

𝑖=1 ]
 (4.1-22) 

 

𝜃

𝐿
 is the only unknown in equation 4.1-16. Therefore, by using equation 4.1-22 we can find the 

individual forces on each lug stud. This has been presented in equation 4.1-23.  
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  𝐹𝐵𝑖 = 𝐴𝑚𝐸𝑅𝐵𝑖 ∗
𝐹𝑅𝐹𝑊(𝑅𝐺𝑟𝑜𝑢𝑛𝑑 + 𝑅𝐻𝑢𝑏)

[𝐴𝑚𝐸 ∑ (𝑅𝐵𝑖
2 ) + 𝑁𝐸𝐼5

𝑖=1 ]
 (4.1-23) 

 

Simplifying the equation 4.1-23 gives: 

 𝐹𝐵𝑖 = 𝐹𝑅𝐹𝑊 ∗
𝑅𝐵𝑖(𝑅𝐺𝑟𝑜𝑢𝑛𝑑 + 𝑅𝐻𝑢𝑏)

[∑ (𝑅𝐵𝑖
2 ) +

𝑁𝐼
𝐴𝑚

5
𝑖=1 ]

 (4.1-24) 

 

In equation 4.1-24, all the parameters are known to find the forces in each of the lug stud. 𝑅𝐵𝑖  is not 
measured but it can be calculated as it just the distance from the top (point ) to the lug stud. A simple 
formula can locate the distance based on the angle from the bottom stud going counter-clockwise. 
This formula is: 

 𝑅𝐵𝑖 = 𝑅ℎ𝑢𝑏 + 𝑅𝑐𝑜𝑛𝑓𝑖𝑔cos (𝜃) (4.1-25) 

All the 5 lengths can be calculated like this. We will assume that 1 lug stud is perfectly in the middle 
at the bottom as shown in figure 4.1-3. All of these calculated in the table below.  

Table 4.1-4: Radius of different lug studs from point O 

Radius English Units (in) Metric Units (m) 

𝑅𝑏1                                   5.51                                         0.140  

𝑅𝑏2                                   3.88                                         0.099  

𝑅𝑏3                                   1.24                                         0.031  

𝑅𝑏4                                   1.24                                         0.031  

𝑅𝑏5                                   3.88                                         0.099  

 

𝐹𝑅𝐹𝑊 can be found using the equation 4.1-3 and dividing it by 4 to find for the individual tyre. This 
value is assumed to be a constant of 3175N. N is the number of bolts, which is 5. We can also assume 
that the lug stud is a cylinder and therefore, calculate the moment of inertia using the equation: 

 𝐼𝑥 =
1

4
𝜋𝑟4 (4.1-26) 

Therefore, we can calculate the force on the bottom (first – 0°) with a speed of 15 mph or 6.7056 
𝑚

𝑠
 

by combining equation 4.1-2, 4.1-25, 4.1-26 and 4.1-24.  

 

𝐹𝐵𝑖 = 3175𝑁 ∗
0.14𝑚(0.162𝑚 + .08𝑚)

(

 
 
(. 142 +. 0992 +. 0312 +. 312 +. 0992)𝑚2 +

5 ∗
1
4
𝜋 (
. 012
2
)
4

𝑚4

𝜋. (
012
2
)
2

𝑚2

)

 
 

= 2621𝑁 

(4.1-27) 

Since the wheel goes into rotation, all of the studs go through the force exerted above as it rotates 
360° while turning.  
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The table 4.1-1 below shows the maximum force for the speeds of 15, 20, 25 and 30 mph.  

 

Table 4.1-2: Speeds and respective forces on the lug stud 

Speed (mph) Speed (m/s) Speed (in/sec) 𝑭𝑹𝑭𝑾 (N)  𝑭𝑹𝑭𝑾 (lbf) 
𝒍𝒃𝒎∗𝒊𝒏

𝒔𝒆𝒄𝟐
  

15 6.7056 264 3175 275580 

20 8.9408 352 4659 404398 

25 11.176 440 7280 631872 

30 13.4112 528 10483 909896 

 

In a similar fashion, the moment for these forces can also be calculated. However, as mentioned 

earlier the moment is constant for all the bolts for constant speed. We can plug the value we for 
𝜃

𝐿
 

from equation 4.1-22 into equation 4.1-19.  

 𝑀𝐵𝑖 = 𝐸𝐼
𝐹𝑅𝐹𝑊(𝑅𝐺𝑟𝑜𝑢𝑛𝑑 + 𝑅𝐻𝑢𝑏)

[𝐴𝑚𝐸 ∑ (𝑅𝐵𝑖
2 ) + 𝑁𝐸𝐼5

𝑖=1 ]
 (4.1-28) 

This can be further simplified as; 

 𝑀𝐵𝑖 =
𝐹𝑅𝐹𝑊(𝑅𝐺𝑟𝑜𝑢𝑛𝑑 + 𝑅𝐻𝑢𝑏)

[
𝐴𝑚
𝐼
∑ (𝑅𝐵𝑖

2 )  + 𝑁5
𝑖=1 ]

 (4.1-29) 

 

Therefore, the moment for various speeds can be found like this. The moment for 15 mph or 6.7056 
m/s is: 

 

𝑀𝐵𝑖 =
3175𝑚(0.162𝑚 + 0.08𝑚)

[
𝜋 (
. 012
2 )

2

𝜋
4 (
. 012
2 )

4∑ (𝑅𝐵𝑖
2 )  + 55

𝑖=1 ]

 

(4.1-30) 

The table 4.1-2 lists all the moment values for various speeds.  

Table 4.1-5: Moments for the corresponding velocities on the lug stud 

Speed (mph) Speed (m/s) Speed (in/sec) 𝑴𝑩𝒊  (Nm)  𝑴𝑩𝒊 (lbf in) 
𝒍𝒃𝒎∗𝒊𝒏𝟐

𝒔𝒆𝒄𝟐
  

15 6.7056 264 3175 275580 

20 8.9408 352 4659 404398 

25 11.176 440 7280 631872 

30 13.4112 528 10483 909896 
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In this section, we have found the maximum force and moment on the lug stud when a car turns 90° 
in a 20 ft radius or 6.096m road. This is true for all lug studs as they all go through that point.  

Section 4.2: Fatigue Stresses 

Similar to the previous sections, the fatigue stresses can be calculated on the lug stud using the forces 
and moments found in section 4.1. Two kinds of stresses will be acting – axial and bending. There are 
no shear stresses acting as mentioned in chapter 3 that there is no moment arm when the force acts 
from the top on the hub. The maximum axial stress for each lug stud is calculated using the following 
equation:2 

 𝜎𝑖 =
𝐹𝐵𝑖
𝐴𝑚

 (4.2-1) 

Since the maximum forces are already known from table 4.1-2 and 𝐴𝑚  has been calculated from 
chapter 2, the stresses can be calculated easily. These are listed below in table 4.2-1.  

Table 4.2-1: Axial stresses for all the velocities on the lug stud 

Speed (mph) Speed (m/s) Speed (in/sec) 𝝈 (MPa)  𝝈 (psi) 
𝒍𝒃𝒎

𝒊𝒏∗𝒔𝒆𝒄𝟐
 

15 6.7056 264 23.17 1297617 

20 8.9408 352 41.20 2306875 

25 11.176 440 64.37 3604492 

30 13.4112 528 92.69 5190469 

Similarly, the moment in a cantilever beam can be calculated as:2  

 𝜎𝑖 =
𝑦𝑀𝐵𝑖
𝐼

 (4.2-2) 

In equation 4.2-2, y in this case is 
𝑑𝑚

2
. So plugging it into the equation 4.2-2 gives: 

 𝜎𝑖 =
𝑑𝑚 ∗𝑀𝐵𝑖
2𝐼

 (4.1-33) 

Using this, we can calculate the bending stress (table 4.2-2) on all the lug studs at the bottom when 
the Toyota RAV4 goes around a corner of radius 20ft or 6.096m.  

Table 4.2-2: Bending stresses for all the velocities on the lug stud 

Speed (mph) Speed (m/s) Speed (in/sec) 𝝈 (MPa)  𝝈 (psi) 
𝒍𝒃𝒎

𝒊𝒏∗𝒔𝒆𝒄𝟐
 

15 6.7056 264 0.99 55612 

20 8.9408 352 1.77 98866 

25 11.176 440 2.78 154478 

30 13.4112 528 3.97 222489 
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Since the bending stress is acting in the clockwise direction as shown in the figure 4.2-1, the total 
stress at the bottom of the lug stud ends up being the maximum. This is shown very vividly through 
the figure 4.2-1.  

 

Figure 4.2-1: Stress diagram of lug stud due to axial force and bending moment 

 

Therefore, the bottom most part of the stud experiences the most amount of stresses as shown in 
figure 4.2-1. Both, the bending and the axial stresses can be added up to find the maximum stresses.  

Table 4.2-3: Total stresses of the lug stud 

Speed (mph) Speed (m/s) Speed (in/sec) 𝝈𝒕𝒐𝒕𝒂𝒍 (MPa)  𝝈𝒕𝒐𝒕𝒂𝒍 (psi) 
𝒍𝒃𝒎

𝒊𝒏∗𝒔𝒆𝒄𝟐
 

15 6.7056 264 24.16 3508.71 

20 8.9408 352 42.97 6247.70 

25 11.176 440 67.15 9746.41 

30 13.4112 528 96.66 14034.83 

 

All the total stresses have been tabulated in the table 4.2-3 above.  

Section 4.3 Fatigue Operating Point Plot 

At first, we have to calculate the half of the total stresses calculated above. This is to find the mean of 
the stresses. These alternate stresses have been tabulated below in table 4.3-1.  

Table 4.3-1: 𝝈𝒂values 

Speed (mph) Speed (m/s) Speed (in/sec) 𝝈𝒂 (MPa) 𝝈𝒂 (ksi) 
𝟏𝟎𝟎𝟎∗𝒍𝒃𝒎

𝒊𝒏∗𝒔𝒆𝒄𝟐
 

15 6.7056 264 12.08 1.75 

20 8.9408 352 21.48 3.12 

25 11.176 440 33.56 4.87 

30 13.4112 528 48.33 7.02 

 

On these 𝜎𝑎, if we add the preload stresses, which will give us the maximum stress on the lug 
stud at any point.  
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Table 4.3-2: 𝝈𝒎 values 

Speed (mph) Speed (m/s) Speed 
(in/sec) 

𝝈𝒂 (MPa) 𝝈𝒂 (psi) 
𝒍𝒃𝒎

𝒊𝒏∗𝒔𝒆𝒄𝟐
 

15 6.7056 264 89.98 50.00 

20 8.9408 352 99.385 51.37 

25 11.176 440 111.48 53.12 

30 13.4112 528 126.23 55.27 

 

Now that we know the maximum stresses from table 4.3-2, we can plot them on a graph against the 
alternate stresses found in the table 4.3-1. The table for the graph is given below: 

Table 4.3-3: Table of 𝝈𝒎 and 𝝈𝒂 

Speed (mph) 𝝈𝒎 (MPa) 𝝈𝒂 (MPa) 𝝈𝒎 (ksi) 𝝈𝒂 (ksi) 

15 89.98 12.08 50.00 1.75 

20 99.385 21.49 51.37 3.12 

25 111.475 33.58 53.12 4.87 

30 126.23 48.33 55.27 7.02 

 

Using the table 4.3-3, we can plot these values on a graph to see the change of alternate stress with 
an increase in mean stress. Since both values in metric or English values are calculated using the same 
formulas, therefore, the graph produced is exactly the same. For the ease of demonstration, we are 
only going to show the graph in metric units.  

The figure 4.3-1 below shows the relative position of the operating points in comparison to the yield 
stress and the ultimate stress. There is an increasing trend for the alternating stress as the mean stress 
increases. And this should be because the mean stress is dependent on the alternate stress, in terms 
of adding a value. As it is observable that these points are very far from the yield and ultimate stress, 
and therefore, we are safe from any failure atleast for the speeds mentioned. The slope of the graph 
is also very steep, which means that even at much higher speeds, the yield and ultimate stress will not 
be reached. This plot proves that the lug studs are far away from failure from one time stresses. 
However, the lug studs still do fail.  

This happens due to fatigue and will be discussed in this section. In every cycle, the stresses on the lug 
stud go to a maximum and then back to pre-load values. We have to calculate exactly how many of 
these cycles does a lug studs go through. This is so that we can calculate the life of the lug stud. To 
find this cycle, we will have to deduce it experimentally. In order to do this, I took my home address 
and calculated the amount of turns taken to visit the different locations, in the categories of Long 
Distance, recreational, popular shops and restaurants. The number of turns and the distance to the 
destination is taken by looking at the fastest route provided by Google Maps. This information has 
been very clearly tabulated in the table 4.3-4 below.  
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Figure 4.3-1: Graph of alternating stress 𝝈𝒂 vs. mean stress (𝝈𝒎) 

Table 4.3-4: Distances and number of turns to different locations from home (Headington Hall) 

 Start from Destination Distance (km) Number of turns 

Long 
Distance 

Headington Hall Oklahoma City                   35.24                        20  

Headington Hall Tulsa                 201.17                        31  

Headington Hall Edmond                   55.52                        26  

Recreational Headington Hall Sooner Mall                     6.44                          8  

Headington Hall Hey Day                   14.48                        13  

Headington Hall Church                     0.64                          7  

Headington Hall Warren Theatre                   19.31                        21  

Popular 
shops 

Headington Hall Barnes and Nobles                     4.83                          9  

Headington Hall Lowes                     4.67                          8  

Headington Hall Walmart                     4.51                        12  

Headington Hall Target                     6.12                        13  

Restaurants Headington Hall Himalayas                   19.31                        12  

Headington Hall Earth Café                     1.29                          7  

Headington Hall McDonalds                     5.63                          7  

Headington Hall Thai Kum Koon                     3.54                          8  
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Using this, we found that the average distance driven to be 25.51 km and the average number of turns 
are 9.27 turns. Now we are interested in calculating the number of cycles that take place in going 
through just one turn. First, we can find the distance of the right turn. Since it is a 20 m radius that the 
car makes with the circle (according to our assumption), we know that the arc distance of this circle 
is: 

 𝑄𝑢𝑎𝑟𝑡𝑒𝑟 𝐴𝑟𝑐 𝑟𝑎𝑑𝑖𝑢𝑠 =
2𝜋𝑟

4
=
2𝜋 ∗ 20𝑚

4
= 31.42𝑚 (4.3-1) 

Using the circumference of the car wheel, we can learn about the number of cycles. Circumference 
was found in equation 2.1.3 and is 1.36m. Therefore, the number of cycles per turn is: 

 
31.42𝑚

1.36
𝑚
𝑐𝑦𝑐𝑙𝑒

= 23.10 𝑐𝑦𝑐𝑙𝑒𝑠 𝑒𝑣𝑒𝑟𝑦 𝑡𝑢𝑟𝑛 (4.3-2) 

Therefore, we can multiply the average number of turns every 25.51 km by 23.10 cycles per turn to 
find the number of cycles per turn.  

 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑦𝑐𝑙𝑒𝑠 =  9.27 𝑡𝑢𝑟𝑛𝑠 ∗ 23.10
𝑐𝑦𝑐𝑙𝑒𝑠

𝑡𝑢𝑟𝑛
= 214.06 𝑐𝑦𝑐𝑙𝑒𝑠 (4.3-3) 

Equation 4.3-3 tells us that every 25.51 km, the Toyota RAV4 XLE 2015 goes through 214.06 cycles. 
We are going to make another assumption that a person only drives for 300 days per whole year. This 
is a reasonable assumption because some days people just stay at home and choose not to go out – it 
could be due to lethargy or extreme weather, etc. From a study done by Federal Highway 
Administration, they found that an average American drives the car for 21688 km per year. 22 
Therefore, we can find the total number of cycles a lug stud goes through an year using equation 4.3-
4.  

 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑦𝑐𝑙𝑒𝑠 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 = 21688𝑘𝑚 ∗
214.06𝑐𝑦𝑐𝑙𝑒𝑠

25.51𝑘𝑚
= 181,959 𝑐𝑦𝑐𝑙𝑒𝑠 (4.4-4) 

We conclude with saying that a lug stud on the right front wheel goes through 181.959 load cycles per 
annum. This conclusion is very important in carrying out a fatigue analysis, that will be carried out in 
chapters 5 and 6. The following table summarizes the above number of cycles per year parameters 
and calculations.  

Table 4.3-6: Parameters in calculation of average load cycles per year 

Description Metric Units English Units 

Average distance to places  25.51 km                   15.85  

Average number of turns  9.27 turns   9.27 turns  

Quarter Arc Distance  31.42 m   1237.01 in  

Number of cycles per turn  23.1 cycles   23.1  cycles  

Number of cycles per average distance  214.06 cycles   214.06 cycles  

Cycles per year  181,959 cycles   181,959 cycles  
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All the parameters used to calculate the operating points are listed below:  

Table 4.3-4: All the parameters used in fatigue analysis 

Parameter, Quantity, Equation Term or Factor  Value in Metric Units   Value in English Units  

dm                                0.01                                  0.47  

Preload Torque T                            108.46                              960.00  

Eq. (10.4) calculation of Tensile Force in Lug stud/bolt 
Tensile force: W= 

                      37,583.63                           8,449.56  

Am                                0.000113                                 0.18  

Using Tensile Force W from Eq. (10.4) Tensile stress due 
to preload torque: σ-preload =W/ Am 

             332,312,208                         48,200  

Yield stress Sy               940,000,000                       136,335 

Yield Safety Factor: Sy/σ-preload                                2.83                                  2.83  

Speed V  6.7056 m/sec   15 mph (22 ft/sec)  

Max mass Vehicle (kg); Max weight Vehicle (lbs)                         1,982.20                           4,370.00  

Radius of turn for right front wheel                                6.10                              240.00  

Half width of vehicle                                0.92                                36.30  

R-cg Radius of turn for vehicle cg (center of mass)                                7.02                              276.30  

Fc: Centripetal force acting at cg                         3,175.03                    1,102,321.82  

F-RFW: Force on front wheel where tire meets road                         3,175.03                    1,102,321.82  

R-hub                                0.08                                  3.15  

R-gnd (i.e., R-ground)                                0.16                                  6.38  

R-hub + R-gnd                                0.24                                  9.53  

R-rhc (rim holes conf.)                                0.06                                  2.36  

R-B1 distance from pivot to bolt1: use j1=0                                0.14                                  5.51  

R-B2 distance from pivot to bolt2                                0.10                                  3.88  

R-B3 distance from pivot to bolt3                                0.03                                  1.24  

R-B4 distance from pivot to bolt4                                0.03                                  1.24  

R-B5 distance from pivot to bolt5                                0.10                                  3.88  

R-B6 distance from pivot to bolt6  N/A   N/A  

Sum of all (R-Bi)^2 from i=1,…,N (N bolts)                                0.04                                63.55  
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I moment of inertia for bolt cross-section with dm                            0.0000                              0.0024  

N (I/Am)                            0.0000                              0.0698  

[Sum(R-Bi)^2 + N (I/Am)]                            0.0410                            63.6199  

X1=RB1*(Rgnd + Rhub)]/[Sum(R-Bi)^2 + N (I/Am)]                            0.8254                              0.8254  

F1=X1* F-RFW                         2,620.78                       909,895.56  

σ Axial-B1= F1/ Am                 23,172,806.75                    5,190,469.07  

I/[(RB1^2)*Am]                                 0.00                                  0.00  

Y1= X1*[ I /(RB1^2)*Am]                                0.00                                  0.00  

M1= Y1*RB1* F-RFW                                0.17                           2,302.89  

σ Bending-B1=[dm/2]*M1/ I                       993,120.29                       222,448.67  

σ Axial-B1 + σ Bending-B1                24,165,927.04                    5,412,917.74  

σ-a = [σ Axial-B1 + σ Bending-B1]/2                12,082,963.52                    2,706,458.87  

σ-m = σ-preload + σ-a               344,395,171.64                    2,754,659.10  

 

Using the instructions followed in the above sections, the values for different velocities can be 
collected.  

Section 4.4 Table of Data and Results 

Table 4.4-1 Table of all the results 

Parameter, Quantity, Equation Term or Factor  Value in Metric Units   Value in English Units  

dm                                0.01                                  0.47  

Preload Torque T                            108.46                              960.00  

Eq. (10.4) calculation of Tensile Force in Lug stud/bolt 
Tensile force: W= 

                      37,583.63                           8,449.56  

Am                                0.000113                                 0.18  

Using Tensile Force W from Eq. (10.4) Tensile stress due 
to preload torque: σ-preload =W/ Am 

             332,312,208                         48,200  

Yield stress Sy               940,000,000                       136,335 

Yield Safety Factor: Sy/σ-preload                                2.83                                  2.83  

Speed V  6.7056 m/sec   15 mph (22 ft/sec)  

Max mass Vehicle (kg); Max weight Vehicle (lbs)                         1,982.20                           4,370.00  
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Radius of turn for right front wheel                                6.10                              240.00  

Half width of vehicle                                0.92                                36.30  

R-cg Radius of turn for vehicle cg (center of mass)                                7.02                              276.30  

Fc: Centripetal force acting at cg                         3,175.03                    1,102,321.82  

F-RFW: Force on front wheel where tire meets road                         3,175.03                    1,102,321.82  

R-hub                                0.08                                  3.15  

R-gnd (i.e., R-ground)                                0.16                                  6.38  

R-hub + R-gnd                                0.24                                  9.53  

R-rhc (rim holes conf.)                                0.06                                  2.36  

R-B1 distance from pivot to bolt1: use j1=0                                0.14                                  5.51  

R-B1=R-hub + R-rhc*cos(j1)   

R-B2 distance from pivot to bolt2                                0.10                                  3.88  

R-B3 distance from pivot to bolt3                                0.03                                  1.24  

R-B4 distance from pivot to bolt4                                0.03                                  1.24  

R-B5 distance from pivot to bolt5                                0.10                                  3.88  

R-B6 distance from pivot to bolt6  N/A   N/A  

Sum of all (R-Bi)^2 from i=1,…,N (N bolts)                                0.04                                63.55  

I moment of inertia for bolt cross-section with dm                            0.0000                              0.0024  

N (I/Am)                            0.0000                              0.0698  

[Sum(R-Bi)^2 + N (I/Am)]                            0.0410                            63.6199  

X1=RB1*(Rgnd + Rhub)]/[Sum(R-Bi)^2 + N (I/Am)]                            0.8254                              0.8254  

F1=X1* F-RFW                         2,620.78                       909,895.56  

σ Axial-B1= F1/ Am                 23,172,806.75                    5,190,469.07  

I/[(RB1^2)*Am]                                 0.00                                  0.00  

Y1= X1*[ I /(RB1^2)*Am]                                0.00                                  0.00  

M1= Y1*RB1* F-RFW                                0.17                           2,302.89  

σ Bending-B1=[dm/2]*M1/ I                       993,120.29                       222,448.67  

σ Axial-B1 + σ Bending-B1                24,165,927.04                    5,412,917.74  

σ-a = [σ Axial-B1 + σ Bending-B1]/2                12,082,963.52                    2,706,458.87  
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σ-m = σ-preload + σ-a               344,395,171.64                    2,754,659.10  

Average distance to places                              25.51                                15.85  

Average number of turns  9.27 turns   9.27 turns  

Quarter Arc Distance                              31.42                           1,237.01  

Number of cycles per turn                              23.10                                23.10  

Number of cycles per average distance  214.06 cycles   214.06 cycles  

Cycles per year  181.959 cycles   181.959 cycles  

 

Table 4.4-2: Forces and moments due to different velocities 

Speed (mph) 𝑭𝑹𝑭𝑾 (N)  𝑭𝑹𝑭𝑾  (lbf) 
𝒍𝒃𝒎∗𝒊𝒏

𝒔𝒆𝒄𝟐
  

𝑴𝑩𝒊  (Nm)  𝑴𝑩𝒊  (lbf in) 
𝒍𝒃𝒎∗𝒊𝒏𝟐

𝒔𝒆𝒄𝟐
  

15 3175 275580 3175 275580 

20 4659 404398 4659 404398 

25 7280 631872 7280 631872 

30 10483 909896 10483 909896 

 

Table 4.4-3 Axial and Bending Stress 

 Axial stresses Bending Stress 

Speed (mph) 𝝈 (MPa)  𝝈 (psi) 
𝒍𝒃𝒎

𝒊𝒏∗𝒔𝒆𝒄𝟐
 𝝈 (MPa)  𝝈 (psi) 

𝒍𝒃𝒎

𝒊𝒏∗𝒔𝒆𝒄𝟐
 

15 23.17 1297617 0.99 55612 

20 41.20 2306875 1.77 98866 

25 64.37 3604492 2.78 154478 

30 92.69 5190469 3.97 222489 

Table 4.4-4: Total stresses – addition of axial and bending stresses 

Speed (mph) Speed (m/s) Speed (in/sec) 𝝈𝒕𝒐𝒕𝒂𝒍 (MPa)  𝝈𝒕𝒐𝒕𝒂𝒍  (psi) 
𝒍𝒃𝒎

𝒊𝒏∗𝒔𝒆𝒄𝟐
 

15 6.7056 264 24.16 3508.71 

20 8.9408 352 42.97 6247.70 

25 11.176 440 67.15 9746.41 
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30 13.4112 528 96.66 14034.83 

 

Table 4.4-5: Table of 𝝈𝒎 and 𝝈𝒂 

Speed (mph) 𝝈𝒎 (MPa) 𝝈𝒂 (MPa) 𝝈𝒎 (ksi) 𝝈𝒂 (ksi) 

15 89.98 12.08 50.00 1.75 

20 99.385 21.49 51.37 3.12 

25 111.475 33.58 53.12 4.87 

30 126.23 48.33 55.27 7.02 
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22  “Average Annual Miles per Driver by Age Group.” FHWA, 13 July 2016, 
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4.6 Level of Effort 

I spent about 20 hours on this report. I found the lecture to be very exciting full of equations. 
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Chapter 5: Fatigue Tests/Models, Failure Criteria and Fatigue Failure 

Mechanisms   

Section 5.1: Fatigue Failure Mechanisms 

In this section, we are going to explore the various fatigue failure mechanisms of  ductile material like 
steel, which is what the lug stud is made of, can go through. Fatigue is defined as “the weakening of a 
material caused by repeatedly applied loads23.” As we have seen in the previous sections, when the 
car goes through a circular turn, external stresses act on the lug stud. Since a car turns at least a 
1,000,000 times in its lifetime, we are interested in exploring numerous theories that describe the 
behaviour of a material when it goes through these fatigue cycles. The material lug stud is made out 
of is steel, which is a ductile material in comparison to iron, which is brittle.  

One of these failure theories is the maximum distortion energy theory. It is believed that this theory 
was introduced by James Clerk Maxwell in the 19th century and later again by von Mises et al in the 
20th century. This was the first time, the scientists were thinking of micromechanics of the materials, 
as previously only large scaled models were tested in mechanics of materials. They had an idea that 
when a material is placed in tension in the axial direction, some change in the shape and volume takes 
place, and this happens due to a release of distortion energy stored in the atoms. This was because 
they found that a material could withstand a tremendous amount of compression without failure24. 
Therefore, they concluded that a material has a limited capacity of distortion energy in it. This is shown 
in the figure 5.1-1 in the blue elliptical shape. This figure is modified with the courtesy of Fundamentals 
of Machine Component Design by Robert C. Juvinall and Kurt M. Marshek2. The equivalent stress can 
be calculated by equation 5.1-2 below where 𝜎1 and 𝜎2 are principal stresses. This equivalent stress 
(𝜎𝑒) value is compared to the yield stress value.  

 𝜎𝑒 = (𝜎1
2 + 𝜎2

2 − 𝜎1𝜎2)
0.5 (5.1-18) 

The equation above is derived from von Mises equation (equation 5.1-2). This equivalent stress value 
is supposed to produce the same value of stress as the distortion energy would produce. Equation 5.1-
2 is the case for when it is a biaxial loading and, therefore, 𝜎3 is 0.  

 𝜎𝑒 =
√2

2
[(𝜎2 − 𝜎1)

2 + (𝜎3 − 𝜎1)
2 + (𝜎3 − 𝜎2)

2]0.5 (5.1-2) 

In a similar fashion, maximum shear stress theory also exists. This is supposed to be the oldest failure 
theory. However, in this case we take into account the shear stress. The theory predicts that when the 
maximum shear stress exceeds the maximum yield shear stress, the material tends to fatigue and fail. 
The other models are dependent on the principle stresses, however, this particular model takes into 
account the shear stress into account. This is shown by the green boundary shown in the figure 5.1-2 
below. Any point outside this hexagon is considered to be in the failure region25. Maximum shear 
stress can be found using the equation 5.1-3 below3.  

 𝜏𝑚𝑎𝑥 =
𝜎1 − 𝜎2
2

 (5.1-3) 
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Figure 5.1-10: Maximum Shear Stress Theory and Maximum Distortion Energy Theory on a 𝝈𝟏-
𝝈𝟐 plot 

Another popular theory is Mohr theory developed for brittle materials. This is a modification of 
maximum shear stress theory in which the failure envelope is constructed by connecting the opposite 
corners of quadrants I and III as shown in figure 5.1-22. Any point outside the blue region will tend to 
fracture.  

 

Figure 5.1-11: Graphical Representation of Mohr Theory 

However, it was found that this a small modification was needed to fit to the real world applications. 
Therefore, figure 5.1-3 displays a more comprehensive way of Mohr theory by taking into account its 
application from experimental results. All these diagrams and theories are postulated such that they 
can fit the experimental data the best. We, as designers, have an immense responsibility to decide 
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which theories to analyse our mechanical system with26. These theories are only for biaxial loadings, 
which is assuming that  𝜎3 is 0 and the principal stresses are on the axis.  

 

Figure 5.1-12: Graphical representation of Modified Mohr Theory 

All the above diagrams have been drawn for biaxial loading. This is where the specimen is held in two 
dimensions and stress is applied on two sides, leaving one side blank. This alone is hard experiment 
to carry out, however, a triaxial loading can also take place, where stress is applied in all three 
directions and the strain is observed in each direction in relation to the normal and shear stress27.  

In relation to above all, some fracture mechanisms are for brittle materials and some for ductile, 
therefore, it is substantial to differentiate them. The fundamental differences between the two is that 
the ductile materials go through plastic deformation, however, brittle materials fracture before 
yielding. The table 5.1-1 below provides further details28.  

Table 5.1-1: Differences between ductile and brittle materials 

Category Ductile Brittle 

Deformation Extensive Little 

Track propagation Slow, needs stress Fast 

Type of Materials Most metals (not too cold) Ceramics, ice, cold metals 

Warning Permanent elongation None 

Strain (Distortion) energy Higher Lower 

Fractures surface Rough Smoother 

Necking Yes No 

 

The strain energy is very important for fracture since this increases the effective strain in the maximum 
Distortion energy failure theory equation.  
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Section 5.2: Fatigue Tests 

The above mentioned failure mechanisms are for just one time loading and its effect on the failure. 
However, in real circumstances, the stress never exceeds the yield stress but still the mechanical 
components break. This is due to enormous cycles that take place going from compression to tension 
back to back. This is why there are various tests to carry out these experiments so that the specimen 
go under such stresses.  

One of these tests is called the rotating bending. The figure 5.2-1 below gives a free body diagram of 
the experimental set up29. A weight w is applied on the specimen, which converts to w/2 on each side 
of the specimen. This causes a bending stress. The motor moves the weight to point up and down 
alternatively, sometimes even at the rates of 1750rpm2. When the weight falls, the cycle counter stops 
and the total number of cycles are recorded. To experiment with different bending stresses, different 
weights are used. A sample test result is shown below in the figure 5.2-1.2  

 

Figure 13.2-1: Rotating Bending test for bending stress 

 

 

Figure 5.2-2: S-N plots of representative fatigue data for 120 BhN Steel 
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The graph above is called the S-N graph, where S or Fatigue Strength is on the y-axis and Number of 
cycles (N) the specimen goes under is on the x axis on a logarithmic scale2. The figure 5.2-2 is for 
120BhN steel. We observe that as the number of cycles increase, the capacity for fatigue strength 
decreases until the material reaches its “knee” at the endurance limit. After this knee position, the 
fatigue strength stays the same for all the cycles and the specimen is supposed to have an infinite life 
at this fatigue strength.  

Another kind of testing procedure is called reversed bending. This is very similar to rotating bending 
but instead of the motor applying a bending stress on both the sides of the specimen, the motor only 
applies the stress on one side and the other end remains stationary. The figure 5.2-3 below displays 
this test.30 The machine applied a weight w on the right side of the specimen and creates a bending 
stress at the entire cross-section.  

 

Figure 5.2-3: Reverse Bending 

In reverse bending the fracture will most certainly arise from either the top or the bottom of the 
specimen and never from the middle. This is because the top and bottom are regions of the maximum 
bending stress. However, this is different in the rotating bending test. The failure here would happen 
from the surface at the top as the surface at the top and in the middle experiences the maximum 
bending stress.  

Similar to this is also reversed axial loading, where a vertical load is applied to the side of the specimen 
where the other side remains fixed. This is shown in figure 5.2-4.8 it is found that the reversed axial 
bending stress give 10% lower endurance limit in comparison to rotating bending. Reversed Axial 
loading subjects the entire cross section to the maximum stress, which is why the stress is more 
distributed and it fractures faster.  

 

Figure 5.2-4: Reversed Axial Bending 

Finally, another test is called the reversed torsional bending. In this experiment, a torque is provided 
on the right side of the specimen. This is an extremely important test for ductile materials and takes 
into account the distortion energy shown in figure 5.2-58.  
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Figure 5.2-5: Reversed Torsional Loading 

Finally, the reversed biaxial loading is when stress is applied onto a specimen from two different 
directions. This is shown in figure 5.2-6.  

 

Figure 5.2-14: Reverse Biaxial Loading 

As discussed in the chapter 3 and 4, there is a force and moment that acts only on one side of the lug 
stud. The other side of the stud remains stationary and touches the rim. This is why the reversed axial 
and reverse bending loading tests are the best for the scenario of the lug stud. These are the tests we 
need to analyse to create a S-N plot for the wheel lug stud of Toyota RAV4 XLE 2015.   

Section 5.3: Fatigue Factors 

In order to carry out a fatigue test, we have numerous factors we need to start using the models. This 
section highlights these factors.  

Stress endurance limit (Se’), as pointed out in figure 5.2-2, is defined as “the maximum completely 
reversing cyclic stress that a material can withstand for indefinite (or infinite) number of stress 
reversals.”31 This is the maximum alternating strength at which the mechanical component has an 
infinite life. However, the actual endurance stress is experimentally found to be slightly less than this 
actual value found. This is why Se’ is multiplied by a factor to adjust to this factor (Se). Because of this, 
the actual endurance limit is slightly lower than that found through theory. This is a slightly more 
conservative approach towards the endurance limit.  

In these journal papers found (Effect of surface finish on Fatigue Strength by Mohamed Bayoumi32 and 
Effects of microstructure and surface roughness on the fatigue strength of high-strength steels by 
Junbio Lai33) , the authors suggest a heavy dependence of endurance limit on surface roughness. They 
have proposed various models to assign these. If there is a surface roughness, it already creates the 
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surface cracks that lead to fatigue mechanisms and failure can happen easily while testing. Therefore, 
the smoother the surface, the higher the endurance limit is predicted to be.  

 𝑆𝑒 = 𝐶𝐿𝐶𝐺𝐶𝑆𝐶𝑇𝐶𝑅𝑆𝑒
′  (5.3-1) 

Where CL is the load factor, CG is the gradient factor, CS is the surface factor, CT is the temperature 
factor and CR is the reliability factor. All of these factors vary from material to material. The table 5.3-
1 below provides the value along with the description of why they were chosen.  

Table 5.3-1: Factors for Endurance Factor 

 Description Axial Bending Why 

CL Load factor 1.0 1.0  

CG Gradient factor 1.0 0.7 Interpolation. The diameter 12mm, close to 
10mm.  

CS Surface Factor 0.34 0.34 Forged material from figure 8.132 

CT Temperature factor 1.0 1.0 Temperature is less than 840°F 

CR Reliability factor 0.814 1.0 Assuming 99% reliability of factors 

 

 𝑆𝑒 = 0.7 ∗ 0.34 ∗ 0.814𝑆𝑒
′  (5.3-2) 

 

 𝑆𝑒 = 0.194𝑆𝑒
′  (5.3-3) 

Another factor we need to calculate before fatigue analysis is stress concentration factor. It is found 
that there is a ratio between a notched and unnotched endurance limit and this factor is known as the 
stress concentration factor (Kf).2 This value is calculated to be 4.3.34 We would like Kf to be equal to 
the theoretical geometric factor, however, it is often less than that. Therefore, various models have 
to be taken into account numerous other models. This happens because our lug stud is not completely 
symmetric and has various other internal irregularities, which causes it to have local stresses. 
Therefore, this factor can be calculate using equation 5.3-4.  

 𝐾𝑓 = 1 + (𝐾𝑡 − 1)𝑞 (5.3-4) 

 Where q changes from material to material and is the notch sensitivity factor. It is 0.7 for steel.12 
Therefore, Kf is equal to 3.31.  

The table below provides all the factors required for fatigue model analysis.  

Table 5.3-2: Fatigue Analysis variables 

Parameter Description Value in English Units Value in Metric units 

Su Ultimate Tensile Strength 151 ksi 1040 MPa 

Sy Ultimate Yield Strength 136ksi 940 MPa 

-Sy Compressive Yield Strength N/A N/A 

Se Endurance Limit 75.5 ksi 520 MPa 
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Kf Fatigue Concentration Factor 3.31 3.31 

q Notch Sensitivity Factor 0.7 0.7 

CL Bending Load 0.277 0.277 

Axial Load 0.238 0.238 

CS Surface Factor 0.34 0.34 

CG Gradient factor 0.7 0.7 

CT Temperature factor 1.0 1.0 

CR Reliability factor 0.814 0.814 

Kt Concentration notch 4.3 4.3 

 

Section 5.4: Cook Fatigue Model 

In order to find the cook plot we have to find some basic quantities.  

Table 5.4-1: L6 Cook plot values 

Parameters Value 

𝐾𝑓

𝑆𝑢
 

         0.0032  

𝑆𝑦

𝐾𝑓
  

         283.99  

𝑆𝑒

𝐾𝑓
 

         157.10  

𝑆𝑢

𝐾𝑓
 

         314.20  

𝑆𝑦

𝑆𝑢
 

             0.90  

𝑆𝑒

𝑆𝑢
 

             0.50  

 

The following formulas are required to come up with further variables needed to plot an L6 Cook plot.  

 

𝑆𝑎 =
𝑆𝑒
𝐾𝑓
(
1 −

𝑆𝑦
𝑆𝑢

1 −
𝑆𝑒
𝑆𝑢

) 

(5.4-1) 
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 𝑆𝑚1 =
𝑆𝑦

𝐾𝑡
− 𝑆𝑎 (5.4-2) 

 

 𝑆𝑚2 = 𝑆𝑦 − 𝑆𝑎 (5.4-3) 

Once we have these parameters in hand, we can actually calculated the variables that are needed to 
make a Cook plot. These variables are shown in equation 5.4-4 – 6.  

 𝜎𝑎 =
𝑆𝑒

𝐾𝑓
(1 −

𝐾𝑓𝜎𝑚

𝑆𝑢
), 0 ≤ 𝜎𝑚 ≤ 𝑆𝑚1 (5.4-4) 

 

 𝜎𝑎 =
𝑆𝑒

𝐾𝑓

(1−
𝑆𝑦

𝑆𝑢
)

(1−
𝑆𝑒
𝑆𝑢
)
 , 𝑆𝑚1 ≤ 𝜎𝑚 ≤ 𝑆𝑚2 (5.4-5) 

 

 𝜎𝑎 = 𝑆𝑦 − 𝜎𝑚, 𝑆𝑚2 ≤ 𝜎𝑚 ≤ 𝑆𝑦 (5.4-6) 

These values have been calculated and are tabulated in the table 5.4-2 below.  

Table 5.4-2: L6 Cook plot parameters 

Parameter Value 

Sa            30.21  

Sm1          253.78  

Sm2          909.79  

Using all of these values, we can plot these curves on a 𝜎1-𝜎2 plot like below (figure 5.4-1).  

 

Figure 5.4-1: L6 Cook model for a lug stud 
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It can be seen that two points are above the curve and two are below. This suggests that at inifite life, 
if the car speed is more than 20 mph, then it is in a danger of fatigue failure. All the parameters used 
to plot the above curve are provided in the table 5.4-1 below:  

Section 5.5: Gunn Fatigue Model 

Another model used to calculate the model for fatigue analysis is Gunn Model. The parameters 
needed to calculate these are given below.  

Our first goal is to find the 𝑆𝑎  so that we can calculate all the other values based on that. This is 
complicated process.  

 𝑋𝑁 =
[
𝑆𝑦
𝑆𝑒
− 1]

[
𝑆𝑢
𝑆𝑒
− 1]

 (5.5-1) 

 

 𝑋𝑁+1 =
[
𝑆𝑦
𝑆𝑒
− 1] + [𝑋𝑁

4/3
− 𝑋𝑁]

[
𝑆𝑢
𝑆𝑒
− 1]

 (5.5-2) 

The value of 𝑋𝑁+1 converges really fast. These have been shown in the table 5.5-1 below.  

Table 5.5-1: Table to find 𝑿𝑵 

X values Convergence 

x0  0.80769  

x1  0.75219  

x2  0.73958  

x3  0.73694  

x4  0.73640  

x5  0.73629  

x6  0.73626  

x7  0.73626  

x8  0.73626  

x9  0.73626  

x10  0.73626  

x11  0.73626  

 

The value of X converges to 0.736 at 𝑋11. We can use this to find 𝑆𝑎 using equation 5.5-3: 
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 𝑆𝑎 =
𝑆𝑢
𝐾𝑡
𝑋 (5.5-3) 

 

 𝜎𝑎 =
𝑆𝑒

𝐾𝑡
(1 − (

𝐾𝑓𝜎𝑚

𝑆𝑢
)
4/3
), 0 ≤ 𝜎𝑚 ≤ 𝑆𝑎 (5.4-3) 

 

 𝜎𝑎 = 𝜎𝑎
∗, 𝑆𝑎 ≤ 𝜎𝑚 ≤ 𝑆𝑦 (5.5-4) 

Just using these equations, we can calculate the following Gunn parameters.  

Table 5.5-2: L6 Gunn Model Parameters 

Parameters Value 

Sy/Se 1.81 

Sy / Kt 218.60 

Se / Kt 120.93 

Su/Kt 241.86 

Sy/Su 0.903 

Se/Su 0.5 

Sa 92.36 

𝜎𝑎 126.24 

 

Using all of these parameters, we can calculate the Gunn Plot in the figure 5.5-1.  
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Figure 5.5-1: L6 Gunn Model Plot 

As it can be seen from the graph, all the velocities lie under the graph. This means that none of the 
velocities we are concerned with would affect the failure fatigue.  

 

Section 5.6: Fatigue Safety Factor and Most Relevant Fatigue Model 

Safety factor is an important value to calculate and should not be neglected. Due to an improper 
analysis, it was not included in this study.  

In the case we are looking at, both the models seem to work. As we only tested for 15, 20, 25 and 30 
mph speed, the values for the alternating stress seem to be under the curve in both the circumstances. 
However, cars obviously go above the speed of 30 mph on a daily basis. In both the graphs, it seems 
that if we interpolate the values, they will very soon go above the graph. This suggests that both the 
models are very conservative. The Toyota RAV4 XLE 2015 can obviously go above the speed of at least 
80mph and therefore, both the graphs underestimate the fatigue failure analysis. However, to 
compare the both, the Cook model seems to be more conservative in comparison to Gunn model after 
Sm1 value is reached.  

Section 5.7: Table of Data 

Table 5.7-1: Differences between ductile and brittle materials 

Category Ductile Brittle 

Deformation Extensive Little 

Track propagation Slow, needs stress Fast 

Type of Materials Most metals (not too cold) Ceramics, ice, cold metals 
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Warning Permanent elongation None 

Strain (Distortion) energy Higher Lower 

Fractures surface Rough Smoother 

Necking Yes No 

 

Table 5.7-2: Fatigue Analysis variables 

Parameter Description Value in English Units Value in Metric units 

Su Ultimate Tensile Strength 151 ksi 1040 MPa 

Sy Ultimate Yield Strength 136ksi 940 MPa 

-Sy Compressive Yield Strength N/A N/A 

Se Endurance Limit 75.5 ksi 520 MPa 

Kf Fatigue Concentration Factor 3.31 3.31 

q Notch Sensitivity Factor 0.7 0.7 

CL Bending Load 0.277 0.277 

Axial Load 0.238 0.238 

CS Surface Factor 0.34 0.34 

CG Gradient factor 0.7 0.7 

CT Temperature factor 1.0 1.0 

CR Reliability factor 0.814 0.814 

Kt Concentration notch 4.3 4.3 

 

Table 5.7-3: L6 Cook plot values 

Parameters Value 

𝐾𝑓

𝑆𝑢
 

         0.0032  

𝑆𝑦

𝐾𝑓
  

         283.99  

𝑆𝑒

𝐾𝑓
 

         157.10  
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𝑆𝑢

𝐾𝑓
 

         314.20  

𝑆𝑦

𝑆𝑢
 

             0.90  

𝑆𝑒

𝑆𝑢
 

             0.50  

 

Table 5.7-4: L6 Cook plot parameters 

Parameter Value 

Sa            30.21  

Sm1          253.78  

Sm2          909.79  

 

Table 5.7-5: Table to find 𝑿𝑵 

X values Convergence 

x0  0.80769  

x1  0.75219  

x2  0.73958  

x3  0.73694  

x4  0.73640  

x5  0.73629  

x6  0.73626  

x7  0.73626  

x8  0.73626  

x9  0.73626  

x10  0.73626  

x11  0.73626  
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Table 5.7-6: L6 Gunn Model Parameters 

Parameters Value 

Sy/Se 1.81 

Sy / Kt 218.60 

Se / Kt 120.93 

Su/Kt 241.86 

Sy/Su 0.903 

Se/Su 0.5 

Sa 92.36 

𝜎𝑎 126.24 
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5.9 Level of effort 

I spent about 25 hours on this project. It was quite tedious but once you get a hang of it, its 
easier to handle.  
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Chapter 6: Fatigue Failure Analysis and Life Expectancy 

For clarification of the reader, all the plots in this chapter are in metric units, however, in the tables 

of values, both the units are presented.  

Section 6.1: L4 Life Expectancy using Cook and Fatigue Models 

From the previous chapters, we have observed that the lug studs different forces and moments act 
when a car goes through a turn. However, it is incredibly hard to identify how many turns a car takes 
in its lifetime. Through our experimentation in section 4.3, we identified approximately how many 
cycles does a car go through 181,959 cycles per year. It was suggested that this is a very important 
number in terms of approximating the life of a wheel lug stud. Therefore, in context of 104 cycles, we 
can calculate how long does a car take to go through 10,000 cycles. Once we know the number of 
cycles per year, we can use the following equation to find the time in which an average American 
would go through 10,000 cycles.  

 𝑇𝑖𝑚𝑒 =
10,000

181959
∗
365

300
= 0.0668 𝑦𝑒𝑎𝑟𝑠 = 24 𝑑𝑎𝑦𝑠 (6.1.1-1) 

 

A Toyota RAV4 XLE 2015 is representative of other SUV, and we can assume that in approximately all 
cars, it takes 24 days to go through 10,000 load cycles on the wheel lug stud. The following table 6.1.1-
1 tabulates the time period for other cycle periods also.  

Table 7: Load Cycles and their respective times 

Category Cycle count Time period 

L4 10,000 24 days 

L5 100,000 8 months 

L6 1,000,000 6 years and 8 months 

 

We will refer to this table 6.1.1-1 through the coming sections.  

Haigh Diagrams or Goodman relation are used to plot a relation between the alternating stress (y-
axis) of these lug studs against the mean stress (x axis).35 It is found that there is an inverse relationship 
between the two. The plot starts from the endurance stress and ends at the tensile stress. Whatever 
the Se value is, that decides the slope of the graph. The graph shows that the mechanical component 
fails as the number of cycles increase moving to the right of the curve. This relation is shown in graph 
6.1-1.  



35 

 

 
Chapter 6: Fatigue Failure Analysis and Life Expectancy 

 

    
COMPREHSIVE ANALYSIS OF A WHEEL LUG STUD FROM TOYOTA RAV4 XLE 2015 

 

Figure 6.1-15: Haigh Diagram 

In the next section, we are going to develop the Cook and Gunn model for L4 cycles, so that 
we can calculate the safety factors the stresses caused on lug stud for each speed.  

Section 6.1.1 L4 Life Expectancy using Cook Fatigue Model 

In this section, we will model the L4, which is 10,000 stress cycles using the Cook Fatigue Model. The 
table 6.1.1-2 provides all the parameters needed to calculate the Cook fatigue model for 10,000 
cycles.  

Table 6.1.1-2: L4 Cook  Parameters 

 Notation Parameter Description  English Units Metric Units 

Su Ultimate Tensile Strength 151 ksi 1040 

Sy Ultimate Yield Strength 136ksi 750.88 

-Sy Compressive Yield Strength N/A N/A 

Se Endurance Limit 75.5 ksi 520 

Kf Fatigue Concentration Factor 3.31 3.31 

Kt Concentration notch 4.3 4.3 

q Notch Sensitivity Factor 0.7 0.7 

CL Bending Load 1 1 

Axial Load 1 1 
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CS Surface Factor 1 1 

CG Gradient factor 1 1 

CT Temperature factor 1 1 

CR Reliability factor 1 1 

 

The first step is to calculate the endurance stress, which is given by equation 6.1.1-1.  

 𝑆𝑒 = 𝐶𝐿𝐶𝐺𝐶𝑆𝐶𝑇𝐶𝑅𝑆𝑒
′  (6.1.1-1) 

 

As provided by Professor Harold Stalford, we are going to assume that all the above parameters 
(𝐶𝐿, 𝐶𝐺 , 𝐶𝑆, 𝐶𝑇 and 𝐶𝑅) are 1 and, therefore, Se = 𝑆𝑒

′ . Now to find the value of the endurance limit for 
10^4 cycles, we know that S4/Su = 0.722 from the project description.  

 𝑆𝑒 = 0.722𝑆𝑢 = 0.722 ∗ 1040𝑀𝑃𝑎 = 750.88𝑀𝑃𝑎 (6.1.1-2) 

After this, the following parameters are required to perform a fatigue analysis (table 6.1.1-3). These 
have been calculated using the table 6.1.1-2.  

Table 6.1.1-3: L4 Cook Fatigue Analysis Parameters 

Parameter Metric Units English Units 

Kf/Su         0.0032             0.022  

Sy / Kf         283.99           41.088  

Se / Kf         226.85           32.937  

Su/Kf         314.20           45.619  

Sy/Su             0.90             0.901  

Se/Su             0.72            0.722  

 

Before we start plotting the Cook Fatigue Analysis, we need three parameters that are crucial in 
plotting the curve. These are: 

 

𝑆𝑎 =
𝑆𝑒
𝐾𝑓
(
1 −

𝑆𝑦
𝑆𝑢

1 −
𝑆𝑒
𝑆𝑢

) 

(6.1.1-3) 

 
𝑆𝑚1 =

𝑆𝑦

𝐾𝑡
− 𝑆𝑎 

(6.1.1-4) 

 𝑆𝑚2 = 𝑆𝑦 − 𝑆𝑎 (6.1.1-5) 
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Table 6.1.1-4: Plot parameters 

Parameter Metric Units English Units 

Sa 150.69            11.77  

Sm1 133.29            29.32  

Sm2 789.30          124.23  

 

In table 6.1.1-4, we have used the equation 6.1.1-1 – 3 to find the value of the parameters. 
Once we have these parameters, we can finally use these values into the following 
equations to come up with our Cook Fatigue Plot.  

 𝜎𝑎 =
𝑆𝑒

𝐾𝑓
(1 −

𝐾𝑓𝜎𝑚

𝑆𝑢
), 0 ≤ 𝜎𝑚 ≤ 𝑆𝑚1 (6.1.1-6) 

 𝜎𝑎 =
𝑆𝑒

𝐾𝑓

(1−
𝑆𝑦

𝑆𝑢
)

(1−
𝑆𝑒
𝑆𝑢
)
 , 𝑆𝑚1 ≤ 𝜎𝑚 ≤ 𝑆𝑚2 (6.1.1-7) 

 𝜎𝑎 = 𝑆𝑦 − 𝜎𝑚, 𝑆𝑚2 ≤ 𝜎𝑚 ≤ 𝑆𝑦 (6.1.1-8) 

Using all of these equations and parameters, we can plot these curves on a 𝜎1-𝜎2 plot like below in 
figure 6.1.1-1. The values are displayed on the graph. For ease, the plots are only displayed in 
metric units.  

 

Figure 6.1.1-1: L4 Cook Plot 

In the figure 6.1.1-1, the lines L1, L2 and L3 are used to plot the Cook diagram. The intersects 
of these lines decide the Cook plots’ points. For further reference, please refer to citation 
[2].36 In the figure above, the operating points for the different speeds have also been added. 
The bottom most point is 15mph, followed by 20, 20 and 30 mph. Since all of these points are 
under the curve, we can safely say that the lug studs will not fatigue in 10^4 cycles, that is, 
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0.87 years or 10 months. Therefore, we can calculate the safety factor for each of the 
operating points using the following equation 6.1.1-9.  

 𝑆𝐹 =
𝑘𝑛𝑒𝑒 𝑠𝑡𝑟𝑒𝑠𝑠

𝑎𝑐𝑡𝑢𝑎𝑙 𝑠𝑡𝑟𝑒𝑠𝑠
 (6.1.1-9) 

The table 6.1-5 below gives the safety factor for all the operating points. Safety factor is a 
unitless parameter, therefore, the value of it does not change using the English units, 
therefore, English units are not presented in the following table.  

Table 6.1.1-5: Safety Factor for different operating points 

Speed (mph) Mean stress (MPa) Alternating 
Stress 

Actual  (MPa) 

Alternating Stress 
Cook (MPa) 

Safety Factor 

15 344.40 12.08 78.46 6.49 

20 353.79 21.48 78.46 3.65 

25 365.88 33.56 78.46 2.34 

30 380.64 48.33 78.46 1.62 

 

Since the safety factors are all above one, the graphical representation in figure 6.1.1-1 and 
table 6.1.1-45 suggest that all the speeds are safe for L4, that is, for 0.87 years. The user does 
not need to worry about the lug stud for at least, 1 year.  

Section 6.1.2 L4 Life Expectancy using Gunn Fatigue Model 

A similar process can be carried out for the Gunn Fatigue Model. Similar parameters in comparison to 
Cook models are needed for Gunn model. The only different is the use of Kt instead of Kf in Gunn 
Model. This value is already given in table 6.1.1-1. Since we are still looking at L4 cycles, the endurance 
limit is still 750.88 MPa, similar to the Cook model.  

After this, the following parameters are required to perform a Gunn fatigue analysis (table 6.1.1-2). 
The only different from the Cook model is to now use Kt instead of Kf.  

Table 6.1.2-2: L4 Gunn Fatigue Analysis Parameters 

Parameters Metric Units English Units 

Sy / Se             1.25            1.247  

Sy / Kt         218.60          31.628  

Se / Kt         174.62          25.354  

Su/Kt         241.86          35.116  

Sy/Su             0.90            0.901  

Se/Su             0.72            0.722  
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Our first goal is to find the 𝑆𝑎 so that we can calculate all the other values based on that. Sa, we can 
find using the equation 6.1.2-1.  

 

 

𝑆𝑎 =
𝑆𝑢
𝐾𝑡
𝑋𝑁 

(6.1.2-1) 

𝑋𝑁 is a little hard to find. We have the formulae (equation 6.1.1-2 – 3) for it but we need to 
calculate the limit of the function and find the converging value as N goes to infinity.  

 𝑋𝑁 =
[
𝑆𝑦
𝑆𝑒
− 1]

[
𝑆𝑢
𝑆𝑒
− 1]

 (6.1.2-2) 

 

𝑋𝑁+1 =
[
𝑆𝑦
𝑆𝑒
− 1] + [𝑋𝑁

4/3
− 𝑋𝑁]

[
𝑆𝑢
𝑆𝑒
− 1]

 

(6.1.2-3) 

The value of 𝑋𝑁+1 converges really fast. These have been shown in the table 6.1.2-3 below. Since 𝑋𝑁 
is unitless, we get the same value whether using metric or English units.  

Table 6.1.2-3: Convergence of 𝑿𝒏 Values 

X Value 

0 0.65412286 

1 0.42998972 

2 0.38027489 

3 0.38202381 

4 0.38187268 

5 0.38188548 

6 0.38188439 

7 0.38188448 

8 0.38188448 

9 0.38188448 

 

The value of X converges to 0.382 only after 4 values in 3 significant figures. The other values are 
shown to measure in different in 8 significant figures. After this, the following equations are used to 
develop the Gunn Model.  

 
𝜎𝑎 =

𝑆𝑒

𝐾𝑡
(1 − (

𝐾𝑓𝜎𝑚

𝑆𝑢
)
4/3

), 0 ≤ 𝜎𝑚 ≤ 𝑆𝑎 
(6.1.2-5) 
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 𝜎𝑎 = 𝜎𝑎
∗, 𝑆𝑎 ≤ 𝜎𝑚 ≤ 𝑆𝑦 (6.1.2-6) 

Table 6.1.2-4: L4 Gunn Plot Parameters 

Parameters Metric Units English Units 

Sa           92.36  13.04 

𝜎𝑎         126.24  18.58 

 

Using all of these parameters, we can calculate the Gunn Plot in the figure 6.1.2-1 below with all the 
operating points of different speeds.  

 

Figure 6.1-2-1 L4 Cook Fatigue Plot 

As we can see from the figure 6.1.2-1, all the operating points for different speeds are under the curve. 
This is very similar to the L4 Cook plot. Therefore, we would expect the Safety factor (calculated from 
equation 6.1.1-9) to be all well above 1. S.F. have been provided in the table below for all the different 
speeds.  

Table 6.1.1-5: Safety Factors from L4 Gunn Fatigue Model 

Speed (mph) Alternating Stress 
Actual  (MPa) 

Knee Stress 
(MPa) 

Safety Factor 

15                12.08              126.24                 10.45  

20                21.48              126.24                    5.88  

25                33.56              126.24                    3.76  

30                48.33              126.24                    2.61  
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As expected, the safety factors from the L4 Gunn model are all well above 1, which means the lug stud 
for Toyota RAV4 XLE 2015 is completely safe from any fatigue failure in 0.87 years or 10 months for 
speeds of up to 30mph.  

Through a Fatigue analysis from Cook and Gunn model, we can conclude that for speeds up to 30mph, 
the lug stud in the car is free from fatigue failure.  

Section 6.2: L5 Life Expectancy using Cook Fatigue Models 

In section 6.1.1, we calculated the time it would take for the lug stud to go through 100,000 load cucles. 
This was found to be only 8 months.   

Section 6.2.1 L5 Life Expectancy using Cook Fatigue Model 

Since we are using the same lug stud, all parameters except the endurance limit, stay exactly the same 
as table 6.1.1-1. Endurance limit, as defined in the project description for 100,000 cycles is: 

 𝑆𝑒 = 0.611𝑆𝑢 = 0.611 ∗ 1040𝑀𝑃𝑎 = 635.44𝑀𝑃𝑎 (6.2.1-1) 

As we can see in the pattern, the endurance limit is decreasing with an increase in cycles. This should 
make the graphs move down, closer to the different speed operating points we have. Now we can 
calculate the parameters needed to carry out the Cook Fatigue Analysis (table 6.2.1-1). This is very 
similar to table 6.1.1-2.  

Table 6.2.1-1: L5 Cook Fatigue Analysis Parameters 

Parameters Metric Units English Units 

Kf/Su         0.0032             0.022  

Sy / Kf         283.99           41.088  

Se / Kf         191.98           27.873  

Su/Kf         314.20           45.619  

Sy/Su             0.90             0.901  

Se/Su           0.611             0.611  

 

Again, similar to section 6.1.1, we can use the equations 6.1.1-3 – 5, to find the Cook plot parameters. 
These have been provided in the table 6.2.1-2 below.  

Table 6.2.1-2: L5 Cook plot parameters 

Parameter Metric Units English Units 

Sa 47.45 7.118 

Sm1 236.53 33.970 

Sm2 892.55 128.882 
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Once we have these parameters, we can finally use these values into the equations 6.1.1-6 – 8 to come 
up with our Cook Fatigue Plot. 

 

Figure 6.2.1-1: L5 Cook Fatigue Analysis plot 

Unlike figure 6.1.1-1, there are more features to notice in figure 6.2.1-1. Firstly, line L1, L2 and L3 have 
been hidden so that the focus is on the graph and the operating points. We can see from the figure 
6.2.1-1 above, that only the first 3 operating points are under the curve. This is something we need to 
be concerned about. The fourth point is for 30mph. This point is just above the knee. Let us try to 
calculate the safety factors for each of the points and observe the results (table 6.2.1-3). 

Table 6.2.1-3: L5 Safety factors for different operating points 

Speed (mph) Alternating 
Stress 
Actual  (MPa) 

Knee Stress 
(MPa) 

Safety Factor 

15                12.08                    47.45                    3.93  

20                21.48                    47.45                    2.21  

25                33.56                    47.45                    1.41  

30                48.33                    47.45                    0.98  

 

As it can be seen from the table 6.2.1-3 above, the 30mph speed is just on the range of the plot. The 
safety factors are below 1 for 30mph and therefore, this means that we should change the lug studs 
every 8.7 years for safety purposes according to the Cook Fatigue Model.  

Section 6.2.2: L5 Life Expectancy using Gunn Fatigue Model 

This section will cover the 100,000 cycles of lug stud and fatigue analysis using the GUnn fatigue model. 
A very similar process to L5 Cook fatigue model can be carried for the L5 Gunn Fatigue Model. Once 
again, the only difference of use in parameters is use of Kt instead of Kf. All the other values are already 
given in table 6.1.1-1. Since we are still looking at L5 cycles, the endurance limit is still 635.44 MPa, 
similar to the L5 Cook model above in section 6.2.1. After this, the following parameters are required 
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to perform a Gunn fatigue analysis (table 6.2.1-2). The only different from the Cook model is to now 
use Kt instead of Kf.  

Table 6.2.2-1: L5 Gunn Fatigue Analysis Parameters 

Parameters Metric Units English Units 

Sy/Se 1.48           1.474  

Sy / Kt 218.60         31.628  

Se / Kt 147.78         21.456  

Su/Kt 241.86         35.116  

Sy/Su 0.90           0.901  

Se/Su 0.611           0.611  

 

Similar to 6.1.2, we will first 𝑆𝑎 using the equation 6.1.2-1 so that we can calculate all the other values 
based on that. The convergence of 𝑋𝑁+1 is shown in the table 6.2.2-2 below.  

Table 6.2.2-2: Convergence of 𝑿𝒏 Values 

X Value 

0 0.75281788 

1 0.6460391 

2 0.61529762 

3 0.60837374 

4 0.60693905 

5 0.60664759 

6 0.60658862 

7 0.6065767 

8 0.60657429 

9 0.60657381 

10 0.60657371 

11 0.60657369 
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The value of X converges to 0.607 only after 4 values in 3 significant figures. The other values are 
shown to measure in different in 8 significant figures. After this, we can use equation 6.1.2-5 – 6 to 
plot the L5 Gunn Fatigue model.  

Table 6.2.2-3: L5 Gunn Plot Parameters 

Parameters Metric Units English Units 

Sa 92.36 20.943 

𝜎𝑎 126.24 10.685 

 

Using these two parameters, we can calculate the Gunn Plot in the figure 6.2.2-1 below with all the 
operating points of different speeds.  

 

Figure 6.2-2-1 L5 Cook Fatigue Plot 

As we can see from the figure 6.2.2-1, all the operating points for different speeds are under the curve. 
This is very similar to the L4 Gunn plot but different from L5 Cook plot. Therefore, we would expect 
the Safety factor (calculated from equation 6.1.1-9) to be all well above 1. S.F. have been provided in 
the table below for all the different speeds.  

Table 6.2.8-4: Safety Factors from L5 Gunn Fatigue Model 

Speed (mph) Alternating 
Stress 
Actual  (MPa) 

Knee Stress 
(MPa) 

Safety Factor 

15                12.08                 71.90                    5.95  

20                21.48                 71.90                    3.35  

25                33.56                 71.90                    2.14  

30                48.33                 71.90                    1.49  
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The results are very different from L5 Cook Fatigue Model. In this case, all the Safety Factors are above 
1, indicating that the life of a lug stud for 8.7 years for speeds of upto 30 mph is safe.  

Through a Fatigue analysis from Cook and Gunn model, we can conclude that the Cook model is a 
more conservative one. Even the lowest factor from Gunn model is well above 1 at 1.49 (table 6.1.4-
4). As designers, since 30 mph is in a shady region, we should still consider about the safety of the 
passenger and get the lug stud replaced every 8.7 years.  

Section 6.3: L6 Life Expectancy using Cook and Fatigue Models 

From section 6.1, we found that it would take 6 years and 8 months to get to an infinite life. This is 
not that long of a period. According to this website,37 the lug stud should be changed every 8 years. 
This seems to be true because this time period lies in the infinite time period of the lug stud.  

Section 6.3.1: L6 Life Expectancy using Cook Fatigue Model 

Since we are using the same lug stud as the previous sections, all parameters except the endurance 
limit, stay exactly the same as table 6.1.1-1. Endurance limit, as defined in the project description for 
1,000,000 cycles is: 

 𝑆𝑒 = 0.5𝑆𝑢 = 0.5 ∗ 1040𝑀𝑃𝑎 = 520𝑀𝑃𝑎 (6.3.1-1) 

As mentioned in section 6.2.1 that the endurance limit is decreasing in every cycle, we observe that it 
is even lower of just 520 MPa for an infinite cycle. We would expect to see more point above the 
failure knee in this section. Similar to before, the parameters needed to calculate the Cook Fatigue 
Analysis are laid down in table 6.3.1-1.  

Table 6.3.1-1: L6 Cook Fatigue Analysis Parameters 

Parameters Metric Units English Units 

Kf/Su          0.0032            0.022  

Sy / Kf          283.99          41.088  

Se / Kf          157.10          22.810  

Su/Kf          314.20          45.619  

Sy/Su              0.90            0.901  

Se/Su              0.50            0.500  

 

Again, similar to section 6.1.1, we can use the equations 6.1.1-3 – 5, to find the Cook plot parameters. 
These have been provided in the table 6.3.1-2 below.  

Table 6.3.1-2: L6 Cook plot parameters 

Parameter Metric Units English Units 

Sa            30.21            4.532  
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Sm1          253.78          36.556  

Sm2          909.79        131.468  

 

Once we have these parameters, we can finally use these values into the equations 6.1.1-6 – 8 to come 
up with our Cook Fatigue Plot figure 6.3.1-1. 

 

Figure 6.3.1-1: L5 Cook Fatigue Analysis plot 

Once again, L1, L2 and L3 have been hidden so that the focus is on the graph and the operating points. 
We can see from the figure 6.3.1-1 above, that only the first 2 operating points are under the curve. 
This is something we need to be concerned about. The third and fourth point is for 25mph and 30mph. 
Before making any conclusion, let us first come up with our safety factors.  

Table 6.3.1-3: L6 Safety factors for different operating points 

Speed (mph) Alternating Stress 
Actual  (MPa) 

Knee Stress 
(MPa) 

Safety Factor 

15                   12.08                  30.21                       2.50  

20                   21.48                  30.21                       1.41  

25                   33.56                  30.21                       0.90  

30                   48.33                  30.21                       0.63  
 

This is a change from before, but we were expecting an even more drastic result. Ceteris paribus, if 
the car survives with the same average use for 87 years and does not go above the speed of 20mph, 
we would expect the lug stud to survive for such a long life. From a safety standpoint, we should still 
change the lug studs every 8.7 years as mentioned in section 6.2.2.  
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Section 6.3.2: L6 Life Expectancy using Gunn Fatigue Model 

This section will cover the 1,000,000 cycles of lug stud and fatigue analysis using the Gunn fatigue 
model – a process very similar to section 6.1.2 and 6.2.2. The endurance limit, as specified by the 
project description is 540MPa, same as in section 6.3.1.  

The following L6 Gunn Fatigue Analysis parameters are required to perform a Gunn fatigue analysis 
(table 6.3.1-2).  

Table 6.3.2-1: L6 Gunn Fatigue Analysis Parameters 

Parameters Metric Units English Units 

Sy/Se           1.808            1.801  

Sy / Kt       218.605          31.628  

Se / Kt       120.930          17.558  

Su/Kt       241.860          35.116  

Sy/Su           1.106            1.110  

Se/Su           2.000            2.000  

Similar to 6.1.2, we will first 𝑆𝑎 using the equation 6.1.2-1 so that we can calculate all the other values 
based on that. The convergence of 𝑋𝑁+1 is shown in the table 6.3.2-2 below. The values in the English 
Units remain the same.  

Table 6.3.2-2: Convergence of 𝑿𝒏 Values 

X Value 

0 0.80769231 

1 0.75219065 

2 0.73957695 

3 0.73693829 

4 0.73639721 

5 0.73628673 

6 0.73626419 

7 0.73625959 

8 0.73625865 

9 0.73625846 

10 0.73625842 

11 0.73625841 
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The value of X converges to 0.736 only after 4 values in 3 significant figures. The other values are 
shown to measure in different in 8 significant figures. After this, we can use equation 6.1.2-5 – 6 to 
plot the L6 Gunn Fatigue model.  

Table 6.3.2-3: L5 Gunn Plot Parameters 

Parameters Metric Units English Units 

Sa 178.07 25.58 

𝜎𝑎 40.53 6.05 

 

Using these two parameters, we can calculate the Gunn Plot in the figure 6.3.2-1 below with all the 
operating points of different speeds.  

 

Figure 6.3-2-1 L6 Cook Fatigue Plot 

As we can see from the figure 6.3.2-1, only 1 operating point is above the knee of 40.53MPa. In the 
Cook plot for L6, two speeds were above the knee. Let us calculate the safety factors before any other 
conclusions. These values remain the same in English Units.  

Table 6.3.2-4: Safety Factors from L5 Gunn Fatigue Model 

Speed (mph) Alternating 
Stress 
Actual  (MPa) 

Knee Stress 
(MPa) 

Safety Factor 

15                12.08                 40.53                    3.35  

20                21.48                 40.53                    1.89  

25                33.56                 40.53                    1.21  

30                48.33                 40.53                    0.84  

 

The results are in a way similar to Cook plot but also different. Only one point is below 0 in terms of 
safety factor, while the others are all in the safe region. According to the Gunn Fatigue Analysis, if a 
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car runs for 87 years with upto 25mph on each drive, there would be problem in changing the lug stud 
for the complete life of the wheels and the car.  

Once again, we can see that the Cook fatigue model is considerably more conservative. As designers, 
I think we should go with the results of section 6.2.2, where it is stated that the lug stud should be 
changed every 8.7 years for the safety.  

All the Cook plots have been added onto a single graph and it can be seen below in figure 6.3.2-2. 

 

Figure 6.3.2-2: L4, L5 and L6 Cook plots 

All the Gunn plots have been plotted below as well. The decrease in knee can be clearly seen as we 
increase the cycle life.  

 

Figure 6.3.2-3: L4, L5 and L6 Gunn Plots 

Also, in the table 6.3.2-5, we present all the safety factors calculated.  
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Table 6.3.2-5: Safety Factors Summary 

    15 20 25 30 

1 L4 (Cook)                     6.49                 3.65                2.34               1.62  

2 L5 (Cook)                     3.93               2.21               1.41               0.98  

3 L6 (Cook)                     2.50                1.41               0.90              0.63  

4 L4 (Gunn)                  10.45                5.88               3.76               2.61  

5 L5 (Gunn)                     5.95               3.35               2.14                1.49  

6 L6 (Gunn)                     3.35               1.89               1.21               0.84  

 

All the calculations done in this chapter are based on speeds of only upto 30 mph. This is a clear short-
coming in the book. Addressing higher speeds need to be addressed later, as more complicated 
models are required for that.  

Section 6.4: Table of Data and Results 

Table 6.1-9: Distances and number of turns to different locations from home (Headington Hall) 

 Start from Destination Distance (km) Number of turns 

Long 
Distance 

Headington Hall Oklahoma City                   35.24                        20  

Headington Hall Tulsa                 201.17                        31  

Headington Hall Edmond                   55.52                        26  

Recreational Headington Hall Sooner Mall                     6.44                          8  

Headington Hall Hey Day                   14.48                        13  

Headington Hall Church                     0.64                          7  

Headington Hall Warren Theatre                   19.31                        21  

Popular 
shops 

Headington Hall Barnes and Nobles                     4.83                          9  

Headington Hall Lowes                     4.67                          8  

Headington Hall Walmart                     4.51                        12  

Headington Hall Target                     6.12                        13  

Restaurants Headington Hall Himalayas                   19.31                        12  

Headington Hall Earth Café                     1.29                          7  

Headington Hall McDonalds                     5.63                          7  

Headington Hall Thai Kum Koon                     3.54                          8  
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  Parameter Values from 

Paper 

  Your values 

(if different 

from 

Paper) 

  

1 Kt 4.3 X   X 

2 q 0.7 X   X 

3 Kf 3.31 X   X 

  Quantity Metric Value Units English 

Value 

Units 

4 Su 1040 MPa 151 ksi ksi 

5 Sy 940 MPa 136 ksi ksi 

6 Su/Kt               241.86  MPa                 35

.12  

ksi 

7 Sy/Kt               218.60  MPa                 31

.63  

ksi 

 
     

Gunn L4 Life       

  Quantity Metric Value Units English 

Value 

Units 

1 Se=S4=0.722 Su 109.022 MPa 750.88 ksi 

2 Se/Kt               174.62  MPa               25.

354  

ksi 

3 X0 [start value for 

N.M. algorithm] 

0.654122856 X 0.6426699

7 

X 

4 X(N) [converged 

value for N.M. 

algorithm] 

0.381884476 X 0.3714378

7 

X 

5 Sa=(Su/Kt)X(N)                  92.36  MPa                 13

.04  

ksi 

6 σa*=(Sy/Kt)[(1-

(Su/Sy)X(N)] 

              126.24  MPa                 18

.58  

ksi 

      

Gunn L5 Life      

  Quantity Metric Value Units English 

Value 

Units 

1 Se=S5=0.611 Su               635.44  MPa 92.261 ksi 

2 Se/Kt               147.78  MPa               21.

456  

ksi 

3 X0 [start value for 

N.M. algorithm] 

0.752817876 X 0.7446330

38 

X 
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4 X(N) [converged 

value for N.M. 

algorithm] 

0.606573687 X 0.5963793

95 

X 

5 Sa=(Su/Kt)X(N) 146.7061942 MPa               20.

943  

ksi 

6 σa*=(Sy/Kt)[(1-

(Su/Sy)X(N)] 

71.898457 MPa               10.

685  

ksi 

      

Gunn L6 Life      

  Quantity Metric Value Units English 

Value 

Units 

1 Se=S6=0.5 Su 520 MPa 75.5 ksi 

2 Se/Kt             120.930  MPa               17.

558  

ksi 

3 X0 [start value for 

N.M. algorithm] 

            0.80769  X 0.8013245

03 

X 

4 X(N) [converged 

value for N.M. 

algorithm] 

            0.73626  X 0.7282808

07 

X 

5 Sa=(Su/Kt)X(N)             178.072  MPa               25.

575  

ksi 

6 σa*=(Sy/Kt)[(1-

(Su/Sy)X(N)] 

              40.533  MPa                 6.

053  

ksi 

 

  Parameter  Values from Paper     Your values 

(if different 

from Paper)  

  

1 Kt                     4.30  X   X 

2 q                     0.70  X   X 

3 Kf                     3.31  X   X 

  Quantity  Metric Value  Units  English Value  Units 

4 Su            1,040.00  MPa                151.00  ksi 

5 Sy                940.00  MPa                136.00  ksi 

6 Su/Kf                314.20  MPa                  45.62  ksi 

7 Sy/Kf                283.99  MPa                  41.09  ksi 

      

Cook L4 

Life 

     

  Quantity  Metric Value  Units  English Value  Units 

1 Se=S4=0.722 Su                750.88  MPa                109.02  ksi 

2 Se/Kf                226.85  MPa                  32.94  ksi 
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3 σa=(Se/Kf)[(1-

Sy/Su)/(1-

Se/Su)] 

                 78.46  MPa                  11.77  ksi 

4 Sm1=(Sy/Kf)-Sa                205.53  MPa                  29.32  ksi 

5 Sm2=(Sy)-Sa                861.54  MPa                124.23  ksi 

      

Cook L5 

Life 

     

  Quantity  Metric Value  Units  English Value  Units 

1 Se=S5=0.611 Su                635.44  MPa                  92.26  ksi 

2 Se/Kf                191.98  MPa                  27.87  ksi 

3 σa=(Se/Kf)[(1-

Sy/Su)/(1-

Se/Su)] 

                 47.45  MPa                     7.12  ksi 

4 Sm1=(Sy/Kf)-Sa                236.53  MPa                  33.97  ksi 

5 Sm2=(Sy)-Sa                892.55  MPa                128.88  ksi 

      

Cook L6 

Life 

     

  Quantity  Metric Value  Units  English Value  Units 

1 Se=S6=0.5 Su                520.00  MPa                  75.50  ksi 

2 Se/Kf                157.10  MPa                  22.81  ksi 

3 σa=(Se/Kf)[(1-

Sy/Su)/(1-

Se/Su)] 

                 30.21  MPa                     4.53  ksi 

4 Sm1=(Sy/Kf)-Sa                253.78  MPa                  36.56  ksi 

5 Sm2=(Sy)-Sa                909.79  MPa                131.47  ksi 

 

Safety Factors for different speeds 

  Life Speed (MPH) 

    15 20 25 30 

1 L4 (Cook)                     6.49                 3.65                2.34               1.62  

2 L5 (Cook)                     3.93               2.21               1.41               0.98  

3 L6 (Cook)                     2.50                1.41               0.90              0.63  

4 L4 (Gunn)                  10.45                5.88               3.76               2.61  

5 L5 (Gunn)                     5.95               3.35               2.14                1.49  

6 L6 (Gunn)                     3.35               1.89               1.21  0.84  

 

 

Section 6.5: References 
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Section 6.6: Level of Effort 

I spent almost 20 hours working on this particular chapter.  
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Chapter 7: Summary and Conclusions: Projects Results and Lessons 

Learned 

Section 7.1: Summarize Project Results 

In this book, we have discussed so far the process of fatigue analysis of a lug stud. The hope 
of the author is that any interested person would be able to follow the instructions in the 
book and carry out his/her own fatigue analysis. There are plenty of resources also cited in 
the book that will help the user in furthering the knowledge about the subject.  

At first, we will conclude with saying that the results gained from the book can be only applied 
to the speeds of 15 to 30 mph. Since we did not test any other speeds outside this range, we 
cannot guarantee any change.  

From the previous chapter, we observed that the Gunn model is more conservative than the 
Cook model. This is displayed in the following figure 7.1-1. 

 

Figure 7.1-1: Comparison of L6 Cook and Gunn Fatigue Models 

 As designers, we should keep the worst case in mind and plan accordingly. Therefore, the 
author of this book suggests to be on the safe side and consider the Cook plot to be the most 
relevant model. It is “better to be safe than sorry.” Cook Fatigue model is a very significant 
model used in carrying out a fatigue analysis of materials and is highly relevant and extremely 
practical in the case of a wheel lug stud.  

Numerous variables are required to carry out a Cook fatigue analysis and all of these 
variables have been listed in the table 7.1-1 below.  
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Table 7.1-1: All the parameters needed for Cook Fatigue Analysis 

Notation Description English Units Metric Units 

W curb vehicle curb weight 3445 lbs 1562 kg 

W-full vehicle full capacity weight 4370 lbs 1982 kg 

Width Width of the car without the 
mirror 

72.6 in 1.84 m 

CG Location of center of gravity 
of the car 

(89.5,36.3,32.7)in (2.29,0.92,0.83)m 

Wheel D Wheel diameter 17 in 43.18 cm 

Hub R Hub radius: distance from 
center of hub to top of hub 

3.15 in 8.0 cm 

Hub D Hub diameter 6.30 in 16.0 cm 

Rim Holes Conf. D Diameter distance across rim 
configuration of stud/lug bolt 
holes 

4.72 in 12.0 cm 

Rim Holes Conf.  R Radius of rim configuration of 
stud/lug bolt holes 

2.36 in 6.0 cm 

Rground Distance from ground to 
center of hub 

14.25 in 16.2 cm 

dm Diameter thread size of lug 
nut/lug stud/lug bolt 

0.472 in 1.2 cm 

Am Bolt cross-sectional area using 
dm=thread size 

0.175 in2 1.13 cm2 

dc Collar ‘washer’ diameter or 
lug nut outer diameter 

.906 in 2.132 cm 

L(lead) or p (pitch) Thread pitch p of lug nut/lug 
stud/lug bolt  

.059 in .15 cm 

Sy Tensile yield strength of lug 
nut/lug stud/lug bolt 

136 ksi 940 MPa 

Su Ultimate tensile strength of 
lug nut/lug stud/lug bolt 

151 ksi 1040 MPa 

a-n alpha angle 30° 30° 

T Preload Torque 108.46 960 

fr Thread Friction 0.15 0.15 

fc Rim-collar friction fc 0.15 0.15 

L4 10,000 cycles 0.722*Se 0.722*Se 

L5 100,000 cycles 0.611*Se 0.611*Se 

L6 1,000,000 cycles 0.5*Se 0.5*Se 

 

Using all the above parameters, we can tediously produce a lug stud fatigue study plots. Using 
the above variables, we can come up with the safety factors for different speeds and cycles 
using the Cook plot.  
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Table 7.1-2: Safety Factors for various speeds using the Cook Fatigue Model 

Safety Factors 

Life Speed (MPH) 

  15 20 25 30 

L4 (Cook)                     6.49                      3.65                      2.34                      1.62  

L5 (Cook)                     3.93                      2.21                      1.41                      0.98  

L6 (Cook)                     2.50                      1.41                      0.90                      0.63    

In the table 7.1-2 above, all the points that are below 0 have been coloured red. These are 
the speeds that will cause fatigue failure given the lug stud goes through that many number 
of cycles. From section 6.3, we also learnt that the lug studs should be replaced every 6 years 
and 8 months as that is the time it takes to go through 1,000,000 load cycles. This is the major 
take-away from this book. We also learned from citation 37 that tightening the lug stud before 
every drive keeps the lug studs neatly in place and promotes longevity. However, there is no 
experimental proof for this as this is just a recommended opinion.  

Section 7.2: Fatigue Application Learning 

There are numerous things to be learnt from carrying out this project and they have been 
listed below:  

- Numerous relevant equations to calculate the clamping forces 
- Derivation to calculate the force on each lug stud at any point 
- Pre-load torque analysis 
- 2D and 3D stress elements analysis 
- Alternating and mean stresses 
- Load Cycles 
- Cook and Gunn Models 
- Fatigue and Fatigue Analysis 

 

Section 7.3: Lessons Learned 

Just as there are numerous things to be learnt from the fatigue analysis, in broader 
applications, there are number of things I learnt as well:  

- Complicated Excel Data Analysis 
- Working on online documents to auto-save files 
- Word formatting techniques 
- Work under pressure 
- Benefits of getting started early on projects 
- Fatigue and Fatigue Analysis 
- Application of solid mechanics in real life situations 

 

For the next chapter, I will keep all my documents online. This makes is easier to access them 
and prevents them from losing. I would also like to get started early in the week when the 
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project is due. This is essential to my success in the class as I am already in a “b” grade in class. 
For the final report, I actually went out and looked at the textbook to learn from how they 
edit and made my book look the same. This is the strategy I plan to use in the following project 
2. Now that I know how I want my final project report to look like, I am going to make sure I 
follow the same formatting from the very beginning. This will make the formatting part easier 
at the very end.  

Section 7.4: Level of Effort 

I spent about 24 more hours working and editing everything for the final report.  


