[bookmark: _Hlk42694245]INTRODUCTION
This document will be updated with the notes made during class.  The document will be made available in MS WORD format to allow students access to the Excel spreadsheets that were included during class.  Please note that this document was compiled during class and was not proof read for typing, language, and calculation errors.  Please inform the lecturer should you detect any serious errors.
LINKS

https://wits2020.s3.amazonaws.com/Wits+2020+Weld+Fatigue+-+Introduction+-+1+Study+Guide.mp4 
https://wits2020.s3.amazonaws.com/Wits+2020+Weld+Fatigue+-+Introduction+-+2+Website.mp4 


BENDING STRESS ON SQUARE CROSS-SECTION
Problem statement
[image: ]
Solution
The second moments of area for the cross section are:

W=0.050;H=0.100;Ixx=1/12*H*W^3,Iyy=1/12*W*H^3,
Ixx =   1.0417e-06
Iyy =   4.1667e-06
The bending stress at any location in the x-y plane is:

sigb=Mx*xy(:,2)/Ixx-My*xy(:,1)/Iyy
sigb = 1.0e+07 *[0.9600 -0.9600 1.200]


BENDING MOMENT DISTRIBUTION
Principle
Steps to calculate the bending moment at any position :
1. At position , formulate the bending moments by just looking towards the origin of the coordinate system.
a. For :

b. For :
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Example
Consider the beam loaded in the -z direction with force 100 kN and constrained at Points A, B and C as shown in the figure below.  The bending moment distribution is also shown below.  From the bending moment distribution, if possible, the best point for splicing is where the bending moment is zero.
Point A

[image: ]Point C
Point B

Figure 2:  Bending moment diagram
[image: ]
[image: ]
Figure 3:  Shear force diagram


BENDING STRESS DISTRIBUTION
[image: ]
The bending stress distribution is given by: 
The second moment of area for this problem is:

For Point A:



If a tensile force is also applied, the stress at any point is given by:

Say a force of 1 kN is applied, what is the stress at point A?




TOTAL SHEAR STRESS IN THE THROAT OF A WELD
Problem Statement
Calculate the total shear stress (due to shear and normal stress) at Point A on the cross-section for a 203x133x30 parallel flange I-section subject to the simultaneous loads given below:
	Load
	Unit
	Value

	
	N
	5 000

	
	N
	1 000

	
	Nm
	500


The beam length is 3 m and the weld size is  (throat size ).
Point A

[image: ]
Table 1:  Properties of cross-sections
[image: ]
Solution
Calculate the cross-section properties
A sketch of the weld cross-section is shown below.








[image: ]

The coordinates for Point A is (x; y) = .
Calculate stress due to axial load

Calculate bending stress at Point A

The bending stress is given as:

The total axial stress at Point A is then 

Shear stress due to shear forces
We are evaluating stress at the corner, where there is no shear stress due to shear forces.
Shear stress due to torque
In the x-direction

In the y-direction

[image: ]
The total shear stress


RAINFLOW COUNTING EXPLAINED
Please watch the videos referenced in your notes.
The remainder of this section presents the counting that was demonstrated in class.  A video of this presentation is:
[image: ]#
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STRESS-LIFE PROBLEM
Problem statement
Component undergoes axial cyclic stress as follows, which was obtained by Rainflow counting of the stress signal for one repetition OF 3 months.
	Stress amplitude
[MPa]
	Stress mean
[MPa]
	Number of cycles/repetition

	100
	00
	10000

	50
	0
	5000

	100
	100
	20000

	200
	-100
	2000



Material is steel with Sut = 1,050 MPa with hardness 350 BHN.  The theoretical stress concentration factor at a notch on the part is .  The notch radius is .  The surface finish is machined.  The shaft has a radius of 100 mm and operates at temperature 
How many repetitions of loading can be loaded on the component for a 1 % probability of fatigue crack initiation?  That is, what is the fatigue life of the component?
Solution
Notched specimen – calculate the fatigue notch factors
At 106 cycles
The fatigue notch factor is given by the following equation:

Peterson for steels (Dowling, 2013, p. 498):


So, for this problem we have for an ultimate tensile strength 1 050 MPa:

From this, the fatigue notch factor at one million cycles is:




AT 1 000 cycles
For the ultimate tensile strength 152 ksi, the notch sensitivity factor from the figure is , for which:

[image: ]
The S-N curve modified for the notch, will then have the following strengths at 1 000 and 1 000 000 cycles:

From these we have:

Modification factors
Load
In this case the specimen will be subject to an axial load, while the fatigue S-N curve is for a rotating bending test (note, always check for vice-versa).  Therefore, modification factor for load is:

Temperature
The component will be operated at 500 ℃, for which the modification factor for temperature is:



Reliability
The design must be made for 1% probability of failure, or 99% probability of survival.  Therefore, from the table below, .
[image: ]
Surface 
For the machined surface, the surface roughness modification factor is .
[image: ]
Size
A size modification factor is shown below, from which (for a diameter of 200 mm):







Construct the fatigue curve
The fatigue curve, modified for the notch and the environmental factors, has the following strengths at 1 000 000 and 1 000 cycles respectively:

The S-N curve from 1 000 cycles to 1 000 000 cycles will be modelled by the following equation:
Now, the endurance at any completely reversed stress amplitude can be calculated from the following equation:

Mean stress correction
The supplied stress spectrum has non-zero mean stresses.  The Goodman equation will be applied to calculate the completely reversed stress amplitude as follows:



Calculate damage
For  and  MPa, applied for 10 000 cycles, we have:Stress amplitude
[MPa]
Stress mean
[MPa]
Number of cycles/repetition
100
00
10000
50
0
5000
100
100
20000
200
-100
2000


· The completely reversed stress amplitude is 100 MPa.
· This exceeds the endurance limit of 55.6 MPa.
· The endurance is

· The damage is:

For  and  MPa, applied for 5 000 cycles, we have:Stress amplitude
[MPa]
Stress mean
[MPa]
Number of cycles/repetition
100
00
10000
50
0
5000
100
100
20000
200
-100
2000


· The completely reversed stress amplitude is 100 MPa.
· This is less than the endurance limit of 55.6 MPa.
· The endurance is

· The damage is:



For  and  MPa, applied for 20 000 cycles, we have:Stress amplitude
[MPa]
Stress mean
[MPa]
Number of cycles/repetition
100
00
10000
50
0
5000
100
100
20000
200
-100
2000


· The completely reversed stress amplitude is:

· This exceeds the endurance limit of 55.6 MPa.
· The endurance is

· The damage is:

For  and  MPa, applied for 2 000 cycles, we have:Stress amplitude
[MPa]
Stress mean
[MPa]
Number of cycles/repetition
100
00
10000
50
0
5000
100
100
20000
200
-100
2000


· The completely reversed stress amplitude is:

· This exceeds the endurance limit of 55.6 MPa.
· The endurance is:

· The damage is:



Total damage, repetitions and life
The total caused by one repetition of the stress spectrum over a period of 3 months, is:

The number of repetitions to failure is then:

The fatigue life is:



















STRESS LIFE PROBLEM
Problem statement
300WA structural steel has the following material properties:
	E = 206 GPa, fy = 300MPa,
	fut =450MPa
Assume a notch fatigue factor of 
What is the endurance limit for ?
How many cycles to failure at: 
1. Sa= 200MPa
2. Sa= 300MPa
Solution
Step 1: Determine the unnotched S-N curve
This is steel, and we know that the endurance ratio is given as follows:

For the stress at 1000 cycles, we have:

Step 2:  Fatigue notch factors
The fatigue notch factor at endurance was given as .  The figure below shows that the fatigue notch factor at 1 000 cycles is:

[image: ]
Step 3:  Modification factors and S-N curve
The fatigue strengths at 1 000 and 1 000 000 cycles are as follows:

Size:
Nothing was mentioned, 
Load:
, because it is assumed that the part will be subject to reversed bending.
Surface:
Nothing is said, and 
Temperature:
Nothing is said, and 
Reliability:
Nothing is said, and it is assumed that calculations is to be performed for 50% probability of survival.

S-N curve:




S-N CURVE STRESS LIFE EXAMPLE – same as previous problem with different S-N curve & notch fatigue factor
Problem statement
300WA structural steel has the following material properties:
	E = 206 GPa, fy = 300MPa,
	fut =450MPa
Assume a notch fatigue factor of 
What is the endurance limit ?
How many cycles to failure at 
1.  = 200MPa
2.  =  300MPa
Solution
Step 1:  Define the equation for the S-N curve
In this case the yield strength is below 700 MPa, and we will assume that the S-N curve need to be modified for a notch fatigue factor at 1 000 cycles.  For the general unmodified, unnotched material, the S-N curve has the following two points:
However, we need to modify the S-N curve for the notch by the following factors:

The notch fatigue factor at 1 000 cycles,  is determined as  as shown below.
[image: ]For , , therefore, 

Figure 4:  Calculation of notch fatigue factor at 1 000 cycles
The limits on the S-N curve, modified for the notch, is:

The equation for the S-N curve is now:

[image: ]
Figure 5:  S-N curve for the notched specimen
The exponent (slope),  is:

Step 2:  Calculate endurance at requested stress amplitudes
1. For  (larger than ), the endurance is:

2. For  (larger than ), the endurance is:

Step 3:  General remarks
If all the stress amplitudes where endurance was required are below the endurance limit, you do not need to model the S-N curve, because, the answer is infinite life.
S-N CURVE EXAMPLE
Problem statement
Construct the S-N curve for a material with completely reversed stress amplitude  at  cycles and endurance limit  at  cycles.  Then, calculate the endurance for the following completely reversed stress amplitudes: 300 MPa, 200 MPa, and, 100 MPa.
Solution
The equation for the S-N curve is assumed to be: .
Therefore:

Say I need to calculate the endurance (fatigue life) at any stress amplitude, the equation becomes:

The other option is to find the equation for the S-N curve in the form .  For this, we use the points provided:

In this case, the endurance at any stress is then:

From which it is clear that 





RAINFLOW COUNTING
The explanation that was done in class.
Table 2:  Rainflow counted stress spectrum over a period of 1 year
	
	
	
	

	45
	35
	90
	0.5+0.5=1

	90
	10
	180
	0.5+0.5=1

	25
	25
	50
	0.5+0.5=1

	35
	25
	70
	0.5+0.5=1


[image: ](100;-80;180)
(80;-10;90)
(60;-10;70)
(50;0;50)
(-10;60;70)
(0;50;50)
(-80;100;180)
(-10;80;90)

Figure 1:  Stress signal over a period of 1 year




MEAN STRESS CORRECTION
Problem Statement
Check sensitivity for the completely reversed bending stress amplitude, , for the mean stress of a signal using the following mean stress correction relationships:
· Modified Goodman
· Gerber
· Smith, Watson & Topper (WST)
· Walker
Assume a material ultimate tensile strength  and consider the following stress states:
	Stress amplitude
[MPa]
	Stress mean
[MPa]

	100
	-100

	100
	0

	100
	100



Solution
From the notes, the relevant equations are:
	Approach
	Equations

	Modified Goodman
	

	Gerber
	

	SWT
	

	Walker
	




Programmed in Excel, the results are as shown in the table below.  Can you explain and make recommendations?  See your text book.




STRESS LIFE EXAMPLE WITH MEAN STRESS CORRECTION
Problem statement
Component undergoes cyclic stress with:
σmax = 770MPa
σmin = 70MPa
Material is steel with  = 1,050MPa and  = 420MPa.  The fully reversed stress at  = 770 MPa.
How many cycles can be loaded on the component until fatigue crack initiation?  That is, what is the fatigue life of the component?
Solution
Calculate stresses and compare with endurance limit
The stress amplitude is: 
The mean stress is: 
Do mean stress correction.  Use Goodman:
The Goodman mean stress corrected equivalent completely reversed stress amplitude is , therefore, we have finite life and the S-N curve must be calculated.
S-N curve
The S-N curve is given as:

For which:

Calculate endurance at specified stress amplitude
 is larger than the endurance limit .  For this completely reversed stress amplitude, the endurance is the:



STRESS-STRAIN RELATIONSHIP
For isotropic materials we have the following stress-strain relationship:








STRAIN-LIFE EXAMPLE WITH STRAIN INPUTS
Problem statement
The cyclic stress-strain and strain-life parameters for a steel is:
E=30 x 103 ksi; K’ = 154 ksi, σ’f = 133ksi, ε’f = 0.26, n’ = 0.202, b = -0.095,
 c=-0.47
Determine the life for the histories shown on the next slide (use Morrow).
Solution
The equations needed:
[bookmark: OLE_LINK1]Ramberg-Osgood: 
Strain-life equation: 
See the attached Excel spreadsheet.


DAY 2: YOUR FIRST DAMAGE CALCULATION
Problem Statement
A component undergoes axial cyclic loading as summarized in the table below, which was obtained from Rainflow cycle counting.
Table 3:  Stress spectrum for one repetition


Material is steel with Sut = 1,050 MPa with hardness 350 BHN.  The theoretical stress concentration factor at a notch on the part is .  The notch radius is .  The surface finish is machined.  The shaft has a radius of 100 mm and operates at temperature .
How many blocks/repetitions of loading can be loaded on the component for a 1 % probability of fatigue crack initiation?  That is, what is the fatigue life of the component for a probability of survival of 99%?
Solution
The steps that I will follow:
1. Calculate notch fatigue factors:
2. Calculate the influencing factors and the fatigue strength at 1 000 and 1 000 000 cycles as shown below:

3. Mean stress correction to calculate the equivalent completely reversed stress amplitude.  Use Goodman:

4. Calculate damage using the Palmgren-Miner rule

5. Calculate the number of repetitions: 

6. Calculate life which is (not applicable in this case):

Calculate S-N curve for the notched specimen
Modelling the notch effect
The theoretical stress concentration factor is .
The ultimate tensile strength: .
Notch root radius: 
[image: ]
For this we have the follow equations:
At endurance limit at 1 million cycles:

· Approximations for :

Therefore:

Fatigue notch factor at 1 000 cycles:



[image: ]
From the figure above, we have:


Modification factors

Size modification factor
The recommended modification factor for size is:

In this case, the component diameter is .  The modification factor for size is then:

Load modification factor
In this problem, the specimen is subject to axial loading.  The S-N curve were estimated using equations for rotating bending test.  Therefore, a modification must be made for load in this case.

In this case, 
Surface finish modification factor
From the figure below, .
[image: ]
Temperature modification factor
From the equation below,  ().

Reliability modification factor
From the table below, .
[image: ]

Mean stress correction

	Approach
	Equations

	Modified Goodman
	

	Gerber
	

	Morrow
	

	SWT
	

	Walker
	




Equation for the S-N curve

In this case, the slope of the S-N curve is calculated from the applicable fatigue strengths at 1 000 and 1 000 000 cycles as follows:

The slope of the S-N curve:


Damage for one repetition



Goodman mean stress correction:

Endurance/fatigue life:

Damage:


Goodman mean stress correction:

Endurance/fatigue life:

Damage:


Goodman mean stress correction:

Endurance/fatigue life:

Damage:


Goodman mean stress correction:

Endurance/fatigue life:

Damage:

Total damage per repetition
The total damage according to the Palmgren-Miner rule is:

The number of repetitions to failure is then 3.8:

Check with Excel
For the supplied stress spectrum, the life is 12 Blocks for a 1% probability of failure (99% probability of survival).
Table 4:  Stress spectrum for one block


Conclusion
The fatigue life of the component for 99% probability of survival is 3.8 repetitions.








[bookmark: _Toc32783205]CLASS PROBLEM
Problem statement
The flange of a welded steel girder is classified as Detail category 125 according to BS EN 1993-1-9.  The component is subject to 500 000 cycles for stress range 200 MPa.  Adopt a safe life strategy with low consequence of failure.  The partial factor for equivalent constant amplitude stress range is .  Is this design acceptable?.
Solution
Calculate the S-N curve to use
Partial factor for fatigue
For a safe life strategy with low consequence of failure, the partial factor for fatigue strength is .
	Assessment
	Consequence of failure

	
	Low
	High

	Damage tolerant
	1.0
	1.15

	Safe life
	1.15
	1.35


Modification factors
Size:  Nothing is said.
PWT:  Nothing said.  
Corrosion:  Assume non-corrosive environment or properly surface protected.
Equation for the S-N curve
For this problem we use stress range with endurance in the equation as follows:

This equation can now be changed to calculate the endurance at any stress range as follows:


In this case, the stress range is above the constant amplitude fatigue limit, and we have:

The endurance (or fatigue life) for 95% probability of survival is 321 052 cycles at stress range 200 MPa, which exceeds the number of cycles applied to the component, and the design complies.
WELD FATIGUE CLASS PROBLEM
Problem statement
[image: ]
Solution
The Sr-N curve is given by the following equation:



Modification factors
For damage tolerant design and high consequence of failure, the partial factor for fatigue strength is .
	Assessment
	Consequence of failure

	
	Low
	High

	Damage tolerant
	1.0
	1.15

	Safe life
	1.15
	1.35


The thickness modification factor is taken as  in the absence of more information.
The temperature modification factor is taken as  in the absence of information.
No post-weld treatment is specified and .
Calculate the points on the Sr-N curve
The modified characteristic strength is:

The constant-amplitude fatigue limit is:

Are there any stress ranges exceeding the constant amplitude fatigue limit?  Yes, so we need to model the stress ranges below the constant amplitude fatigue limit.
The cut-off limit is:

Because there are stress ranges exceeding the constant amplitude fatigue limit, the new endurance limit is the cut-off limit.
To calculate the fatigue life (endurance) for any stress range, the following applies:

Damage calculation
[image: ]For  and 1 022 000 cycles, we have:


[image: ]The damage is: .
For  for 408 800 cycles, we have:

The damage by this stress is then: 


For  for 29 200 cycles, we have:

The damage for this is then: 
The total damage is: .
Therefore, the total damage caused by the stress spectrum is less than 1, and the design is sufficient.
The stress spectrum can be repeated for the following number of repetitions:

The fatigue life for a damage tolerant assessment with high consequence of failure is  for 95% probability of survival.









Strain-life: Example 1
Problem statement
One repetition of the nominal stress on a Ti-6Al-4V alloy is shown in the table below.  The elastic stress concentration factor (also called the theoretical stress concentration factor) is .  Estimate the number of repetitions required to cause fatigue cracking at the notch.  Use the Ramberg-Osgood stress-strain relationship and the Neuber equation for notch response.

· The stress history is shown in Figure 59.
· Which was then reordered to start and end with the first peak or valley with the maximum absolute value as shown in Figure 60.  
· In this case, no extrema were calculated, and exact values are used.  The stress history is short enough for this.
[image: ]
[bookmark: _Ref7010599]Figure 59:  Original stress history - 1 repetition
[image: ]
[bookmark: _Ref7010615]Figure 60:  Reordered stress history - for one repetition
[image: ]
Figure 61:  Stress history with stresses indicated



Solution
The material properties for Ti-6Al-4V is as follows from Dowling Table 14.1:


[image: ]



Evaluate the stress history
Rainflow counting was performed on the stress signal as shown below:
1. The first step was to draw the start and stops for each reversal.
a. Note, that a few points, and one turning point could have been left out if peak-valley reduction (signal to extrema) was done before the Rainflow counting.
2. Then number the peaks and valleys of the relevant cycles.  In this case the time axis will be used as was calculated in Matlab.  Otherwise use A, B, C, …. as per the examples in Dowling.

[image: ]
The stress-strain response is then as follows:



Stress-strain response at the notch
The purpose of this section is to calculate the stress and strain response at the notch, and to calculate the stress and strain at every point of interest.  The points of interest are indicated in yellow in the figure below.
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Reversal 1:  From 0 to 1, monotonic stress-strain curve
For the first stress cycle, the nominal monotonic stress amplitude is .  The notch stress response is solved in Matlab as:

The notch strain amplitude for the stress reversal is then:

[image: ]1:[0.0338, 1191]


Reversal 2:  1 to 2, cyclic stress strain curve
The nominal monotonic stress amplitude is .  
Direction: .
The notch stress response is solved in Matlab as:

The notch strain amplitude for the stress reversal is then:

Therefore, the stress and strain at the end of the reversal will be:




[image: ]2:[-0.0318, -1181]
1:[0.0338, 1191]


Reversal 3:  Reversal 2 to 3, cyclic stress strain curve

[image: ]3:[-0.0090, -1099]




2:[-0.0318, -1181]
1:[0.0338, 1191]


Reversal 4:  3 to 4, cyclic stress strain curve

[image: ]4:[0.000845, 61]
3:[-0.0090, -1099]




2:[-0.0318, -1181]
1:[0.0338, 1191]





Reversal 5:  2 to 5, cyclic stress strain curve

[image: ]5:[0.02355, 1 131]
4:[0.000845, 61]
3:[-0.0090, -1099]




2:[-0.0318, -1181]
1:[0.0338, 1191]

Reversal 6:  5 to 6, cyclic stress strain curve

[image: ]6:[-0.00927, -975]
5:[0.02355, 1 131]
4:[0.000845, 61]
3:[-0.0090, -1099]




2:[-0.0318, -1181]
1:[0.0338, 1191]




Reversal 7:  6 to 7, cyclic stress strain curve

[image: ]7:[0.00722, 723]
6:[-0.00927, -975]
5:[0.02355, 1 131]
4:[0.000845, 61]
3:[-0.0090, -1099]




2:[-0.0318, -1181]
1:[0.0338, 1191]



Reversal 8:  7 to 8, cyclic stress strain curve

[image: ]8:[0.00477, 437]
7:[0.00722, 723]
6:[-0.00927, -975]
5:[0.02355, 1 131]
4:[0.000845, 61]
3:[-0.0090, -1099]




2:[-0.0318, -1181]
1:[0.0338, 1191]




Reversal 9:  2 to 9, cyclic stress strain curve
9:[0.0338, 1 191]

[image: ]8:[0.00477, 437]
7:[0.00722, 723]
6:[-0.00927, -975]
5:[0.02355, 1 131]
4:[0.000845, 61]
3:[-0.0090, -1099]




2:[-0.0318, -1181]
1:[0.0338, 1191]

Matlab commands: notch stress and strain at every point
Filename: strain_life_classproblem_2020_04_23.mlx
Class problem in strain-life
Date: 2020-04-23 done during class time.
E=117e3;
Ha=1772;na=0.106;sigfa=2030;b=-0.104;
epsfa=0.841;c=-0.688;
kt=2.6;
ferror=@(Sa,kt,E,sa,Ha,na) (kt*Sa)^2./sa/E-(sa/E+(sa/Ha).^(1/na));
epsa=@(sa,E,Ha,na) sa/E+(sa./Ha).^(1/na);
% Cycle 1: 0 to 835 MPa, Monotonic
Sa=835;sa=fzero(@(sa) ferror(Sa,kt,E,sa,Ha,na),[1 2000]);
psi=1
sa1=sa
epsa1=epsa(sa,E,Ha,na)
s1=0+psi*sa1
eps1=0+psi*epsa1
% Cycle 2: 835 to -807
Sa=(835--807)/2;sa=fzero(@(sa) ferror(Sa,kt,E,sa,Ha,na),[1 2000]);
psi=-1
sa2=sa
epsa2=epsa(sa,E,Ha,na)
s2=s1+psi*2*sa2
eps2=eps1+psi*2*epsa2
% Cycle
Sa=(440--807)/2,sa=fzero(@(sa) ferror(Sa,kt,E,sa,Ha,na),[1 2000]);
psi=1
sa3=sa
epsa3=epsa(sa,E,Ha,na)
s3=s2+psi*2*sa3
eps3=eps2+psi*2*epsa3

Sa=(440-72)/2,sa=fzero(@(sa) ferror(Sa,kt,E,sa,Ha,na),[1 2000]);
psi=-1
sa4=sa
epsa4=epsa(sa,E,Ha,na)
s4=s3+psi*2*sa4
eps4=eps3+psi*2*epsa4

Sa=(682--807)/2,sa=fzero(@(sa) ferror(Sa,kt,E,sa,Ha,na),[1 2000]);
psi=1
sa5=sa
epsa5=epsa(sa,E,Ha,na)
s5=s2+psi*2*sa5
eps5=eps2+psi*2*epsa5

Sa=(681--412)/2,sa=fzero(@(sa) ferror(Sa,kt,E,sa,Ha,na),[1 2000]);
psi=-1
sa6=sa
epsa6=epsa(sa,E,Ha,na)
s6=s5+psi*2*sa6
eps6=eps5+psi*2*epsa6

Sa=(283--412)/2,sa=fzero(@(sa) ferror(Sa,kt,E,sa,Ha,na),[1 2000]);
psi=1
sa7=sa
epsa7=epsa(sa,E,Ha,na)
s7=s6+psi*2*sa7
eps7=eps6+psi*2*epsa7

Sa=(283-173)/2,sa=fzero(@(sa) ferror(Sa,kt,E,sa,Ha,na),[1 2000]);
psi=-1
sa8=sa
epsa8=epsa(sa,E,Ha,na)
s8=s7+psi*2*sa8
eps8=eps7+psi*2*epsa8

Sa=(835--807)/2,sa=fzero(@(sa) ferror(Sa,kt,E,sa,Ha,na),[1 2000]);
psi=1
sa9=sa
epsa9=epsa(sa,E,Ha,na)
s9=s2+psi*2*sa9
eps9=eps2+psi*2*epsa9


Fatigue
From the figure below, the nominal stress cycles with number of cycles are as follows:
	From
	To
	Number of cycles


	0
	1
	1

	1
	2
	1

	3
	4
	1

	5
	6
	1

	7
	8
	1
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The steps to calculate the mean stress compensated fatigue life at the notch is as follows:
STEP 1:  The zero-mean-stress-equivalent fatigue life is given by:

STEP 2:  The mean-stress compensated fatigue life is:

This was programmed in the excel sheet on the next page.
The filename of the Excel Workbook is: Strainlife.xls

The use of the solver was demonstrated in class, as well as the use of Matlab to find the damage.











WELD FATIGUE EXAMPLE PROBLEM 2020-06-11
Problem statement
Note, to obtain maximum points for each problem clearly motivate solutions and equations used.
The H-beams shown below are joined by a complete joint penetration butt weld (made from both sides) with no cope holes.  The web and flange thickness are 45 mm.  The height of the weld convexity is less than 10% of the weld width with smooth transition to the plate surface.  Weld run-on and run-off pieces were used during welding and removed.  The edges were then ground flush in the direction of the stress.  An NDT inspection revealed no defects in the weld.  The operating temperature is 400 ℃ and the surface is not protected.  The steel beam is used in an environment where pit corrosion is likely.  No stress-relieving was done, and the stress spectrum shown below was determined without reducing the compression parts of the signal to 60% of its value as would be the case to make provision for stress-relieving.
Questions
1. What is the fatigue life of the component, in years, for 95% probability of survival, for the load spectrum given below?  Assume a low consequence of failure and damage tolerant design.
2. Will this detail category benefit from weld toe dressing?
Table 1:  Stress spectrum for a period of 10 days


[image: ]
Figure 1:  H-beam under axial loading


Solution
Detail category
From the standard, it was determined that this welded joint falls under detail category 90 (as shown below), and, for this detail category thickness modification shall be included.
[image: ]
Modification factors
Detail category was 90, which means, a strength of 90 MPa range at 2 000 000 cycles.




Partial factor for fatigue strength
For the damage tolerant design and low consequence of failure, the partial factor for fatigue strength is .
	Assessment
	Consequence of failure

	
	Low
	High

	Damage tolerant
	1.0
	1.15

	Safe life
	1.15
	1.35




Thickness
The detail category requires thickness to be considered when exceeding 25 mm as follows (for the flange thickness of 45 mm:

Temperature
The component is used at a temperature of 400 ℃, for which the temperature modification factor is  from the figure below.
[image: ]
Post-weld treatment
No post-weld treatment is specified and .
Constant amplitude fatigue limit
The constant amplitude fatigue limit is as follows:

Are there any stress ranges exceeding the constant amplitude fatigue limit?  Yes.  But, in this case, even if all stress ranges were below the constant amplitude fatigue limit, we should still do damage calculation because we operate in a corrosive environment in which the fatigue limit is not applicable.  This is also the reason why in this case the part of the Sr-N curve with slope , does not stop at the cut-off limit.
Sr-N curve
The equation for the Sr-N curve now becomes:


Damage
For  for 200 cycles, we have

The damage is: 






For  for 2 000 cycles, we have

The damage is: 




For  for 2 000 000 cycles, we have

The damage is: 



This damage must be taken, even though the cut-off limit can be calculated at 100 million cycles.  15 MPa stress range is below the cut-off limit.  If the component was not in a corrosive environment, or, if proper surface protection was implemented, the endurance would have been infinite for 15 MPa stress range.


The total damage caused by the stress spectrum is:



The number of repetitions of the stress spectrum is:



The fatigue life, in years, for 95% probability of survival, is then:






PWT: Weld toe dressing
According to the standard, the benefit of toe dressing is as follows:
Grinding & TIG dressing:
Effective stress range: 
Steel:

Aluminium:

But, in this case the surface is exposed to a corrosive environment, in which case dressing will not benefit the life.  Therefore, the surface must be protected, in which case the detail category will be:


FRACTURE CONTROL PLAN

Time, N, rotations, etc
Crack size, , [mm]
Now










WELD FATIGUE
Problem statement
Note, to obtain maximum points for each problem clearly motivate solutions and equations used.
The H-beams shown below are joined by a complete joint penetration butt weld (made from both sides) with no cope holes.  The web and flange thickness is 45 mm.  The height of the weld convexity is less than 10% of the weld width with smooth transition to the plate surface.  Weld run-on and run-off pieces were used during welding and removed.  The edges were then ground flush in the direction of the stress.  An NDT inspection revealed no defects in the weld.  
Questions
1. What is the fatigue life of the component, in years, for the load spectrum given below?  Assume a low consequence of failure and damage tolerant design.
2. Will this detail category benefit from weld toe dressing?
Table 1:  Stress spectrum for a period of 10 days




[image: ]
Figure 1:  H-beam under axial loading


CLASS PROBLEM ON 2020-05-22
The flange of a welded steel girder is classified as Detail category 125 according to BS EN 1993-1-9.  The component is subject to 500 000 cycles for stress range 200 MPa.  Adopt a safe life strategy with low consequence of failure.  The partial factor for equivalent constant amplitude stress range is ﷐𝛾﷮𝐹𝑓﷯=1.0.  Is this design acceptable?
Solution
The problem indicates a safe life assessment method with low consequence of failure.  Therefore, the partial factor for fatigue is .  
	Assessment method
	Consequence of failure

	
	Low consequence
	High consequence

	Damage tolerant
	1.00
	1.15

	Safe life
	1.15
	1.35

	Source: BS EN 1993-1-9, 2005:11



The approach is as given in the table below.  The equation for the Sr-N curve is:





Check 1:  Calculate the endurance at stress range 200 MPa and compare with the required fatigue life

The endurance is less than the required fatigue life of 500 000 cycles, and the design does not comply.
Check 2: Calculate the stress range from the fatigue curve at 500 000 cycles, and compare against the applied stress range of 200 MPa.

The fatigue strength at 500 000 cycles is 172 MPa stress range, which is less than the applied stress range of 200 MPa, and, the design does not comply.


LINKSPAN WELD FATIGUE DESIGN
The fatigue performance of a welded detail in a steel linkspan structure can be represented by a fatigue curve corresponding to BS EN 1993-1-9 Detail Category 36.  The linkspan carries typical vehicles of weight 1, 2 and 5 ton.  A linear elastic finite beam element analysis revealed the stress ranges in the welded detail as summarised in the table on the right with the proportion of vehicles carried by the ferry 70%, 28% and 2% respectively as summarised in the table.  The linkspan is used twice per day.  No more than one vehicle can occupy the linkspan at any one time.  The design life required is equal to the service life of 40 years.  Is this design sufficient if a damage tolerant with high consequence of failure strategy is implemented?  A total of 50 vehicles are carried per day, and two stress cycles are caused to the linkspan per vehicle (on- and off loading).  The part is corrosion protected and the operating temperature is 300 °C.

Check:
1 ton vehicles
n=40∙365∙50∙2∙70%
=1 022 000

Add the following to the stress spectrum:
3 000 000) and (7 MPa, 100 000 000)
Solution

The equation for the Sr-N curve for large scale manufactured components:






Partial factor for fatigue
In this case  1.15.
	Assessment method
	Consequence of failure

	
	Low consequence
	High consequence

	Damage tolerant
	1.00
	1.15

	Safe life
	1.15
	1.35

	Source: BS EN 1993-1-9, 2005:11



Thickness modification
Nothing is said about thickness, so .
Temperature modification
At 300 ℃ .
[image: ]
Post-weld treatment
Nothing is mentioned, take .





Damage and fatigue
The equation from which the endurance at any stress range can be calculated is as follows:



For  applied for 1 022 000 cycles we have:

For  applied for 408 800 cycles we have:

For  and 29 200 cycles we have:

For  and 3 000 000 cycles we have:

For  and 100 000 000 cycles we have:


The total damage is:

Repetitions to failure:

The fatigue life:

Therefore, the design is OK.










WELD FATIGE CLASS PROBLEM INCLUDING ALL
An 8 mm double fillet weld was used in a T-joint as shown below.  The stress spectrum was calculated over a period of 5 years and is summarized in the table below.  The surface is corrosion protected.  The component operating temperature is at 250 °C.  Because of the small weld that was used in the construction, the weld toes were burred to specification, and peened to specification afterwards.  The stress range has in all cases a stress ratio of R=-0.2.  The component was heat treated before post-weld treatment.  The design strategy is damage tolerant with low consequence of failure.  What is the fatigue life of the component?
Table 5:  Stress spectrum over a period of 5 years




50
50
Width: 

Solution
The following procedure will be used:
1. Find the partial factor for fatigue.
2. Calculate modification factors:
a. Temperature.
b. Size.
c. Post-weld treatment.
d. Heat-treatment effects.
3. Determine detail categories.
4. Determine the equation for the S-N curve for crack initiation at the:
a. Weld toe.
b. Weld root.
5. Calculate damage.
6. Calculate life.
Partial factor for fatigue
For a damage tolerant and low consequence of failure, the partial factor for fatigue is 
[image: ]
Modification factors/effects
Temperature
The modification factor for operation at 250 °C is 
[image: ]
Detail category: crack initiation at the weld toe
The detail category for crack initiation at the weld toe is .  This detail will benefit from heat treatment, weld toe treatment, and, peening.
[image: ]


Detail category: crack initiation in the weld root
In this case, the detail category is marked with an *, and can be moved one category up.  In this case conservativeness is not so important and the detail category was raised by one level to  (see S-N curves below).  This detail will NOT benefit from weld toe treatment or peening.  But, it will benefit from heat treatment.
[image: ]
[image: ]
Heat treatment
In this case heat treatment allows the use of 60% of the compressive part in the stress signal for range calculation.  The stress spectrum only provides the stress range and stress ratio.  To calculate the compressive stress and effective stress range for every given stress range, the following equation was used:

Steps to follow:
1. Calculate 
2. Calculate new stress range from: 
Grinding and peening for improvement at the weld toe
The problem statement mentioned grinding, then peening afterwards.  In this case, we can have the benefit of both provided that we do not exceed the limits as specified.


Grinding
For toe grinding the benefit and finale characteristic strength is:

[image: ]
Peening
The benefit from peening after grinding is:


[image: ]
Stress in the weld throat
The stress in the weld throat from the nominal stress as given will be calculated as follows:

Damage calculation and fatigue life assessment
The equation for the S-N curve will calculated endurance for any stress range as follows:

Fatigue life for crack initiation at the weld toe
The fatigue life for 95% probability of survival for crack initiation at the weld toe is 16.9 years.


Fatigue life for crack initiation at the weld throat
The fatigue life for 5% probability of crack initiation in the weld throat is 2.16 days!  Please redesign this thing.





THIN WALL PRESSURE CYLINDER

[image: ]The force that holds the longitudinal loads:
Cross-section area of steel: 
Area of pressure force: 
Stress produced in steel: 





PRESSURE VESSEL DESIGN EXAMPLE
Problem statement
[image: ]
Solution
Material selection
Choose plate steel to SA 2062.  Line 23 below.
[image: ]
The allowable stress at the operating temperature, assume room temperature, is: .
[image: ]
[image: ]
Joint efficiency
Assume no radiography.  Assume welds are all butt welds according to the description below, from which the joint efficiency is .
[image: ]
Thickness to use in calculation of design pressure
The thickness of 25.4 mm plate, specified by the client, includes a corrosion allowance of 3.2 mm.  Therefore, the thickness to use in determining the design pressure shall be 
Maximum allowable operating pressure
We know that the longitudinal (Category A) welds are loaded to the highest stress.  Or, in other words, the circumferential stress will govern the maximum allowable pressure.
[image: ]
[image: ]


The maximum allowable operating pressure:

Acceptable fatigue design question
Problem Statement
The flange of a welded steel girder is classified as Detail category 125 according to BS EN 1993-1-9.  The component is subject to 500 000 cycles for stress range 200 MPa.  Adopt a safe life strategy with low consequence of failure.  The partial factor for equivalent constant amplitude stress range is .  Is this design acceptable?
Solution
Partial factor for fatigue:
From the table below, the partial factor for fatigue strength for safe life and low consequence of failure is .
[image: ]
Modification factors
No modification effects requested.  So, none applicable.
Fatigue curve
For the stress range given above, the S-N curve equations can be manipulated as below to calculate the endurance at any stress range:
.  Therefore, the endurance at 200 MPa is 321 000 cycles, which is below the  required 500 000 cycles, and, the design do not comply.
ALTERNATIVELY

Steps:
1. Calculate the stress range at 500 000 cycles, for the partial factor for fatigue modified Sr-N curve.
2. Check if the applied stress range is below the stress range calculated above, if so, the design is acceptable.
Could also:
1. Calculate the endurance at stress range 200 MPa from the partial factor modified Sr-N curve.
2. If the applied number of cycles is < than this endurance, the design is acceptable.
Modification factors
In this case we only need to modify for the safe life strategy with high consequence of failure, for which .
[image: ]
Check 1
The stress range that the Sr-N curve allows at endurance 500 000 cycles is:

Assume the slope of the Sr-N curve is .
Therefore:

This stress range is BELOW the applied stress range, and the design is not acceptable.
Check 2: Calculate endurance
The endurance at 200 MPa stress range is 321 000 cycles, which is less than the required 500 000 cycles and the design is not acceptable:



WELD FATIGE EXAMPLE ON 2017-08-15
Problem statement
The fatigue performance of a welded detail in a steel linkspan structure can be represented by a fatigue curve corresponding to BS EN 1993-1-9 Detail Category 36.  The linkspan carries typical vehicles of weight 1, 2 and 5 ton.  A linear elastic finite beam element analysis revealed the stress ranges in the welded detail as summarised in the table on the right with the proportion of vehicles carried by the ferry 70%, 28% and 2% respectively as summarised in the table.  The linkspan is used twice per day.  No more than one vehicle can occupy the linkspan at any one time.  The design life required is equal to the service life of 40 years.  Is this design sufficient if a damage tolerant with high consequence of failure strategy is implemented?  A total of 50 vehicles are carried per day, and two stress cycles are caused to the linkspan per vehicle (on- and off loading).
The exhaust pipe blows are at temperature 350 °C on the link.  No post-weld treatment was done, as it was reserved for when failures occur.


Solution
Steps
The following steps will confirm the design:
1. Calculate the partial factor for fatigue.
2. Calculate temperature modification factor.
3. Calculate total damage and fatigue life.
Partial factor for fatigue
For a damager tolerant and high consequence of failure strategy, the partial factor for fatigue is .
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 Temperature modification factor
The modification factor for temperature for operating at 350°C is 
[image: ]

Equation for the S-N curve
The endurance is given as follows:

The important points on the S-N curve is then:

Damage calculation
For 20 MPa:




For 40 MPa:

For 100 MPa:

The total damage is then:
The total damage is then:

Therefore the design life of the link for the specified stress spectrum is:







The stress spectrum
To calculate the applied cycles over the design life of 40 years, the following formula was used:

Steps
1. Construct the Sr-N cure.  Modify for
a. Partial fatigue strength factor, .
b. Temperature.
c. Post-weld treatment.
2. Calculate damage.
3. Calculate life.
4. Make recommendations on the use of post—weld treatments if the fatigue life is < design life required.
Calculate damage
The equation of the Sr-N curve that will be used to calculate endurance, is as follows:







What about post-weld treatment
The first to verify, is if the post-weld treatment will be of any benefit for the detail.
When we do peening.
· Special requirements
· Maximum of nominal compressive stress including proof loading 
· Assume we comply
· Dependent on stress ratio:
·  effective stress range = 
·  effective stress range = maximum applied stress 
·  no benefit
It is assumed that the link is only loaded on one direction, from zero stress to a maximum value equal to the range.  In this case .  Therefore, the effective stress range is as given in the table.
Assume the material is structural steel 350W.  For this material, the benefit from peening is as follows:

[image: ]





PRESSURE VESSEL EXAMPLE 2020-06-12
Problem Statement
· A fabricator of a pressure vessel elected to use as 25.4 mm plate made of:
· Specify the material
· The radius should be 500 mm
· Determine the allowable working pressure of the cylindrical section of the pressure vessel
· Corrosion Allowance:
· Make provision for 3.2 mm for corrosion
· The operating temperature is 600 ℉.
Answer in class in the class notes document
Solution
Procedure to follow:
1. Select material.
a. ASME Section II, Part D.
b. From this, I will obtain the maximum allowable design stress.
2. Joint efficiency.
3. Reduce plate thickness with corrosion allowance.
4. Calculate allowable working pressure.


Material selection
From the table below, I recommend the use of SA 537 plate.  See Line 16.
[image: ]

The material properties:
From the figure below, the minimum ultimate tensile and yield strengths are 70 and 50 ksi respectively.
From the figure below the figure below, the maximum allowable design stress at 600 ℉ is 19.5 ksi.
[image: ]
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From the table below, the maximum allowable pressure is given as:

In this case, to make provision for corrosion, the internal radius and thickness are:

The thickness to use in this case is:

[image: ]
Joint efficiency
The problem statement does not indicate any radiographic post-weld inspections and the vessel will be designed to make provision for no radiographic inspection.  No detail was provided on the make-up of the joints.
For this case and for Category A, the joint efficiency is .
[image: ]

Maximum allowable pressure
Therefore, the maximum allowable pressure in this pressure vessel is:















PRESSURE VESSEL AND CHECK FOR BUCKLING
Problem statement
· A horizontal vessel with inside diameter 1,500 mm is to be fabricated from SA-516 Grade 70 material.  The design pressure at the top of the vessel is 3,378 kPa (3.4 MPa) at 216 °C.   This measurement point was at a height of 1.5 m above the centerline of the cylinder.
· All longitudinal joints shall be Type 1 and spot radiographed in accordance with UW-52
· Circumferential joints are Type 1 with no radiography
· Vessel operates full of liquid with density 998 kg/m3.  Distance from the centerline to the uppermost part of vessel is 1.5 m.
· Determine the required thickness at Point A
· Neglect the weight of the vessel in the calculation
· UG-22 states that the static head of the liquid must be included in the pressure P
[image: ]
Solution
1. Calculate the design pressure.
2. Find the maximum allowable design stress.
3. Circumferential stress
a. Find joint efficiency.
b. Calculate 
4. Longitudinal stress at the bottom
a. Find joint efficiency
b. Calculate bending stress
c. Calculate 
d. Calculate stress at the top of the vessel.
i. If < 0, check for buckling.
5. Add thickness for corrosion
Design pressure
The pressure at the top of the vessel was given 3 378 kPa.  However, hydrostatic pressure need to be included and from this the design pressure is:

Maximum allowable design stress
The temperature is 443 °F.  For this, the maximum allowable stress is 20 ksi, 140 MPa.

[image: ]
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Circumferential stress
Joint efficiency and thickness
The joint efficiency for the longitudinal welds is .85.  The thickness required is:

Confirm that this thickness is available for the material.
[image: ]
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Longitudinal stress at the top
The longitudinal stress due to pressure and bending is given by the following equation:

  Ag nee, this is tto small to demonstrate buckling.  Say it is:
The maximum bending moment is at the centre of the pressure vessel:


There is compressive stress.  Confirm buckling.
Confirm buckling
Step 1:  Calculate A

Step 2:  Factor B from graph
From the graph below, the factor is .  Therefore, the thickness is adequate to prevent buckling because  is more than the compressive stress of 80 MPa.
[image: ]

Check longitudinal stress at bottom

This is small contribution and will be neglected.








PLANE STRESS AND STRAIN
The constitutive model for isotropic materials:


Say we have stress state: 
Under plane strain conditions, the strains .  Then stresses  will be generated because:




FRACTURE MECHANICS
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FRACTURE MECHANICS CLASS PROBLEM
Problem statement
You have a rectangular cross section steel part with yield strength 500 MPa and Charpy test energy 35 J that has a double edge crack measured 2 mm on each side.  The part is subject to an axial stress amplitude 100 MPa, mean 0 MPa, for 50 cycles per hour.  The width of the part is 250 mm and thickness 30 mm.  The part is used for 8 hours per day.  For how long can the part be used before failure?  What can be done to increase the fatigue life?
Solution
Steps:
1. Determine the plane strain fracture toughness of the material.
2. Calculate the crack size where failure occur.
a. Fracture
b. Plastic collapse
3. Get a model for the geometric stress concentration factor.
4. Set up the Paris rule for crack propagation.
5. Solve
Plane strain fracture toughness
A lower bound for the plane strain fracture toughness will be used, given by:

Fracture
Fracture occurs when the crack size reaches a value so that the stress intensity factor equals the plane strain fracture toughness at the maximum tensile stress:

The geometric stress concentration factor is given by the following figure:
[image: ]

Plastic collapse
Plastic collapse occurs when the crack size reaches a value so that the stress in the remaining section becomes equal to the yield strength:

Crack propagation
The crack propagation will be modelled as follows:
where 

Calculation sheet
For this load application the stress ration is -1.  Therefore the threshold stress intensity level is 5.4 MPam0.5.  The applied stress intensity range is 8.9 MPam0.5, which is higher than threshold value, and, crack propagation will occur.  From the table below, the crack will propagate to 36 mm in 450 cycles where the fracture toughness is reached.  The component fails in fracture.  For fracture collapse, a material with plane strain facture toughness of 70 MPam0.5 or more is required to allow the crack to grow to 100 mm in length.
Life can be extended by:
1. Repairing the crack.
2. Drill-stop the crack.
3. Retard the crack by tensile overloading.
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(*See Maximum Te;mefatl-me Limits for Rémmm on Class)
More attention to this follow in the UW slides

Alloy
Desig/  Class/

Line Nominal Spec UNS Cond/ Size/ Group
No. Composition Product Form No. Type/Grade No. Temper Thickness, in. P-No. No.
1 Smis. & wid. fittings  SA-234 WPC K03501 1 2
3 Castings SA352  LCC J02505 ... 1 2
4 Castings SA-487 16 A 1 2
5 Plate SA-537 .. K12437 3 a<tse 1 3
6 Smis. tube SA-556  C2 K03006 1 2
7 Tube SA-557 €2 K03505 1 2
8 Cast pipe SA-660 WCC 402505 1 2
9 Bar SA-695  B/40 K03504 1 2
10 Bar SA-69% C K03200 1 2
u Shest SA-414 F K03102 ... 1 2
12 Plate SA662 C K02007 1 2
14 Plate SA-537 K12437 2 1 3
15 Plate SA-738 4<tse 1 3
16 Plate SA-537 ... K12437 1 s2% 1 2
17 Wid. pipe SA-671  CD70 K12437 $2% 1 2
18 Wid. pipe SA-672 D70 K12437 <2% 1 2
19 Wwid. pipe SA-691 CMSH-70  K12437 ... s2Y% 1 2
20
21 Plate SA-485 . K03300 Yotz 2
22 Forgings SA266 3 K05001 2
23 Plate SA-455 K03300 <% 1 2
24 Plate SA299 .. K02803 >1 1 2
25 Wid. pipe SA671  CK75 K02803 >1 1 2
26 Wid. pipe SA672  N75 K02803 >1 1 2
27 Wid. pipe SA691 CMS-75  K02803 >1 1 2
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Min.
Tensile
Line Strength,
No. ksl
1 70
2
3 70
4 70
5 70
6 70
7 70
8 70
9 70
10 70
1 70
12 70
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14 70
15 70
16 70
17 70
18 70
19 70
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40

40
40
40
40
40
40
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50
50
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NP
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NP
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TABLE 1A (CONT'D)
SECTION I; SECTION I11, CLASS 2 AND 3;* AND SECTION VIII, DIVISION 1
MAXIMUM ALLOWABLE STRESS VALUES 5 FOR FERROUS MATERIALS

(*See Maximum Temperature Limits for Restrictions on Class)

Applic. and Max. Temp. Limits

(NP = Not Permitted)
(SPT = Supports Only)

m

700
700
700

NP
NP
NP
700
700
700

NP
NP
700
650

700
700
700
700

Vi1

800
NP
NP

700
800
1000
NP
800
NP

900
700
700
650

650
NP
NP
NP

External
Pressure
Chart
No.

Cs-3

cs-3
cs3
cs3
cs3
cs3
cs3
cs4
cs-4

Cs-4

Cs-4

Notes

610, 618, T1

617, T1

621, 623, W11

610, 1

624, G35, T2, W6

G1, 610, 617, 618, 51, 1
G10, T1

m

610, 635, T1
s

621, 623, T1, W1
621, 623, W11

623, T1

$6, T, W10, W12
S6, T1, W10, W12
$6, T1, W10, W12
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TABLE 1A (CONT'D)
SECTION I; SECTION III, CLASS 2 AND 3;* AND SECTION VIII, DIVISION 1
MAXIMUM ALLOWABLE STRESS VALUES S FOR FERROUS MATERIALS
(*See Maximum Temperature Limits for Restrictions on Class)

Maximum Allowable Stress, ksi (Multiply by 1000 to Obtain psi), for Metal Temperature, °F, Not Exceeding

Line

No. -2010100 150 200 250 300 400 500 600 650 700 750 800 850 900

1
2
3 . X
a 20.0 19.9 . 18.1 17.9 179 17.9 17.9
5 20.0 200 20.0 197 195 18.9 18.0 17.6 17.2
6 20.0 200 200 .. 200 200 200 200 198 183 148 120 ..
7 17.0 17.0 17.0 17.0 17.0 17.0 17.0 16.8 155 12,6 102 7.9 57
8 20.0 - 20.0 20.0 20.0 20.0 200 19.8 183 14.8 12.0 9.3 67
9 20.0 20.0 20.0 . 20.0 200 20.0 20.0 19.8 183 148 120
10 20.0 20.0 200 20.0 20.0 200 19.8 18.3
1 200 20.0 20.0 20.0 200 20.0 20.0 20.0 183 148 120 9.3 6.7
12 20.0 200 200 .. 200 200 200 200 200 183 ..
14 20.0 - 20.0 19.7 195 195 19.5 19.5 183
15 20.0 20.0 197 195 195 195 19.5 e
16 20.0 20.0 19.7 195 19.5 195 195 18.3 e -
17 20.0 . 20.0 197 195 19.5 19.5 19.5 18.3 e -
18 20.0 200 .. 197 195 195 195 195 183 . .

19 20.0 20.0 19.7 19.5 195 195 19.5 183
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Part Thickness, t,, Pressure, P, Stress, S,
[mm] [MPa] [MPa]
Cylindrical shell Pr SEt P(r+0.6t)
SE; — 0.6P T+ 0.6t tE;
Spherical shell Pr 2SEqt P(r+0.2t)
2SE; —0.2P r+0.2t 2tE;
2:1 Semi-elliptical PD 2SEt P(D +0.2t)
head 2SE — 0.2P D +0.2¢t 2tE
Torispherical head 0.885PL SEt P(0.885L + 0.1t)
with 6% knuckle SE —0.1P 0.885L + 0.1t tE
Conical section PD 2SEtcosa P(D +1.2tcosa)
(a = 30°) 2cosa (SE — 0.6P) D +12tcosa 2tEcosa

Notes, all dimension in mm and pressure in MPa. You can also use m and Pa.
D Internal diameter [nm]. Add twice the corrosion allowance

L Inside crown radius of Torispherical head [mm]. Add corrosion allowance.
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TABLE UW-12

MAXIMUM ALLOWABLE JOINT EFFICIENCIES"> FOR ARC AND GAS WELDED JOINTS

Degree of Radiographic Examination

Type Joint. (@) (b) ©
No. Joint Description Limitations Category Ful? Spot? None
(1 Butt joints as attained by None A B C &D 1.00 0.85 0.70

double-welding or by other

means which will obain the

same quality of deposited weld

metal on the Inside and outside

weld surfaces to agree with the

requirements of UW-35.

Welds using metal backing

strips which remain In place

are excluded.

@ Single-welded butt joint with (a) None except as In (b) below A B, C,&D 0.90 0.80 0.65
backing strip other than those (b) Circumferential butt joints with A B &C 0.90 0.80 0.65
included under (1) one plate offset; see UW-13(b)(4) and

Fig. UW-13.1, sketch (k)

3) Single-welded butt joint Clrcumferential butt joints only, not A B &C NA NA 0.60
without use of backing strip over % In. (16 mm) thick and not

over 24 In. (610 mm) outside
diameter

@) Double full fillet lap joint (a) Longltudinal Joints not over % A NA NA 0.55

in. (10 mm) thick
(b) Circumferential joints not over B&C® NA NA 0.55

% In. (16 mm) thick
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TABLE UW-12

MAXIMUM ALLOWABLE JOINT EFFICIENCIES™® FOR ARC AND GAS WELDED JOINTS

Degree of Radiographic Examination

Type Joint (@ (b) (©
No. Joint Description Limitations Category Full Spot? None
&%) Butt Joints as attained by None A/B,C &D 1.00 085 070

double-welding or by other
means which will obain the
same quality of deposited weld
metal on the Inside and outside
weld surfaces to agree with the
requirements of UW-35.
Welds using metal backing
strips which remain in place
are excluded.
@ sSingle-welded butt Joint with (a None except as In (b) below A/B,C &D 0.90 0.80 065
backing strip other than those (b) Circumferential butt Joints with AB&C 0.90 0.80 065
Included under (1) one plate offset; see UW-13(b)(4) and
Flg. UW-13.1, sketch (k)
@) single-welded butt Joint Circumferentlal butt Joints only, not AB&C NA NA 060
without use of backing strip over % In. (16 mm) thick and not
over 24 in. (610 mm) outside
diameter
@ Double full fillet lap Joint (a) Longitudinal Joints not over % A NA NA 055
In. (10 mm) thick
(b) Circumferential Joints not over B&cCt NA NA 055
% In. (16 mm) thick
(5) single full fillet lap Joints with (a) Circumferential Joints* for 8 NA NA 050
plug welds conforming to UW- attachment of heads not over 24 in.
17 (610 mm) outside diameter to shells
not over ; In. (13 mm) thick
(b) Circumferential Joints for the c NA NA 050

attachment to shells of Jackets not
over % In. (16 mm) In nominal

thickness where the distance from the
center of the plug weld to the edge of
the plate Is not less than 1% times the

diameter of the hole for the plug.

(continued)
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GENERAL NOTE: See Table CS-2 for tabular values.
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FACTOR A

FIG. CS-2 CHART FOR DETERMINING SHELL THICKNESS OF COMPONENTS UNDER EXTERNAL PRESSURE

WHEN CONSTRUCTED OF CARBON OR LOW ALLOY STEELS (Specified Minimum Yield Strength 30,000 psi and

Over Except for Materials Within This Range Where Other Specific Charts Are Referenced) AND TYPE 405 AND
TYPE 410 STAINLESS STEELS [Note (1)1
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R = 0.3 dN =  1000

ΔK = 50MPa

C =  1.6E-13

Kc = 1.00E-06

mf = 4

W= 1MPa

a β da/dN da N

0.005 1.119111 1.6E-08 1.60063E-05 1000

0.005016 1.119109 1.61E-08 1.61089E-05 2000

0.005032 1.119107 1.62E-08 1.62125E-05 3000

0.005048 1.119105 1.63E-08 1.63172E-05 4000

0.005065 1.119103 1.64E-08 1.64228E-05 5000

0.005081 1.119101 1.65E-08 1.65295E-05 6000

0.005098 1.119099 1.66E-08 1.66372E-05 7000
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		R =				0.3				dN = 		1000

		ΔK =				50		MPa

		C = 				0

		Kc =				1.00E-06

		mf =				4

		W=				1		MPa

		a		β		da/dN		da		N

		0.005		1.1191113015		0.000000016		0.0000160062		1000

		0.0050160062		1.1191092871		0.0000000161		0.0000161089		2000

		0.0050321151		1.1191072651		0.0000000162		0.0000162125		3000

		0.0050483277		1.1191052354		0.0000000163		0.0000163172		4000

		0.0050646448		1.1191031981		0.0000000164		0.0000164228		5000

		0.0050810676		1.119101153		0.0000000165		0.0000165295		6000

		0.0050975971		1.1190991003		0.0000000166		0.0000166372		7000

		0.0051142344		1.1190970398		0.0000000167		0.000016746		8000

		0.0051309803		1.1190949716		0.0000000169		0.0000168558		9000

		0.0051478362		1.1190928956		0.000000017		0.0000169668		10000

		0.0051648029		1.1190908118		0.0000000171		0.0000170788		11000

		0.0051818817		1.1190887202		0.0000000172		0.0000171919		12000

		0.0051990737		1.1190866208		0.0000000173		0.0000173062		13000

		0.0052163799		1.1190845135		0.0000000174		0.0000174216		14000

		0.0052338015		1.1190823984		0.0000000175		0.0000175382		15000

		0.0052513396		1.1190802753		0.0000000177		0.0000176559		16000

		0.0052689955		1.1190781444		0.0000000178		0.0000177748		17000

		0.0052867703		1.1190760056		0.0000000179		0.0000178949		18000

		0.0053046653		1.1190738588		0.000000018		0.0000180163		19000

		0.0053226816		1.1190717041		0.0000000181		0.0000181389		20000

		0.0053408205		1.1190695414		0.0000000183		0.0000182627		21000

		0.0053590832		1.1190673707		0.0000000184		0.0000183878		22000

		0.005377471		1.1190651921		0.0000000185		0.0000185142		23000

		0.0053959853		1.1190630054		0.0000000186		0.0000186419		24000

		0.0054146272		1.1190608108		0.0000000188		0.000018771		25000

		0.0054333982		1.1190586081		0.0000000189		0.0000189013		26000

		0.0054522995		1.1190563974		0.000000019		0.0000190331		27000

		0.0054713326		1.1190541787		0.0000000192		0.0000191662		28000

		0.0054904988		1.1190519519		0.0000000193		0.0000193007		29000

		0.0055097995		1.1190497171		0.0000000194		0.0000194366		30000

		0.0055292361		1.1190474742		0.0000000196		0.000019574		31000

		0.0055488101		1.1190452233		0.0000000197		0.0000197128		32000

		0.005568523		1.1190429643		0.0000000199		0.0000198532		33000

		0.0055883761		1.1190406972		0.00000002		0.000019995		34000

		0.0056083711		1.1190384221		0.0000000201		0.0000201383		35000

		0.0056285094		1.1190361389		0.0000000203		0.0000202832		36000

		0.0056487926		1.1190338477		0.0000000204		0.0000204296		37000

		0.0056692223		1.1190315483		0.0000000206		0.0000205777		38000

		0.0056898		1.1190292409		0.0000000207		0.0000207273		39000

		0.0057105273		1.1190269255		0.0000000209		0.0000208786		40000

		0.0057314059		1.119024602		0.000000021		0.0000210316		41000

		0.0057524375		1.1190222705		0.0000000212		0.0000211862		42000

		0.0057736237		1.119019931		0.0000000213		0.0000213426		43000

		0.0057949663		1.1190175834		0.0000000215		0.0000215006		44000

		0.0058164669		1.1190152279		0.0000000217		0.0000216605		45000

		0.0058381274		1.1190128643		0.0000000218		0.0000218221		46000

		0.0058599495		1.1190104928		0.000000022		0.0000219856		47000

		0.0058819351		1.1190081133		0.0000000222		0.0000221508		48000

		0.0059040859		1.1190057259		0.0000000223		0.000022318		49000

		0.0059264039		1.1190033306		0.0000000225		0.000022487		50000

		0.0059488909		1.1190009274		0.0000000227		0.000022658		51000

		0.0059715489		1.1189985163		0.0000000228		0.0000228309		52000

		0.0059943798		1.1189960974		0.000000023		0.0000230058		53000

		0.0060173857		1.1189936707		0.0000000232		0.0000231828		54000

		0.0060405685		1.1189912362		0.0000000234		0.0000233617		55000

		0.0060639302		1.118988794		0.0000000235		0.0000235428		56000

		0.006087473		1.1189863441		0.0000000237		0.000023726		57000

		0.0061111989		1.1189838866		0.0000000239		0.0000239113		58000

		0.0061351102		1.1189814214		0.0000000241		0.0000240987		59000

		0.0061592089		1.1189789487		0.0000000243		0.0000242884		60000

		0.0061834974		1.1189764684		0.0000000245		0.0000244804		61000

		0.0062079777		1.1189739807		0.0000000247		0.0000246746		62000

		0.0062326523		1.1189714856		0.0000000249		0.0000248711		63000

		0.0062575234		1.1189689831		0.0000000251		0.00002507		64000

		0.0062825935		1.1189664734		0.0000000253		0.0000252713		65000

		0.0063078648		1.1189639564		0.0000000255		0.000025475		66000

		0.0063333398		1.1189614322		0.0000000257		0.0000256812		67000

		0.006359021		1.118958901		0.0000000259		0.0000258899		68000

		0.0063849108		1.1189563627		0.0000000261		0.0000261011		69000

		0.006411012		1.1189538175		0.0000000263		0.000026315		70000

		0.0064373269		1.1189512655		0.0000000265		0.0000265314		71000

		0.0064638584		1.1189487066		0.0000000268		0.0000267506		72000

		0.0064906089		1.1189461412		0.000000027		0.0000269725		73000

		0.0065175814		1.1189435691		0.0000000272		0.0000271971		74000

		0.0065447785		1.1189409905		0.0000000274		0.0000274245		75000

		0.006572203		1.1189384056		0.0000000277		0.0000276549		76000

		0.0065998579		1.1189358144		0.0000000279		0.0000278881		77000

		0.006627746		1.1189332171		0.0000000281		0.0000281243		78000

		0.0066558703		1.1189306137		0.0000000284		0.0000283635		79000

		0.0066842337		1.1189280045		0.0000000286		0.0000286057		80000

		0.0067128394		1.1189253894		0.0000000289		0.0000288511		81000

		0.0067416905		1.1189227687		0.0000000291		0.0000290996		82000

		0.0067707901		1.1189201426		0.0000000294		0.0000293514		83000

		0.0068001415		1.118917511		0.0000000296		0.0000296064		84000

		0.0068297479		1.1189148743		0.0000000299		0.0000298648		85000

		0.0068596127		1.1189122326		0.0000000301		0.0000301265		86000

		0.0068897392		1.118909586		0.0000000304		0.0000303917		87000

		0.0069201309		1.1189069347		0.0000000307		0.0000306604		88000

		0.0069507913		1.1189042789		0.0000000309		0.0000309327		89000

		0.006981724		1.1189016188		0.0000000312		0.0000312086		90000

		0.0070129327		1.1188989546		0.0000000315		0.0000314883		91000

		0.0070444209		1.1188962864		0.0000000318		0.0000317717		92000

		0.0070761926		1.1188936146		0.0000000321		0.0000320589		93000

		0.0071082515		1.1188909393		0.0000000324		0.0000323501		94000

		0.0071406016		1.1188882608		0.0000000326		0.0000326452		95000

		0.0071732468		1.1188855792		0.0000000329		0.0000329444		96000

		0.0072061912		1.118882895		0.0000000332		0.0000332477		97000

		0.0072394388		1.1188802082		0.0000000336		0.0000335552		98000

		0.007272994		1.1188775192		0.0000000339		0.0000338669		99000

		0.0073068609		1.1188748283		0.0000000342		0.0000341831		100000

		0.007341044		1.1188721357		0.0000000345		0.0000345037		101000

		0.0073755477		1.1188694418		0.0000000348		0.0000348288		102000

		0.0074103765		1.1188667469		0.0000000352		0.0000351585		103000

		0.0074455349		1.1188640513		0.0000000355		0.0000354929		104000

		0.0074810278		1.1188613554		0.0000000358		0.0000358321		105000

		0.0075168599		1.1188586594		0.0000000362		0.0000361762		106000

		0.0075530361		1.1188559638		0.0000000365		0.0000365252		107000

		0.0075895613		1.118853269		0.0000000369		0.0000368793		108000

		0.0076264406		1.1188505753		0.0000000372		0.0000372386		109000

		0.0076636792		1.1188478832		0.0000000376		0.0000376031		110000

		0.0077012824		1.118845193		0.000000038		0.0000379731		111000

		0.0077392554		1.1188425053		0.0000000383		0.0000383485		112000

		0.0077776039		1.1188398205		0.0000000387		0.0000387294		113000

		0.0078163333		1.1188371391		0.0000000391		0.0000391161		114000

		0.0078554495		1.1188344615		0.0000000395		0.0000395086		115000

		0.0078949581		1.1188317883		0.0000000399		0.000039907		116000

		0.0079348651		1.11882912		0.0000000403		0.0000403115		117000

		0.0079751766		1.1188264572		0.0000000407		0.0000407221		118000

		0.0080158987		1.1188238004		0.0000000411		0.000041139		119000

		0.0080570377		1.1188211503		0.0000000416		0.0000415624		120000

		0.0080986001		1.1188185074		0.000000042		0.0000419923		121000

		0.0081405923		1.1188158725		0.0000000424		0.0000424289		122000

		0.0081830212		1.1188132461		0.0000000429		0.0000428723		123000

		0.0082258935		1.1188106289		0.0000000433		0.0000433227		124000

		0.0082692163		1.1188080218		0.0000000438		0.0000437803		125000

		0.0083129965		1.1188054254		0.0000000442		0.0000442451		126000

		0.0083572416		1.1188028404		0.0000000447		0.0000447173		127000

		0.0084019589		1.1188002678		0.0000000452		0.0000451971		128000

		0.008447156		1.1187977083		0.0000000457		0.0000456847		129000

		0.0084928407		1.1187951628		0.0000000462		0.0000461802		130000

		0.0085390208		1.1187926322		0.0000000467		0.0000466837		131000

		0.0085857046		1.1187901175		0.0000000472		0.0000471956		132000

		0.0086329002		1.1187876195		0.0000000477		0.0000477159		133000

		0.0086806161		1.1187851393		0.0000000482		0.0000482448		134000

		0.0087288609		1.118782678		0.0000000488		0.0000487826		135000

		0.0087776435		1.1187802366		0.0000000493		0.0000493294		136000

		0.0088269728		1.1187778162		0.0000000499		0.0000498854		137000

		0.0088768582		1.1187754181		0.0000000505		0.0000504508		138000

		0.008927309		1.1187730433		0.000000051		0.0000510259		139000

		0.0089783349		1.1187706932		0.0000000516		0.0000516109		140000

		0.0090299458		1.1187683691		0.0000000522		0.0000522059		141000

		0.0090821517		1.1187660723		0.0000000528		0.0000528113		142000

		0.009134963		1.1187638043		0.0000000534		0.0000534273		143000

		0.0091883903		1.1187615664		0.0000000541		0.0000540541		144000

		0.0092424444		1.1187593602		0.0000000547		0.0000546919		145000

		0.0092971364		1.1187571874		0.0000000553		0.0000553411		146000

		0.0093524775		1.1187550494		0.000000056		0.0000560019		147000

		0.0094084794		1.1187529481		0.0000000567		0.0000566746		148000

		0.009465154		1.1187508851		0.0000000574		0.0000573594		149000

		0.0095225134		1.1187488623		0.0000000581		0.0000580568		150000

		0.0095805702		1.1187468817		0.0000000588		0.0000587668		151000

		0.009639337		1.1187449451		0.0000000595		0.00005949		152000

		0.009698827		1.1187430548		0.0000000602		0.0000602266		153000

		0.0097590536		1.1187412127		0.000000061		0.0000609769		154000

		0.0098200304		1.1187394211		0.0000000617		0.0000617412		155000

		0.0098817717		1.1187376824		0.0000000625		0.00006252		156000

		0.0099442917		1.1187359989		0.0000000633		0.0000633136		157000

		0.0100076053		1.1187343731		0.0000000641		0.0000641224		158000

		0.0100717278		1.1187328077		0.0000000649		0.0000649468		159000

		0.0101366745		1.1187313053		0.0000000658		0.0000657871		160000

		0.0102024616		1.1187298688		0.0000000666		0.0000666438		161000

		0.0102691054		1.1187285011		0.0000000675		0.0000675173		162000

		0.0103366226		1.1187272052		0.0000000684		0.000068408		163000

		0.0104050306		1.1187259843		0.0000000693		0.0000693165		164000

		0.0104743471		1.1187248417		0.0000000702		0.0000702431		165000

		0.0105445902		1.1187237809		0.0000000712		0.0000711884		166000

		0.0106157785		1.1187228054		0.0000000722		0.0000721528		167000

		0.0106879313		1.1187219189		0.0000000731		0.000073137		168000

		0.0107610683		1.1187211254		0.0000000741		0.0000741413		169000

		0.0108352096		1.1187204289		0.0000000752		0.0000751665		170000

		0.0109103761		1.1187198335		0.0000000762		0.000076213		171000

		0.0109865891		1.1187193438		0.0000000773		0.0000772815		172000

		0.0110638706		1.1187189642		0.0000000784		0.0000783725		173000

		0.0111422431		1.1187186995		0.0000000795		0.0000794868		174000

		0.0112217298		1.1187185547		0.0000000806		0.0000806249		175000

		0.0113023548		1.118718535		0.0000000818		0.0000817876		176000

		0.0113841424		1.1187186459		0.000000083		0.0000829756		177000

		0.0114671179		1.1187188929		0.0000000842		0.0000841895		178000

		0.0115513075		1.1187192819		0.0000000854		0.0000854303		179000

		0.0116367377		1.1187198191		0.0000000867		0.0000866986		180000

		0.0117234363		1.1187205109		0.000000088		0.0000879953		181000

		0.0118114316		1.1187213641		0.0000000893		0.0000893212		182000

		0.0119007529		1.1187223855		0.0000000907		0.0000906773		183000

		0.0119914301		1.1187235826		0.0000000921		0.0000920644		184000

		0.0120834945		1.1187249629		0.0000000935		0.0000934834		185000

		0.0121769779		1.1187265345		0.0000000949		0.0000949355		186000

		0.0122719134		1.1187283056		0.0000000964		0.0000964216		187000

		0.012368335		1.1187302851		0.0000000979		0.0000979427		188000

		0.0124662777		1.1187324819		0.0000000995		0.0000995		189000

		0.0125657777		1.1187349058		0.0000001011		0.0001010947		190000

		0.0126668724		1.1187375666		0.0000001027		0.0001027279		191000

		0.0127696003		1.1187404748		0.0000001044		0.0001044009		192000

		0.0128740012		1.1187436414		0.0000001061		0.000106115		193000

		0.0129801162		1.1187470777		0.0000001079		0.0001078715		194000

		0.0130879877		1.1187507959		0.0000001097		0.0001096719		195000

		0.0131976596		1.1187548085		0.0000001115		0.0001115176		196000

		0.0133091772		1.1187591286		0.0000001134		0.0001134102		197000

		0.0134225873		1.1187637701		0.0000001154		0.0001153512		198000

		0.0135379385		1.1187687474		0.0000001173		0.0001173423		199000

		0.0136552808		1.1187740758		0.0000001194		0.0001193853		200000

		0.0137746661		1.1187797712		0.0000001215		0.0001214819		201000

		0.0138961481		1.1187858504		0.0000001236		0.0001236342		202000

		0.0140197822		1.1187923309		0.0000001258		0.0001258439		203000

		0.0141456261		1.1187992311		0.0000001281		0.0001281132		204000

		0.0142737393		1.1188065706		0.0000001304		0.0001304443		205000

		0.0144041836		1.1188143695		0.0000001328		0.0001328394		206000

		0.014537023		1.1188226495		0.0000001353		0.0001353009		207000

		0.0146723239		1.1188314331		0.0000001378		0.0001378312		208000

		0.0148101551		1.1188407438		0.0000001404		0.0001404329		209000

		0.0149505879		1.1188506068		0.0000001431		0.0001431087		210000

		0.0150936967		1.1188610484		0.0000001459		0.0001458615		211000

		0.0152395582		1.1188720961		0.0000001487		0.0001486943		212000

		0.0153882525		1.1188837792		0.0000001516		0.0001516101		213000

		0.0155398626		1.1188961285		0.0000001546		0.0001546123		214000

		0.0156944749		1.1189091764		0.0000001577		0.0001577042		215000

		0.0158521791		1.1189229572		0.0000001609		0.0001608894		216000

		0.0160130685		1.1189375069		0.0000001642		0.0001641719		217000

		0.0161772404		1.1189528637		0.0000001676		0.0001675554		218000

		0.0163447958		1.1189690681		0.000000171		0.0001710443		219000

		0.0165158401		1.1189861625		0.0000001746		0.0001746429		220000

		0.016690483		1.119004192		0.0000001784		0.0001783559		221000

		0.0168688388		1.1190232044		0.0000001822		0.0001821881		222000

		0.0170510269		1.1190432501		0.0000001861		0.0001861447		223000

		0.0172371716		1.1190643825		0.0000001902		0.0001902311		224000

		0.0174274027		1.1190866583		0.0000001945		0.0001944531		225000

		0.0176218559		1.1191101375		0.0000001988		0.0001988167		226000

		0.0178206726		1.1191348839		0.0000002033		0.0002033283		227000

		0.0180240008		1.119160965		0.000000208		0.0002079946		228000

		0.0182319954		1.1191884525		0.0000002128		0.0002128227		229000

		0.0184448181		1.1192174228		0.0000002178		0.0002178203		230000

		0.0186626384		1.1192479569		0.000000223		0.0002229953		231000

		0.0188856337		1.1192801411		0.0000002284		0.0002283561		232000

		0.0191139899		1.1193140671		0.0000002339		0.0002339119		233000

		0.0193479017		1.1193498328		0.0000002397		0.000239672		234000

		0.0195875738		1.1193875424		0.0000002456		0.0002456467		235000

		0.0198332204		1.119427307		0.0000002518		0.0002518466		236000

		0.020085067		1.1194692452		0.0000002583		0.0002582832		237000

		0.0203433502		1.1195134837		0.000000265		0.0002649687		238000

		0.0206083189		1.1195601578		0.0000002719		0.000271916		239000

		0.0208802349		1.1196094125		0.0000002791		0.0002791389		240000

		0.0211593737		1.1196614025		0.0000002867		0.0002866522		241000

		0.0214460259		1.1197162941		0.0000002945		0.0002944715		242000

		0.0217404974		1.119774265		0.0000003026		0.0003026137		243000

		0.022043111		1.1198355062		0.0000003111		0.0003110967		244000

		0.0223542077		1.1199002228		0.0000003199		0.0003199397		245000

		0.0226741474		1.119968635		0.0000003292		0.0003291634		246000

		0.0230033108		1.1200409797		0.0000003388		0.0003387898		247000

		0.0233421006		1.1201175122		0.0000003488		0.0003488426		248000

		0.0236909431		1.1201985073		0.0000003593		0.0003593472		249000

		0.0240502904		1.1202842616		0.0000003703		0.0003703311		250000

		0.0244206215		1.1203750953		0.0000003818		0.0003818238		251000

		0.0248024453		1.1204713543		0.0000003939		0.000393857		252000

		0.0251963023		1.1205734132		0.0000004065		0.0004064651		253000

		0.0256027674		1.1206816774		0.0000004197		0.000419685		254000

		0.0260224523		1.1207965866		0.0000004336		0.0004335568		255000

		0.0264560092		1.1209186182		0.0000004481		0.000448124		256000

		0.0269041332		1.1210482908		0.0000004634		0.0004634337		257000

		0.0273675669		1.1211861691		0.0000004795		0.0004795368		258000

		0.0278471037		1.1213328679		0.0000004965		0.000496489		259000

		0.0283435928		1.1214890583		0.0000005144		0.0005143508		260000

		0.0288579435		1.1216554732		0.0000005332		0.000533188		261000

		0.0293911315		1.1218329143		0.0000005531		0.0005530727		262000

		0.0299442042		1.1220222601		0.0000005741		0.0005740836		263000

		0.0305182878		1.1222244741		0.0000005963		0.000596307		264000

		0.0311145948		1.1224406153		0.0000006198		0.0006198376		265000

		0.0317344323		1.1226718489		0.0000006448		0.0006447793		266000

		0.0323792116		1.1229194596		0.0000006712		0.0006712466		267000

		0.0330504582		1.1231848661		0.0000006994		0.0006993661		268000

		0.0337498243		1.1234696376		0.0000007293		0.0007292772		269000

		0.0344791015		1.1237755134		0.0000007611		0.0007611346		270000

		0.0352402361		1.1241044249		0.0000007951		0.00079511		271000

		0.036035346		1.1244585208		0.0000008314		0.0008313942		272000

		0.0368667402		1.1248401971		0.0000008702		0.0008702		273000

		0.0377369402		1.1252521308		0.0000009118		0.0009117651		274000

		0.0386487053		1.1256973201		0.0000009564		0.0009563558		275000

		0.0396050611		1.1261791306		0.0000010043		0.0010042711		276000

		0.0406093321		1.1267013495		0.0000010558		0.0010558477		277000

		0.0416651799		1.1272682499		0.0000011115		0.0011114658		278000

		0.0427766457		1.1278846656		0.0000011716		0.001171556		279000

		0.0439482016		1.1285560804		0.0000012366		0.0012366073		280000

		0.0451848089		1.1292887342		0.0000013072		0.0013071773		281000

		0.0464919862		1.1300897488		0.0000013839		0.0013839034		282000

		0.0478758896		1.1309672797		0.0000014675		0.0014675175		283000

		0.0493434072		1.1319306979		0.0000015589		0.0015588627		284000

		0.0509022698		1.1329908104		0.0000016589		0.001658914		285000

		0.0525611839		1.1341601279		0.0000017688		0.0017688046		286000

		0.0543299885		1.1354531923		0.0000018899		0.0018898564		287000

		0.0562198449		1.1368869786		0.0000020236		0.0020236196		288000

		0.0582434645		1.1384813923		0.0000021719		0.0021719208		289000

		0.0604153853		1.1402598885		0.0000023369		0.0023369245		290000

		0.0627523099		1.1422502464		0.0000025212		0.00252121		291000

		0.0652735199		1.1444855477		0.0000027279		0.0027278699		292000

		0.0680013898		1.1470054201		0.0000029606		0.002960637		293000

		0.0709620268		1.1498576312		0.000003224		0.0032240488		294000

		0.0741860756		1.1531001504		0.0000035237		0.0035236631		295000

		0.0777097387		1.1568038423		0.0000038663		0.0038663439		296000

		0.0815760827		1.1610560197		0.0000042606		0.0042606443		297000

		0.085836727		1.1659651871		0.0000047173		0.004717326		298000

		0.0905540529		1.1716674505		0.0000052501		0.0052500734		299000

		0.0958041263		1.1783353008		0.0000058765		0.0058764902		300000

		0.1016806165		1.1861898348		0.0000066195		0.0066195113		301000

		0.1083001278		1.195518056		0.0000075094		0.0075094395		302000

		0.1158095674		1.2066978533		0.0000085869		0.0085869407		303000

		0.1243965081		1.2202348941		0.0000099075		0.009907543		304000

		0.1343040511		1.2368185881		0.0000115486		0.0115485594		305000

		0.1458526105		1.2574097345		0.00001362		0.013620028		306000

		0.1594726385		1.2833832409		0.0000162825		0.0162825322		307000

		0.1757551707		1.3167720617		0.0000197772		0.0197772457		308000

		0.1955324164		1.3607104993		0.0000244786		0.0244786308		309000

		0.2200110472		1.4203053859		0.0000309912		0.0309912122		310000

		0.2510022594		1.5045278177		0.0000403371		0.0403371164		311000

		0.2913393759		1.6308702804		0.0000543435		0.0543435441		312000

		0.3456829199		1.8387238707		0.0000765078		0.0765077501		313000

		0.42219067		2.2356368243		0.0001141213		0.1141213368		314000

		0.5363120069		3.1971080536		0.0001841555		0.1841554716		315000

		0.7204674785		6.5017592653		0.0003323367		0.3323367364		316000

		1.0528042149		24.5858671468		0.000709651		0.7096509968		317000

		1.7624552117		208.0141561511		0.0019887755		1.9887755209		318000

		3.7512307326		5024.855231454		0.0090094264		9.0094264188		319000

		12.7606571514		763132.028705732		0.104254706		104.2547059914		320000

		117.0153631428		5668671300.88246		8.7666840841		8766.6840841247		321000

		8883.6994472675		1.89452221097501E+17		50528.6041853712		50528604.1853712		322000

		50537487.8848185		1.98432957142901E+32		1635222625713.66		1.63522262571366E+15		323000

		1.63522267625115E+15		2.17503782424977E+62		1.71199853689284E+27		1.71199853689284E+30		324000

		1.71199853689285E+30				1.87653368855446E+57		1.87653368855446E+60		325000

		1.87653368855446E+60				2.25456270261014E+117		2.25456270261014E+120		326000

		2.25456270261014E+120				3.25442467044548E+237		3.25442467044548E+240		327000

		3.25442467044548E+240				ERROR:#NUM!		ERROR:#NUM!		328000

		ERROR:#NUM!				ERROR:#NUM!		ERROR:#NUM!		329000
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Sy 500MPa

Cv 35J KIC 39.53168MPa.m

0.5

W 0.25m  acol 0.100m  

B 0.03m dN 10

σnom,max 100MPa

C  1.00E-08

m 3

a β ΔK+ da/dN da N

0.002 1.123141 9 7.06E-06 7.06E-05 0

0.002 1.123242 9 7.43E-06 7.43E-05 10

0.002 1.123346 9 7.84E-06 7.84E-05 20

0.002 1.123456 9 8.28E-06 8.28E-05 30
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		Sy		500		MPa

		Cv		35		J		KIC		39.5316843236		MPa.m0.5

		W		0.25		m 		acol		0.100		m  

		B		0.03		m		dN		10

		σnom,max		100		MPa

		C 		1.00E-08

		m		3

		a		β		ΔK+		da/dN		da		N

		0.002		1.1231413555		9		7.06E-06		7.06E-05		0

		0.002		1.1232415773		9		7.43E-06		7.43E-05		10

		0.002		1.1233464183		9		7.84E-06		7.84E-05		20

		0.002		1.1234561458		9		8.28E-06		8.28E-05		30

		0.002		1.1235710445		10		8.75E-06		8.75E-05		40

		0.002		1.1236914171		10		9.25E-06		9.25E-05		50

		0.002		1.1238175857		10		9.80E-06		9.80E-05		60

		0.003		1.1239498923		10		1.04E-05		1.04E-04		70

		0.003		1.1240887002		10		1.10E-05		1.10E-04		80

		0.003		1.1242343944		11		1.17E-05		1.17E-04		90

		0.003		1.1243873821		11		1.25E-05		1.25E-04		100

		0.003		1.1245480936		11		1.33E-05		1.33E-04		110

		0.003		1.1247169815		11		1.42E-05		1.42E-04		120

		0.003		1.1248945209		11		1.51E-05		1.51E-04		130

		0.003		1.125081208		12		1.62E-05		1.62E-04		140

		0.004		1.1252775576		12		1.73E-05		1.73E-04		150

		0.004		1.1254841004		12		1.86E-05		1.86E-04		160

		0.004		1.125701378		13		2.00E-05		2.00E-04		170

		0.004		1.1259299355		13		2.15E-05		2.15E-04		180

		0.004		1.1261703119		13		2.32E-05		2.32E-04		190

		0.005		1.1264230267		14		2.51E-05		2.51E-04		200

		0.005		1.1266885611		14		2.72E-05		2.72E-04		210

		0.005		1.1269673336		14		2.95E-05		2.95E-04		220

		0.005		1.1272596667		15		3.21E-05		3.21E-04		230

		0.006		1.1275657424		15		3.50E-05		3.50E-04		240

		0.006		1.1278855446		16		3.83E-05		3.83E-04		250

		0.007		1.1282187809		16		4.20E-05		4.20E-04		260

		0.007		1.1285647821		17		4.61E-05		4.61E-04		270

		0.007		1.1289223681		17		5.09E-05		5.09E-04		280

		0.008		1.1292896745		18		5.63E-05		5.63E-04		290

		0.008		1.1296639259		18		6.24E-05		6.24E-04		300

		0.009		1.1300411432		19		6.96E-05		6.96E-04		310

		0.010		1.1304157685		20		7.78E-05		7.78E-04		320

		0.011		1.1307801921		21		8.73E-05		8.73E-04		330

		0.011		1.1311241667		21		9.85E-05		9.85E-04		340

		0.012		1.131434111		22		1.12E-04		1.12E-03		350

		0.014		1.1316923308		23		1.27E-04		1.27E-03		360

		0.015		1.1318762628		24		1.45E-04		1.45E-03		370

		0.016		1.1319579918		26		1.67E-04		1.67E-03		380

		0.018		1.1319046096		27		1.94E-04		1.94E-03		390

		0.020		1.131680615		28		2.26E-04		2.26E-03		400

		0.022		1.1312548509		30		2.65E-04		2.65E-03		410

		0.025		1.1306171173		32		3.14E-04		3.14E-03		420

		0.028		1.1298150882		33		3.75E-04		3.75E-03		430

		0.032		1.1290339175		36		4.51E-04		4.51E-03		440

		0.036		1.1287674228		38		5.51E-04		5.51E-03		450

		0.042		1.1301948083		41		6.84E-04		6.84E-03		460

		0.049		1.1360588952		44		8.73E-04		8.73E-03		470

		0.057		1.1529536975		49		1.17E-03		1.17E-02		480

		0.069		1.1985661046		56		1.74E-03		1.74E-02		490

		0.086		1.3336631637		69		3.35E-03		3.35E-02		500

		0.120		1.9272727486		118		1.65E-02		1.65E-01		510

		0.285		18.3057533832		1732		5.20E+01		5.20E+02		520
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4

Bending stress

y 0.05 m

x 0.025 m

Sb 9600000 Pa

9.6 Mpa
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		W		0.05		m

		H		0.1		m

		Mx		1000		Nm

		My		100		Nm

		Calculations:

		Ixx		0.0000041667		m4

		Iyy		0.0000010417		m4

		Bending stress

		y		0.05		m

		x		0.025		m

		Sb		9600000		Pa

				9.6		Mpa

		Area

		A 		0.005		m2

		F		1000		N 

		Normal stress

		Sn		200000		Pa

		Total stress		9800000		Pa

				9.8		MPa
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Hot-rolled steel

Universal beams (Parallel flange I-sections)

Designation h b t t T m A 1 Z, [ 1, z, T J Cu Zox Zpy hit, hy,
mmxmmxkg/m mm mm mm mm mm kg/m | 10° mm? | 10° mm* | 10°mm’ mm 10° mm* | 10°mm?® mm 10°mm* | 10° mm® | 10°mm® | 10°mm® mm
IPE-AA 100 97.6] 55 386 45 7 6.72] 0856 1.36) 27.8| 398 0126 4.57] 121 733 0212 31.9 723 21.7] 74.6
IPE 100 100 55 41 57 7 8.1 1.03) 171 342 4207|0159 579 124 121 0354 394 9.15] 175 74.6
IPE-AA 120 117, 64 338 48 7 8.36| 1.06) 2.44 21.7] 479 0211 6.59| 141 955 0.663] 47.6| 104 244 934
IPE 120 120 64 24 6.3 7 104 132 318 53 29| 0277 8.65| 145 17.4] 0804 60.7] 136 19| 934
IPE-AA 140 136.6 73 338 52 7 101 1.28) 2.07] 50.7 56.4] 0338 9.27] 16.3) 12 1.46) 67.6] 145 26.3] 112
IPE 140 140 73 a7 6.9 7 129 1.64 5.41 773 57.4] 0449 123 16.5 24.6| 1.99) 83.3] 192 20.3] 112
IPE-AA 160 156.4 82 4 56 9 123 1.57) 6.59| 84.3] 648 0517 126 18.1 182 2.94 95.2 197 27.9] 127
IPE 160 160 82 5| 74 9 158 2.01 8.69] 109) 658 0.683] 167 18.4 36.2 3.8 124 26.1 21.6] 127
IPE-AA 180 176.4 91 43 6.2 9 149 1.9] 102 116) 732] 0781 172 20.3] 24.9] 5.66 130 26.7] 285| 146
IPE 180 180 91 53] 8 9 188 2.39] 132 146 74.2 1.01 222 20.5] 481 7.46 166 346 225| 146)
IPE-AA 200 196.4 100 45 6.7 12 18| 2.29] 153 156 81.9] 112 224 221 38.7 101 176) 35 29.3] 159
IPE 200 200| 100 56 85 12 224 2.85] 194 194 82.6| 1.42 28.5| 224 702 131 221 44.6| 23.5] 159
203x133x25 2032 1332 57 738 76 251 322 23.5] 231 85.4 3.09 6.3] 31 62.1 29.5| 259 712 26.1 172
203x133x30 206.8]  133.9 6.4 96 76 30 338 28.9| 279 87.2 384 57.4 318 103 373 313 83 21.5] 172
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Ultimate tensile strength 450MPa

Fatigue notch factors:
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Modification factors:
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S-N curve:

132.3529MPa 1.00E+06cycles

378.5047MPa 1.00E+03cycles

0.152113

Endurances

200 66266.07

300 4609.494

݇௙

݇௙

ᇱ

݇௙

ܥ

௦௜௭௘

ܥ

௥௘௟

ܥ

்

ܥ௦௨௥௙௔௖௘

ܥ௟௢௔ௗ

ߪ௘௥

ߪ

௔௥ǡ

ଵ଴య

݉

௘

݉ଵ଴

య

ܰ௘

ܰ௥

ܾ

ߪ௔௥

ܰ௥


Microsoft_Excel_Worksheet2.xlsx
Sheet1

		Ultimate tensile strength						450		MPa

		Fatigue notch factors:

								1.7

								1.07

		Modification factors:

				1				1

				1				1

				1				0.5

								0.9

		S-N curve:

				132.3529411765		MPa				1.00E+06		cycles

				378.5046728972		MPa				1.00E+03		cycles

				0.1521125496

		Endurances



		200		66266.0695999677

		300		4609.4941600019

		133		968446.88979054
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S1 500Se 150

N1 1.00E+03Ne 1.00E+06

m 5.74

Calculate endurances:

S N

300 18 743

200 191 941

100 inf
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		S1		500		Se		150

		N1		1.00E+03		Ne		1.00E+06

		m		5.74

		Calculate endurances:

		S		N

		300		18,743

		200		191,941

		100		inf
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Tensile strength 700 MPa

lambda -0.14

Stress amplitude Stress mean Goodman Gerber SWT Walker

[MPa] [MPa]

100 -100 88 N.A. 0 0

100 0 100 100 100 100

100 100 117 102 141 220
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		Tensile strength		700		MPa

		lambda		-0.14



		Stress amplitude		Stress mean		Goodman		Gerber		SWT		Walker

		[MPa]		[MPa]

		100		-100		88		N.A.		0		0

		100		0		100		100		100		100

		100		100		117		102		141		220
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		[MPa]		[MPa]		[cyles/block]

		100		200		10,000

		50		0		5,000

		100		100		20,000

		200		-100		2,000
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		[MPa]		[MPa]		[cyles/block]

		100		200		10,000

		50		0		5,000

		100		100		20,000

		200		-100		2,000
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152.3948ksi 689MPa

0.003384in 0.814

0.085962mm 0.71

4mm 1

2 0.7

1.98 0.7

0.38 392MPa

1.37 75MPa

4.18

[MPa] [MPa] [cyles/block] [MPa] [cycles]

100 200 10 000 124 125 204 0.07987

50 0 5 000 50 INF 0

100 100 20 000 111 199 2730.100365

200 -100 2 000 183 24 4540.081786

Total damage =0.262021

Period = 1Block

Life =3.816483Block
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				1050		MPa				265		MPa

				152.3947750363		ksi				689		MPa

				0.0033843254		in				0.814

				0.0859618664		mm				0.71

				4		mm				1

				2						0.7

				1.98						0.7

				0.38						392		MPa

				1.37						75		MPa

										4.18







		[MPa]		[MPa]		[cyles/block]		[MPa]		[cycles]

		100		200		10,000		124		125,204		0.079869864

		50		0		5,000		50		INF		0

		100		100		20,000		111		199,273		0.1003649672

		200		-100		2,000		183		24,454		0.0817864959

										Total damage =		0.262021327

										Period =		1		Block

										Life =		3.8164832288		Block






image24.png
Problem statement

The fatigue performance of a welded detail in a steel linkspan
structure can be represented by a fatigue curve corresponding to BS
EN 1993-1-9 Detail Category 36. The linkspan carries typical
vehicles of weight 1, 2 and 5 ton. A linear elastic finite beam element
analysis revealed the stress ranges in the welded detail as
summarised in the table on the right with the proportion of vehicles
carried by the ferry 70%, 28% and 2% respectively as summarised in
the table. The linkspan is used twice per day. No more than one
vehicle can occupy the linkspan at any one time. The design life
required is equal to the service life of 40 years. Is this design
sufficient if a damage tolerant with high consequence of failure
strategy is implemented? A total of 50 vehicles are carried per day,
and two stress cycles are caused to the linkspan per vehicle (on- and
off loading).

Frequency of vehicles 50 per day
Stress cycles per vehicle 2
Design life 40 years
Vehicle Stress Proportion Applied
mass = range cycles
[ton] [MPa] [%] n_i
1 20 70% 1022000
2 30 28% 408800
5 40 2% 29200
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Frequency of vehicles 50 per day

Stress cycles per vehicle 2
Design life 40 years
Vehicle Stress Proportion Applied
mass range cycles
__[ton]  [MPa] %) n_i
1 20 70% 1022000
2 30 28% 408800

5 40 2% 29200
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Reordered stress history
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Reordered stress history

X 1

Y -807.3012

X 0

Y 835.1129

X 4

Y 440.2425

X 5

Y 72.1989

X 7

Y -412.0639

X 6

Y 681.7988

X 8

Y 283.0097

X 9

Y 173.0055

X 10

Y 835.1129
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Section 142 Strain Versus Life Curves
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E 1.17E+05 MPa kt 2.6

H' 1772 MPa

n' 0.106

2030 MPa

b -0.104

0.841

c -0.688

Stress

#  Stress # Stress Direction

[MPa] [MPa]

Monotone 0 0 1 835 1

Cyclic  0 835 1 -807 -1

1 -807 4 440 1

4 440 5 72 -1

1 -807 6 682 1

6 682 7 -412 -1

7 -412 8 283 1

8 283 9 173 -1

1 -807 10 835 1

From To

ߪ௙ᇱ

ߝ௙

ᇱ
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		E		1.17E+05		MPa				kt		2.6

		H'		1772		MPa

		n'		0.106

				2030		MPa

		b		-0.104

				0.841

		c		-0.688



		Stress		From				To

				# 		Stress		#		Stress		Direction		Delta S		Sa		sigma_a		error

						[MPa]				[MPa]

		Monotone		0		0		1		835		1		835		835		10		-4.03E+01

		Cyclic 		0		835		1		-807		-1		1642		821		10		-3.89E+01

				1		-807		4		440		1		1247		623.5		10		-2.25E+01

				4		440		5		72		-1		368		184		10		-1.96E+00

				1		-807		6		682		1		1489		744.5		10		-3.20E+01

				6		682		7		-412		-1		1094		547		10		-1.73E+01

				7		-412		8		283		1		695		347.5		10		-6.98E+00

				8		283		9		173		-1		110		55		10		-1.75E-01

				1		-807		10		835		1		1642		821		10		-3.89E+01

																				199.0544074359
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E 1.17E+05MPa Kt 2.6

H' 1772MPa

n' 0.106

2030MPa

b -0.104

0.841

c -0.688 The process here is followed to model the memory effect in the stress history.

Stress Nom Notch Error Strain Strain at Stress

#  Stress # Stress Direction Stress Stress function notch at notch

[MPa] [MPa]

Monotone 0 0 1 835 835 1 191 5.77E-08 3.38E-02 3.38E-02 1 191

Cyclic  1 835 2 -807 -1 821 1 186 1.81E-07 3.28E-02-3.18E-02 -1 181

Cyclic  2 -807 3 440 1 624 1 099 3.62E-08 2.04E-02 9.03E-03 1 017

Cyclic  3 440 4 72 -1 184 478 2.33E-08 4.09E-03 8.45E-04 61

Cyclic  2 -807 5 682 1 745 1 156 3.59E-07 2.77E-02 2.35E-02 1 131

Cyclic  5 682 6 -412 -1 547 1 054 3.63E-08 1.64E-02-9.27E-03 -976

Cyclic  6 -412 7 283 1 348 849 4.86E-08 8.22E-03 7.17E-03 722

Cyclic  7 283 8 173 -1 55 143-1.35E-07 1.22E-03 4.72E-03 436

Cyclic  8 -807 9 835 1 821 1 186 1.81E-07 3.28E-02-1.05E-03 1 191

1.06E-06

Stress ranges for fatigue assessment

From To Error Nf d

0 to 1 M 0 1191 596 1.69E-02 596 14.13E+02 9.61E-071.46E+01 6.83E-02

1 to 2 C 1191 -1181 1 186 3.28E-02 5 19.49E+01 8.84E-079.26E+01 1.08E-02

3 to 4 C 1017 61 478 4.09E-03 539 16.15E+05 9.32E-073.17E+04 3.16E-05

5 to 6 C 1131 -976 1 054 1.64E-02 78 14.46E+02 6.20E-073.06E+02 3.26E-03

7 to 8 C 722 436 143 1.22E-03 579 16.00E+10 1.97E-072.38E+09 4.21E-10

3.59E-06 D = 8.24E-02

Life=1.21E+01repetitions

From To
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		E		1.17E+05		MPa		Kt		2.6

		H'		1772		MPa

		n'		0.106

				2030		MPa

		b		-0.104

				0.841

		c		-0.688						The process here is followed to model the memory effect in the stress history.



		Stress		From				To						Nom		Notch		Error		Strain		Strain at		Stress

				# 		Stress		#		Stress		Direction		Stress		Stress		function				notch		at notch

						[MPa]				[MPa]

		Monotone		0		0		1		835				835		1,191		5.77E-08		3.38E-02		3.38E-02		1,191

		Cyclic 		1		835		2		-807		-1		821		1,186		1.81E-07		3.28E-02		-3.18E-02		-1,181

		Cyclic 		2		-807		3		440		1		624		1,099		3.62E-08		2.04E-02		9.03E-03		1,017

		Cyclic 		3		440		4		72		-1		184		478		2.33E-08		4.09E-03		8.45E-04		61

		Cyclic 		2		-807		5		682		1		745		1,156		3.59E-07		2.77E-02		2.35E-02		1,131

		Cyclic 		5		682		6		-412		-1		547		1,054		3.63E-08		1.64E-02		-9.27E-03		-976

		Cyclic 		6		-412		7		283		1		348		849		4.86E-08		8.22E-03		7.17E-03		722

		Cyclic 		7		283		8		173		-1		55		143		-1.35E-07		1.22E-03		4.72E-03		436

		Cyclic 		8		-807		9		835		1		821		1,186		1.81E-07		3.28E-02		-1.05E-03		1,191

																		1.06E-06

		Stress ranges for fatigue assessment

				From		To												Error		Nf		d

		0 to 1 M		0		1191		596		1.69E-02		596		1		4.13E+02		9.61E-07		1.46E+01		6.83E-02

		1 to 2 C		1191		-1181		1,186		3.28E-02		5		1		9.49E+01		8.84E-07		9.26E+01		1.08E-02

		3 to 4 C		1017		61		478		4.09E-03		539		1		6.15E+05		9.32E-07		3.17E+04		3.16E-05

		5 to 6 C		1131		-976		1,054		1.64E-02		78		1		4.46E+02		6.20E-07		3.06E+02		3.26E-03

		7 to 8 C		722		436		143		1.22E-03		579		1		6.00E+10		1.97E-07		2.38E+09		4.21E-10

																		0.0000035943		D =		8.24E-02

																				Life=		1.21E+01		repetitions
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		[MPa]

		90		200

		45		2,000

		15		2,000,000
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90

size effect
for
t>25mm:

k=(25/0)%?

5) Transverse splices in plates or
flats.

6) Full cross-section butt welds
of rolled sections without cope
holes.

7) Transverse splices in plates or
flats tapered in width or in
thickness with a slope < ¥4.
Translation of welds to be
machined notch free.

-The height of the weld convexity
to be not greater than 10% of the
weld width, with smooth
transition to the plate surface.

-Weld run-on and run-off pieces
to be used and subsequently
removed. plate edges to be
ground flush in direction of

stress.
- Welded from both sides:
checked by NDT.

Details 5 and 7:
‘Welds made in flat position.





image35.png
Reduction factor

High temperatur reduction factor for

steel

o

os

100

150 200 250 300 350 400
Temperture T [° Celsius]

450 500

550 600




image36.emf
[MPa]

90 200 179 685 1.11E-03

45 2 000

15 2 000 000

ȟߪோ ݊௜ ܰ௜ ݀௜


Microsoft_Excel_Worksheet11.xlsx
Sheet1



		[MPa]

		90		200		179,685		1.11E-03

		45		2,000

		15		2,000,000




























image37.emf
[MPa]

90 200 179 685 1.11E-03

45 2 000 1 437 480 1.39E-03

15 2 000 000

ȟߪோ ݊௜ ܰ௜ ݀௜


Microsoft_Excel_Worksheet12.xlsx
Sheet1



		[MPa]

		90		200		179,685		1.11E-03

		45		2,000		1,437,480		1.39E-03

		15		2,000,000




























image38.emf
[MPa]

90 200 179 685 1.11E-03

45 2 000 1 437 480 1.39E-03

15 2 000 000 152 158 408 1.31E-02

ȟߪோ ݊௜ ܰ௜ ݀௜


Microsoft_Excel_Worksheet13.xlsx
Sheet1



		[MPa]

		90		200		179,685		1.11E-03

		45		2,000		1,437,480		1.39E-03

		15		2,000,000		152,158,408		1.31E-02




























image39.emf
[MPa]

90 200 179 685 1.11E-03

45 2 000 1 437 480 1.39E-03

15 2 000 000 152 158 408 1.31E-02

D =  1.56E-02

ȟߪோ ݊௜ ܰ௜ ݀௜


Microsoft_Excel_Worksheet14.xlsx
Sheet1



		[MPa]

		90		200		179,685		1.11E-03

		45		2,000		1,437,480		1.39E-03

		15		2,000,000		152,158,408		1.31E-02

						D = 		1.56E-02


























image40.emf
[MPa]

90 200 179 685 1.11E-03

45 2 000 1 437 480 1.39E-03

15 2 000 000 152 158 408 1.31E-02

D =  1.56E-02

6.39E+01

ȟߪோ ݊௜ ܰ௜ ݀௜

ܤ௜ൌ


Microsoft_Excel_Worksheet15.xlsx
Sheet1



		[MPa]

		90		200		179,685		1.11E-03

		45		2,000		1,437,480		1.39E-03

		15		2,000,000		152,158,408		1.31E-02

						D = 		1.56E-02

								6.39E+01
























image41.emf
[MPa]

90 200 179 685 1.11E-03

45 2 000 1 437 480 1.39E-03

15 2 000 000 152 158 408 1.31E-02

D =  1.56E-02

6.39E+01

Period = 0Years

Fatigue life = 1.75Years

ȟߪோ ݊௜ ܰ௜ ݀௜

ܤ௜ൌ


Microsoft_Excel_Worksheet16.xlsx
Sheet1



		[MPa]

		90		200		179,685		1.11E-03

		45		2,000		1,437,480		1.39E-03

		15		2,000,000		152,158,408		1.31E-02

						D = 		1.56E-02

								6.39E+01

						Period =		0		Years

						Fatigue life =		1.75		Years




















image42.emf
[MPa]

100 200

50 2000

30 2000000

ȟߪோ ݊௜


Microsoft_Excel_Worksheet17.xlsx
Sheet1



		[MPa]

		100		200

		50		2000

		30		2000000




























image43.emf
Frequency of vehicles 50per day

Stress cycles per vehicle 2

Design life 40years

VehicleStress ProportionApplied 

mass range cycles

[ton] [MPa] [%] n_i 

1 20 70%1022000

2 30 28% 408800

5 40 2% 29200
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		Frequency of vehicles						50		per day

		Stress cycles per vehicle						2

		Design life						40		years

		Vehicle		Stress 		Proportion		Applied 

		mass		range				cycles

		[ton]		[MPa]		[%]		n_i 

		1		20		70%		1022000

		2		30		28%		408800

		5		40		2%		29200
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		Frequency of vehicles						50		per day

		Stress cycles per vehicle						2

		Design life						40		years

		Vehicle		Stress 		Proportion		Applied 

		mass		range				cycles

		[ton]		[MPa]		[%]		n_i 

		1		20		70%		1022000

		2		30		28%		408800

		5		40		2%		29200
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		Stress range		No. of cycles

		[MPa]		ni

		50		5.00E+06

		100		1.00E+05

		200		5.00E+04
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Consequence of failure
Assessment method q —
Low consequence | High consequence

Damage tolerant 1,00 1,15
Safe life 1,15 1,35
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Cruciform and Tee joints:

1) Toe failure in full penetration
butt welds and all partial
penetration joints.
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3) Root failure in partial
penetration Tee-butt joints or
fillet welded joint and effective
full penetration in Tee-butt joint.
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Tab. 3.5-2a: FAT classes for use with nominal stress at joints improved by grinding
Area of application and Steel
maximum possible claim

Benefit at details classified in as-welded condition as

FAT<90 for steel or FAT <32 for aluminium

Max possible FAT class after improvement FAT 112 FAT 45
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You have square cross section

with W =50 mm and H =
100 mm

What are the stresses at Points A

and B on the figure for moments
M, = 1000 Nm and M,, =

100 Nm applied simultaneously?
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Tab. 3.5-4a: FAT classes for use with nominal stress at joints improved by hammer peening

Area of application and Mild steel Steel Aluminium
maximum possible claim < 355 MPa > 355 MPa

Benefit at details classified in as-welded 1.3 1.6 1.6
condition as FAT <90 for steel or

FAT<32 for aluminium

Max possible FAT after improvement FAT 112 FAT 125 FAT 56

Tab. 3.5-4b: FAT classes for use with structural hot-spot stress at joints improved by hammer
peening

Material Load-carrying fillet Non-load-carrying fillet
welds welds

Auminium alloys
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Detail category 71NC 2.00E+06

Grinding 92.3ND 5.00E+06

Peening 112NL 1.00E+08

1 74.3MPa

0.9

100.8 40.8MPa

3R -0.2

5RHT -0.12

Stress range No. of cycles Endurance Damage

[MPa] ni [MPa]

50 5.00E+06 47 51 051 136 9.79E-02

100 1.00E+05 93 2 519 424 3.97E-02

200 5.00E+04 187 314 928 1.59E-01

Total damage 0.30

Period 5years

Fatigue life 16.9years
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		Detail category		71		NC		2.00E+06

		Grinding		92.3		ND		5.00E+06

		Peening		112		NL		1.00E+08

				1				74.3		MPa

				0.9

				100.8				40.8		MPa

				3		R		-0.2

				5		RHT		-0.12



		Stress range		No. of cycles				Endurance		Damage

		[MPa]		ni		[MPa]

		50		5.00E+06		47		51,051,136		9.79E-02

		100		1.00E+05		93		2,519,424		3.97E-02

		200		5.00E+04		187		314,928		1.59E-01

								Total damage		0.30

								Period		5		years

								Fatigue life		16.9		years
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Detail category 40NC 2.00E+06

Grinding ND 5.00E+06

Peening NL 1.00E+08

1 26.5MPa

0.9

36 14.6MPa

3R -0.2

5RHT -0.12

aw 0.011312t 0.05

Stress range No. of cycles Endurance Damage

[MPa] ni [MPa]

50 5.00E+06 206 10 6324.70E+02

100 1.00E+05 413 1 3297.52E+01

200 5.00E+04 825 1663.01E+02

Total damage 846.48

Period 5years

Fatigue life 0.0059years

2.16days
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		Detail category		40		NC		2.00E+06

		Grinding				ND		5.00E+06

		Peening				NL		1.00E+08

				1				26.5		MPa

				0.9

				36				14.6		MPa

				3		R		-0.2

				5		RHT		-0.12

		aw		0.011312		t		0.05

		Stress range		No. of cycles				Endurance		Damage

		[MPa]		ni		[MPa]

		50		5.00E+06		206		10,632		4.70E+02

		100		1.00E+05		413		1,329		7.52E+01

		200		5.00E+04		825		166		3.01E+02

								Total damage		846.48

								Period		5		years

								Fatigue life		0.0059		years

										2.16		days
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A fabricator of a pressure vessel elected to use
as 25.4 mm plate made of:

— Specify the material

The radius should be 500 mm

Determine the allowable working pressure of the
cylindrical section of the pressure vessel
Corrosion Allowance:

— Make provision for 3.2 mm for corrosion
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Line Maximum Allowable Stress, MPa (Multiply by 1000 to Obtain kPa), for Metal Temperature, °C, Not Bxceeding

No 40 65 100 125 150 200 250 300 25 350 375 400 425 450 475
No 40 65 100 125 150 200 250 300 _ 325 350 375 400 425 450 475




image57.png
23
24
25
2
27

17
7
7
7
7

17
17
17
17
17

17
17
17
17
17

17
17
17
17
17

17
17
17
17
17

117
117
17
117
17

17
17
17
17
17

117
117
17
117
17

117
117
17
117
17

117
117
17
117
17





image2.gif
"




image58.png
MAXIMUM ALLOWABLE JOINT EFFICIENCIES'® FOR ARC AND GAS WELDED JOINTS

Degree of Radlographic Examination

Type Joint (@) ) (©
No. Joint Description Limitations Category Ful Spot’ None
@ Butt Joints as attained by None AB,C4&D 100 085 070

double-welding or by other
‘means which wil obain the
same quality of deposited weld
metal on the Inside and outside
weld surfaces to agree with the
requirements of UW-35.

Welds using metal backing
strips which remain In place
are excluded.
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— Circumferential stress (longitudinal joints)
PR SEt

t=— or =
SE—-0.6P R+0.6¢

— Longitudinal stress (circumferential joints)
e Fort<R/2orP<1.25SE:

9/2018

byo

PR P 2SEt

t=————— or P=
2SE+0.4P R-0.4t

Minimunm required thickness of the shell [mm]
Interal design pressure (UG-21) [kPal

Inside radius of shell [mm]

Maximum allowable stress [kPa] from UG-23 & stress limitations in UG-24

Joint efficiency (use UW-12 for welded vessels) Use UG-53 for ligaments between

openings
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Part Thickness, tp, Pressure, P, Stress, S,
[mm] [MPa] [MPa]
Cylindrical shell Pr SEjt P(r +0.6t)
SE; — 0.6P r+ 0.6t tE;,
Spherical shell Pr 2SEqt P(r+0.2t)
2SE; — 0.2P r+ 0.2t 2tE;
2:1 Semi-elliptical PD 2SEt P(D +0.2t)
head 2SE — 0.2P D + 0.2t 2tE
Torispherical head 0.885PL SEt P(0.885L + 0.1t)
with 6% knuckle SE —0.1P 0.885L + 0.1t tE
Conical section PD 2SEtcosa P(D +1.2tcosa)
(a =30°) 2cosa (SE — 0.6P) D+ 1.2tcosa 2tE cos a

Notes, all dimension in mm and pressure in MPa. You can also use m and Pa.
D Internal diameter [mm]. Add twice the corrosion allowance

L Inside crown radius of Torispherical head [mm]. Add corrosion allowance.
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Consequence of failure
Assessment method q —
Low consequence | High consequence
1,15

Damage tolerant 1,00 15
Safe life 1.15 1,35
Reference: BS EN 1993-1-9, 2005:11

This leads to a reduced fatigue strength: Aocreq = y”;
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Frequency of vehicles 50per day

Stress cycles per vehicle 2

Design life 40years

Vehicle Stress  Proportion Applied 

mass range cycles

[ton] [MPa] [%] n_i 

1 20 70% 1022000

2 40 28% 408800

5 100 2% 29200
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		Frequency of vehicles						50		per day

		Stress cycles per vehicle						2

		Design life						40		years

		Vehicle		Stress 		Proportion		Applied 

		mass		range				cycles

		[ton]		[MPa]		[%]		n_i 

		1		20		70%		1022000

		2		40		28%		408800

		5		100		2%		29200
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Δσ

C

36MPa m

1

3

γ

Mf 

1.15 m

2

5

C

T

0.78 N

C

2.00E+06

Δσ

Cmod

24.4MPa N

D

5.00E+06Δσ

D

18.0MPa

N

L

1.00E+08Δσ

L

9.9

MPa

Frequency of vehicles 50per day

Stress cycles per vehicle 2

Design life 40years

Vehicle Stress  Proportion Applied  Endurance Damage

mass range cycles N

i

Di

[ton] [MPa] [%] n_i 

1 20 70% 1022000 3 639 467 0.2808

2 40 28% 408800 454 933 0.8986

5 100 2% 29200 29 116 1.0029

Total damage =  2.1823

Period =  40

years

Life =  18.3

years
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		ΔσC		36		MPa		m1		3

		γMf 		1.15				m2		5

		CT		0.78				NC		2.00E+06

		ΔσCmod		24.4		MPa		ND		5.00E+06		ΔσD		18.0		MPa

								NL		1.00E+08		ΔσL		9.9		MPa





		Frequency of vehicles						50		per day

		Stress cycles per vehicle						2

		Design life						40		years

		Vehicle		Stress 		Proportion		Applied 		Endurance		Damage

		mass		range				cycles		Ni		Di

		[ton]		[MPa]		[%]		n_i 

		1		20		70%		1022000		3,639,467		0.2808103416

		2		40		28%		408800		454,933		0.8985930931

		5		100		2%		29200		29,116		1.0028940771

										Total damage = 		2.1822975118

										Period = 		40		years

										Life = 		18.3		years
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Δσ

C

36MPa m

1
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Δσ
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46.8MPa

γ

Mf 

1.15 m
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T
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C
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Cmod

31.7MPa N

D

5.00E+06Δσ

D

23.4MPa

N

L

1.00E+08Δσ

L

12.8

MPa

Frequency of vehicles 50per day

Stress cycles per vehicle 2

Design life 40years

Vehicle Stress  Proportion Applied  Endurance Damage

mass range cycles N

i

Di

[ton] [MPa] [%] n_i 

1 20 70% 1022000 10 934 521 0.0935

2 30 28% 408800 2 369 158 0.1726

5 40 2% 29200 999 489 0.0292

Total damage =  0.2952

Period =  40

years

Life =  135.5

years
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		ΔσC		36		MPa		m1		3

		ΔσCpeened		46.8		MPa

		γMf 		1.15				m2		5

		CT		0.78				NC		2.00E+06

		ΔσCmod		31.7		MPa		ND		5.00E+06		ΔσD		23.4		MPa

								NL		1.00E+08		ΔσL		12.8		MPa





		Frequency of vehicles						50		per day

		Stress cycles per vehicle						2

		Design life						40		years

		Vehicle		Stress 		Proportion		Applied 		Endurance		Damage

		mass		range				cycles		Ni		Di

		[ton]		[MPa]		[%]		n_i 

		1		20		70%		1022000		10,934,521		0.0934654584

		2		30		28%		408800		2,369,158		0.1725507333

		5		40		2%		29200		999,489		0.029214939

										Total damage = 		0.2952311308

										Period = 		40		years

										Life = 		135.5		years










