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Concept of Sensitivity Analysis

Definition
“ Sensitivity Analysis studies the relationships between
information flowing in and out of the model”

Goals
 If the model resembles the system or process.

« Determination of factors that mostly contribute to the output
variability.

« Determination of the insignificant model parameters.

« Determination of interactions of parameters
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Steps Involved in SA

Input Parameters
m m ‘i‘i *FIIII"IIIIIIIIII
Feedback on the
l gt distribution E

Distributed input parameters

Watiance Dlecomposition
Sirendlation M odel

«Simulation model

Foduarhon. @ Output distributions
model struture .

T *Sensitivity analysis method
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Classification of SA Methods

1.  Screening
. Qualitative
. Experience required

2. Local SA

Quantitative method

Model dependent

Partial Derivative

Other parameters are constant

3. Global SA

. Quantitative method
. Non-linear models also
. Other parameters are varying
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Variance-Based SA

Consider a model
Y=f(X,X,,X;.X,)=f(X)

Variance= Main Effect + Residual
V)=Var  |[EQ 1 x)]+ E, Var |Y | x])

Here

Var, [E(Y 1 )] = [[E(r 1x) - EW)] p, (x)dx
EyWar[y 1x)=[[[y= EQ 1] p,py, (v )dxdy

E(Y 1x)= [ ypy, (y)dy
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Variance-Based SA

« Main effect or importance measure
_VIE(r1x,)]
" v(y)
« For additive models
> =1
i=1

 For non-additive models

ZS +ZZSU+7775”,€+ A S =1

i=1 j=i+l i=l j=i+lk=j+1
Here
VIEY /X, X )]
ij: ( .I) _Sl'_Sj
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Variance-Based SA

Total Effect
| VIEY/X )]

Ti V(Y)
Or
Ev(rix_)]
STi =
V(Y)
For example

St = S1+5,5+53+S 53
Sto = Sx+5,5+8,3+S 53

Stz = S5+5,5+S3+S 53
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Aim of the Study

rtl atl atr Ttr
T Four notch areas
" top-left, top-right, bottom-left, bottom-
right
- 4 Parameters
Fig (a): Double-V Butt weld Overlap
o *Thickness
_ *Notch Radii x 4
/ T
- Notchjng.e °“1"‘°‘" *Notch Angles x 4
*Young’s Modulus

Fig (b): Top-left notch
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Input Parameters

S.No Symbol Parameters Name Units
1 t Thickness of plate mm
2 a Overlap of weld mm
3 Eweld Young’s modulus of weld pool material MPa
4 rtl Notch radius at top-left mm
5 rtr Notch radius at top-right mm
6 rbl Notch radius at bottom-left mm
7 rbr Notch radius at bottom-right Mm
8 atl Notch angle at top-left Degree
9 atr Notch angle at top-right Degree
10 abl Notch angle at bottom-left Degree
11 abr Notch angle at bottom-right Degree
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Finite Element Modeling

ANSYS 9.0

Defining all input parameters for the model

<

Steps for finite element modeling

Generation of geometry by taking all
geometrical parameters

=

can be divided into three parts

Define the element type for the analysis

=

Defining material properties considering
material parameter

- =

Meshing of the model

*Pre-processor

- =

«Solution

Refine meshing at the critical areas (notch
areas)

=

*Post-processor

Apply pure bending load

=

Solution of the model

=

Defining output parameters for the results

=

Saving parameters to Result file (oul txt)
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Inclusion of Input Parameters

*Key point (KP) 1 taken as origin
*KP 14 and KP 2 to define thickness of the plate
*KP 4 [(250-0.7"s), s, 0] to define the weld width

KP 16 [(250-0.2"s), (s+P1), 0] to define the
notch angle

»P1 = (0.5%s)*tan (betal)
»>betal = atl*(pi/180)

*KP 22 (250-0.7*s-k, s, 0) and KP 23 [250-0.7*s
+ k cos (atl), s + k sin (atl)] are generated due to
fillet

>k = rtl*tan (atl/2) wrt. KP 4
*KP 20 (250, s + a, 0) to define overlap

*KP 25 [250+0.7*s - k cos (atr), s + k sin (atr)] is
generated at top-right notch

S=t/2
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Element Type and Material Properties

Element Type: Plane 82

*8-node with two degree of freedom
at each node

*Tolerate irregular shapes without
loss of accuracy

*Well suited for curved boundaries

*Sustain bending loads

Material Properties
Elastic and Isotropic properties

*Young’s Modulus and Poisson
ratio

ok Luialh I

I
L i
X {or Badial)

Trigngular ©ption

Fig: PLANE 82 geometry

Part Young’s Modulus (E) | Poisson Ratio
Plate 206 GPa 0.3
Weld Pool Eweld 0.3
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Meshing and Loading

Meshing
*Free Meshing

*Meshing is refined at notches

Refinement level 4

*Depth of refinement is 0.5 .

[ [

*Smoothing and cleaning of the shapes

QXSS
ettt tte

““
a '_i
Load

*Pure Bending load

*KP at 1(0,0,0) and KP 8(500,0,0) are fixed
to hold the plate.
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Solution and post-
processor

No thermal effects
Static analysis

Nodal solutions for Von
Mises Stress are

measured.

Notch area is the most
critical area.

Notch factor is maximum
at top-right.

Maximum value of stress
is calculated.

Output parameter

> Maximum stress

> Notch at which maximum

stress lies

Commands are saved in
input file (in.txt)
Output parameters are
written in output file
(out.txt)

AN

APR 3 2007
09:32: 4z

NODAL SO0OLUTION

STEP=1

SUB =1

TIME=1

SEQWV (AVE)
DM =.777534
SMM =.016561
SMX =236.78

M

NODAT, SOLUTION I\r‘

e 2 2007
SUEB =1 B B
TIME=1

SEQW [AWE)

SMx =236.78

. by
‘5_ j;g
'nn‘..lllllllll...,/
I
.0lesel 5z2.631 105.245 157.85% 210.473
78.938 131.552 184.166 236.78

new model




SA in OptiY

Second Order Analysis

Interactions up to second order are considered
Reduced Second Order analysis

n af 1 <& a 2f )
= + —(Xx. —Xx,) +— X.— X
f fO ;axj ( Jj O) —~ asz ( j 0)
Number of simulations required
SOA= 2n2+1= 243 simulations
RSOA=2n+1=23 simulations
) TECHNISCHE /f
UNIVERSITAT Systemzuverlassigkeit IIT ROORKEE

und Maschinenakustik
Prof. Or-ing . H. Hanselka

DARMSTADT



Nominal and Tolerance Value

« Normal Distribution

Probability Densiti '
T=6.0 /\ ’ ’ Probability Densitiy
* Uniform Distribution .

Mominal Design Parameter Mominal Design Parameter

T = 2\/50' ) Tolerance ) Tolerance

 Generalized Lambda Distribution

Ay _ A,
R(p) =4, + Lp I-p)™]
A,

f(x)= fIR(p)N = A, (A, pP "+ 2,0-p)* 71!

A1 and A2 are location and scale parameters and A2 = 2/T
A3 and A4 jointly represents the shape of the distributions.
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Input Data for the Parameters

Experimental Data S.NO | Series Welding procedure

*Notch Radius distribution (input) ] F Gas Metal Arc Welding (MAG)
*Notch Angle distribution (input) 2 AS Submerged Arc Welding (SAW)
“Notch Factor distribution (output) S el Mee oy e

*Overlap value

Thickness and Modulus of elasticity is also
taken as parameter
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Notch Angle Distributions
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Input data for Analysis (SMAW)

Para Nominal Tolerance Skewness Kurtosis A, Distribution Units
meters value value
t 30.00 0.01 - - - Uniform mm
a 3.00 0.20 - - - Normal mm
atl 28.65 14.50 0.09 1.84 0.138 General degree
atr 22.80 14.00 -0.18 1.43 0.143 General degree
abl 24.85 12.5 -0.77 2.86 0.160 General degree
abr 35.50 23.2 -0.01 2.56 0.086 General degree
rtl 2.15 3.40 -0.15 2.16 0.588 General mm
rtr 2.22 3.41 0.39 1.87 0.587 General mm
rbl 1.94 3.59 0.99 2.66 0.557 General mm
rbr 1.60 2.73 0.50 2.73 0.732 General mm
Eweld 206000 20600 - - - Normal MPa




Design of Experiment (DOE)

Nominal Value (Xn) and Tolerances (Tn)
*  Lower limit = X -T /2

* Nominal Value = X

«  Upper limit = X_+T,/2

Total Number of Simulations
« Second Order Analysis

» 242 (In DOE table) +1 (Nominal Table)
« Reduced Second Order Analysis

» 22 (In DOE table) + 1(Nominal Table)
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Interaction of the Numeric Tools

. Input Fil
OptiY . (C;l,?n‘iand'fﬁe) ANSYS

LT IN (In Batch Mode)
o, —>

SHILINVHYL
1NdNI
a

R
—F >
) —Tweld™ In.txt
Nominal values s

and Tolerances

Output file
(Result file)

-
maxstr ouT Calculations for
<:I maximum stress

SHILINVHYd
1Ndino

Data Sensitivity
export Analysis
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RESULTS AND DISCUSSIONS
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esign of Experiment Table

Mo [TT [1a T ALPHATL | T ALPHATR | T ALPHABL | T ALPHABR | T RTL T_RTR T_REL T_TBR T_EWELD Criterial Criterion2 -
il 30,005 3 28,65 22.5 24,85 35.5 2.15 222 1.94 1.6 206000 175,616 4
1 30 1 22.5 24,85 35.5 2,15 222 1.94 1.6 206000 176,997 4
2 30 3 22.5 35.5 2,15 222 1.94 1.6 206000 175,757 4
3 30 3 35.5 2,15 222 1.94 1.6 206000 175,711 4
4 30 3 2,15 222 1.94 1.6 206000 175,248 4 1l
5 30 3 2,15 222 1.94 1.6 206000 178,319 4
6 30 3 1.6 206000 175.848 4
7 30 3 2.15 1.6 206000 175.849 4
8 30 3 2.15 . 1.6 206000 175.662 4
9 30 3 2.15 2.22 1. 2 206000 167,939 3
10 30 3 2.15 2.22 1.94 1.6 Z16300 177.574 4
11 [29.995 3 2.15 2.22 1.94 1.6 206000 175.751 4
12 |30 [ 2.15 2.22 1.94 1.6 206000 174.521 4
13 |30 3 2.15 2.22 1.94 1.6 206000 175.938 4
14 30 3 2, 2.22 1.94 1.6 206000 209,628 2
15 |30 3 2, 2,22 1.94 1.6 206000 194,649 3 .
16 |30 3 2, 2,22 1.94 1.6 206000 177,019 4 fl
17 |30 3 2,22 1.94 1.6 206000 220,499 1
18 |30 3 1.6 206000 223,717 2
19 |30 3 1.6 206000 268,24 3
20 |30 3 206000 252,573 4
21 |30 3 195700) 174,062 4
22 [30.005 [=4] 206000 177.061 4
23 |30.005 3 206000 175,54 4
24 |30.005 3 206000 175,518 4
25 |30.005 3 206000 175,58 4
26 |30.005 3 206000 176,414 4
27 |30.005 3 206000 175,594 4 10
28 |30.005 3 206000 175,628 4
29 |30.005 3 206000 175,578 4
30 |30.005 3 206000 167,658 3
31 |30.005 3 2,22 .94 216300 177,313 4
32 30 3.1 206000 176,505 &
3330 3.1 206000 176,504 4
3 30 3.1 206000 176,955 4
35 30 3.1 206000 179,374 4
36 30 3.1 206000 177,104 4
37 30 3.1 206000 177,049 4 9
38 30 3.1 206000 177,135 4
3930 3.1 206000 169,43 3
40 30 3.1 216300 178,719 4
41 30 3 206000 175,507 4
42 30 3 206000 175,692 4
43 30 3 206000 178,382 4
44 30 3 206000 175,673 4
45 30 3 206000 175,591 4 8
46 30 3 206000 175,575 4
47 30 3 206000 167,428 3
48 30 3 216300 177,494 4
49 30 3 206000 175,211 4
50 30 3 206000 178,232 4
51 30 3 206000 175,75 4
52 30 3 206000 175,61 4 7
53 30 3 206000 175,236 4
54 30 3 206000 167,877 3
55 30 3 216300 177,411 4
56 30 3 206000 178,282 &
57 30 3 206000 175,375 4
58 30 3 206000 175,308 4
59 30 3 206000 175,709 4
30 3 167,392 3

206000

adp ®



Validation of the Model

Experiments Results
For all the series ruptures have been occurred in the sites where the highest notch
factors is maximum. Notch factor is maximum at bottom-right notch.

*Theoretical Results
»Data is taken from the DOE
»>Notch factor is calculated at four locations by Anthes, Kottgen and Seeger

formula
»Maximum value is plotted
;102070
Ktbutt—welds = 1—0156[J
r

10.2919 +0.3491 -sin[<9+3.2830]

1+[0.181+1.207-sin 6—1.737 -sin 2 0+0.689 -sin > ][r
h

»Maximum Notch factor is found out to be at the bottom-right notch
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Contd...

140

«Simulation Results

»Notch at which maximum L

stress lies
100

»Location 1 is taken as top-
left notch , 2 as top-right
notch, 3 as bottom-left
notch and 4 as bottom-right
notch

80

il

Number of Occurence

40

»Bottom-right notch is
found out to be the mostly
stressed most of the times . ,

(1 33) Location of Maxmum Stress
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Input Data to Define Parameters (SAW)

Para Nominal Tolerance Skewness Kurtosis A, Distribution Units
meters value value
t 30.00 0.01 - - - Uniform mm
a 3.00 0.20 - - - Normal mm
atl 19.05 6.30 0.15 1.54 0.317 General degree
atr 12.00 6.00 -2.08 6.42 0.333 General degree
abl 22.95 8.10 0.09 1.95 0.247 General degree
abr 24.85 10.3 1.84 5.26 0.194 General degree
rtl 0.79 1.45 1.15 2.87 1.379 General mm
rtr 1.83 3.15 0.91 2.06 0.635 General mm
rbl 0.50 0.79 1.35 4.25 2.532 General mm
rbr 2.22 4.08 2.33 6.33 0.490 General mm
Eweld 206000 20600 - - - Normal MPa
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Output Distribution

Results

The center moments of
output are derivate from
center moments of input.
From these calculated
moments, the distribution
density function of output is
approximated.

(1.03555864

*Mean of the output parameter
(maxstr.) is 238.986 Mpa

«Standard deviation is 6.76
M pa [l r 207.04 ‘ 231:257 ‘ 255‘473I

Mean Yalue: 238,986
Standard Deviation: 6,76435

Criterial
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SA of Simulation Model for SAW

Results
jjgj—
*Order of the importance is rtr ,rtl, |= —
rbl, a, Eweld, t, atl , abl, atr, tbrabr. |
Notch radii are the most influential | —
parameter Z;F
*Young’s modulus is not very |.w .
influential parameter as its total and
main effect is 1.2% and 1.11% | EIEF
respectively. !
-Overlap has a significant effect
- Parameters (atr, rbr and abr) have | !
an effect less than 0.1%. R
‘Deleting parameters, simulations |,
will be 129 "
129 ” Dt

Yosaving =1— 43 =46.9%
Fig: Pareto chart for maximum stress
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SA of Notch Factor Formula

Results e

-Effects of the notch radii |
are larger than the notch | 5 T 024

angles at all locations. . o
*Order of importance of : T : Eroar:
TOP-LEFT ain Effed ToP_RIGHT [ Miin Effect

notch radii is rtr, rtl, rbl

and rbr I .
*Parameters which v

influence maximum stress 23-595 1ok —
are same which influence = o

the nOtCh faCtor. U BOTTOM_LEFT EI'T'I.iati:lEEfFfFEech:t D BOTTOM_RIGHT E;Zti:lsffff:;:

Fig: Pareto diagram for notch factor (SAW)
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Section Diagrams
*Curves of approximated second order Taylor series of input parameters.

Variation of the output for a tolerance range of the input parameter

Criterial Criterial (Criterial
238,485 238,485 238,485
T_ALPHATL 238,744 /—*___\ TRTL 309,874 :
13.05 i 079 i TT 233.56
' : 30
237,068 : 270,337
: 23693
235.431 : 230.799 i ,
159 19.05 22.2 0,065 0,79 1,515
T_ALPHATR 254,27 : TRTR 267.101 :
12 H 1.83 235,306 : ‘
H : 29.993 30 30,005
237713 ; 244,266 : T4 47,568
3 1
221,156 : 221,431 i
9 12 15 0,255 1.63 3.405 23,377 H
T_ALPHABL 236,859 | T_REL 291.346 H
2295 | 05 :
237,376 . 261.338 230,187 i
24 3 3.1
235,892 5 231,329 T_EWELD 240,673 '
18.9 722.95 27 0.105 0.5 0.895 206000 1
T_ALPHABR 235,569 ; T_TER 261,765 :
24.85 i 222
: 236529
23811 248,731
237,652 5 235,604 : 236383 . .
19.7 24.85 a0 0.16 2.22 4.26 195700 206000 216300
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Reduced Second Order SA

If
SX, = STX,

*Reduced second order
analysis is performed

*No loss of accuracy

 Notch radius at top-right (rtr)
has a highest total effect of
37.65%

Criterial
TRTR A4

3745

TRIL 3.2

it

TREL 4.8
1428
A 0,64
9,64

TEWED 112
112
T 047
047
TALPHAEL 0.3

0.3

T_ALPRATL 0,32

0.3z

T_ALPHATR 0,05
003

T_TBR 0.03

0.03

T_ALPHAER. 0
1]

S

I Tokal Effect
[0 Main Effect
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Results from SOA and R

SOA

SAW
Parameters Second Order Analysis Reduced Second Order Analysis % V ariation
(from total effect)
Main Effect Total Effect Main Effect Total Effect

t 0.46 0.48 0.47 0.47 2.08

a 9.50 9.70 9.64 9.64 0.62
atl 0.31 0.42 0.32 0.32 23.81
atr 0.05 0.05 0.05 0.05 0.00
abl 0.37 0.41 0.38 0.38 7.32
abr 0.00 0.00 0.00 0.00 0.00
rtl 35.83 36.35 36.22 36.22 0.36
rtr 37.05 37.65 37.45 37.45 0.53
rbl 14.12 14.72 14.28 14.28 2.99
rbr 0.03 0.03 0.03 0.03 0.00
Eweld 1.11 1.20 1.12 1.12 6.67
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SA of Simulation Model for SMAW

Res u Its T Criterial

04

*Order of the importance is rbr, rtl, rbl, _ —

rtr, atr, abl, Eweld, a, abr, t and atl. el

18.34

TRIR 13,77

‘Notch radii are the most influential

TALPHATR 1129

parameter

T_ALPHABL 2,38

2.2

.Young’s mOdU|US and Overlap are nOt TEWELD 0.4
influential o

1A 0l
0.08

-Parameters (t, a, atl and abr) have an | . .
effect less than 0.1%.

11 0.0l
0

*Deleting parameters, simulations will | ... ..

be 99 : e |
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SA of Simulation Model for MAG

Results

*Order of the importance is rbr, atr, rtl,
rtr, rbl, abr, a, atl Eweld, t, abl.

*Notch radius at bottom-right is the
most influential parameter with total
effect of 32.29%.

*Young’s modulus and overlap are not
influential

«Parameters (t and abl) have an effect
less than 0.1%.

Yosaving =1-— 163 =32.9%
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Conclusions and Recommendations

- Variance based sensitivity analysis is a powerful tool to find
out the variation in the output of a model due to variations
In the input parameters.

. Influential parameters found from the sensitivity analysis of
finite element model are same as found from the sensitivity
analysis of the Anthes, Kottgen and Seeger formula.

. Maximum stress which leads to crack initiation lies at the
notch where notch factor is maximum.

. Notch radius at top-right (rtr), top-left (rtl), and bottom-left
(rbl) and overlap (a) are the influential design parameters
for submerged arc welding.

. Proper data should be collected for the overlap as its effect
can not be ignored for submerged arc welding.
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Conclusions and Recommendations

Notch radius at bottom-right (rfr), notch angle at top-right
(atr), notch radius at top-left (rtl), top-right (rir), bottom-left
(rbl) are the influential design parameters for gas metal arc
welding.

Notch radius at bottom-right (rbr), top-left (rtl), bottom-left
(rbl) and top-right (rtr) and notch angle at top-right (atr) are
the influential parameters for the shielding metal arc welding.

Although notch angles have lower effects than notch radii
their tolerance should be controlled precisely.

Young’s modulus (Eweld) for the weld material has negligible
effect on the output variable. It can be removed from the
analysis.

Thickness of the plate has very less effect for defined range.
But its effect can be ignored when the tolerance is high.
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Notch Factor Distribution

a5

T e A ‘Notch factor distributions for
TN v o [ (SMAW) series
[%] Specimennr.:  E11,E12
q 4 =
80 ] ; | *The notch factor value
AL A . .
© 70 TN wemeitn|] corresponding to the probability of
- o o «wo- || occurrence of 10% has been
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Input Distribution

»Thickness, modulus of
elasticity and overlap

»Notch Angles
»Notch Radii

036434 30,9498
0182425 18,4743
T T T
19,0527 20,6225 22,1923 11828 11914 12
Mean Yabe: 20,5155 Mean Yabe: 11,5746
Standard Deviation: 0.885459 Standard Deviation: 0.0252506
T_ALPHATL T_ALPHATR.
0.263151 4.2503%
0.131575 2.12516
T T 1 T T T
21,9498 24,4625 26.9752 24,8502 25,5465 26,2428
Mean Vahie: 24,5086 Mean Vahe: 25,0748
Standard Deviation: 1,22651 Standard Deviation: 0.216567
T_ALPHABL T_ALPHAER.
£,89960 2,007
3.44902 1.0035
T T T T T
0.790145 106139 1.33263 18305 2,529 3.22751
Mean Value: 0910709 Mean Yalue: 2,2062
Standard Deviation; 0102093 Standard Devistion: 0.296135
TRIL TRIR
1834 57.31%
9,17 26,6567
T T T
0.500055 0.620237 0.74042 2.22002 2.27847 2.33692
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Standard Deviatian: 00422001 Standard Deviation: 0019521
T_REL

T_TER




