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Multi-axial variable amplitude stress histories

Many engineering components are subjected to multi-
axial variable amplitude stress histories:
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Ref: Darrell Socie, Multi-axail Fatigue, 1999
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Sinusoidal in phase and out of phase loading
histories
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Non-proportional loading is more damaging

- Steels

= Conventional effective stress (von Mises stress) range:

= \/Aa,% + 3At2

500 S —
400 1 |tha/ ona=0.58 : |

5=90° §=0° i ”
s

I
o
o

100

Effective stress range

MPa

Cycles to failure (N)

Ref: Sonsino, C. M., Kueppers, M. (2001).
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Non-proportional loading is more damaging

-Titanium alloys

Type of loadings

Proportional loading

Non-proportional loading
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Ref: Nakamura, H et al. (2011).
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Two major research topics

s Fatigue damage parameter .

definition?

m Fatigue cycle definition?

— Normal Structural Stress
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Non-proportional variable amplitude
time histories
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Fatigue cycle definition: PDMR multiaxial

cycle counting procedure

m Path dependent maximum range
(PDMR) cycle counting (Dong, Wei 2010)
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VBT f T ,‘/FT 1

/e First half cycle
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a(f),T(t)

S
o
" > » > >
o
o, T time histories Load path First half cycle with max
range
s Output: PDMR procedure
* Effective stress range = Map stress histories to o — \/ET
plane
o |
Cycle = Search max stress range

* Pathlength = |dentify monotonically increasing

load path segments
Search for remaining load paths
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One limitation in path length based fatigue

damage parameter

Consider tested load paths

VB L Ll =

I 11 111

 Path length as a fatigue damage parameter proven effective for
many test cases

* One deficiency: the above three non-proportional path have the
same path length but different fatigue life
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My research objectives

m Develop a generalized fatigue damage model
for non-proportional variable amplitude multi-
axial loading

m Perform comprehensive validations by
demonstrating its ability for correlating a large
amount of well-documented test data at both
material and component levels
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A proposed model:

Definitions and assumptions

m Term definitions

e AB : Actual non-proportional
loading path after cycle counting

e AB : Reference proportional
loading path of AB

m Hypothesis and theory: A

* Total damage of load path AB can be modeled by two parts:
- Areference (proportional) loading event, i.e., AB
- A non-proportionality measure deviating from AB

 Anincremental non-proportional damage may be expressed as:
dDyp = 1r'|sin (8)|ds’
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Physical interpretation of non-proportional

damage Dy p

Dy = | r'-[sin(6)|ds’
AB

=E j |p(0,r)0'd5+q(c7,r)rd7/|
AB

LYJ

Incremental tensile strain Incremental shear strain energy
energy density density

Dimensionless path dependent weight function:

p(o,7)=-sin (6?0)\/1+ ﬂ(:—;)z

1 do

1 2
d(o,7) = 201 0) ﬁcos(é’o)\/1+ E(E)

" Dyp can be interpreted as an integral form of strain energy densities weighted
by path-dependent functions
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A dimensionless definition of Dyp: gpnp

Damage ratio with respect to maximum :
possible non-proportional load path induced 5 _ X'
damage from A to B:

[ sin(@)(ds’ _[ r'lsin(@)ds’
Ine = Phe = i:é = 48
D, ., Rsin(6)[ds' 2R?
AB
gyp-. Load path non-proportionality factor circular path: most damaging path
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Analytical form of gypfor elliptical path

= Sinusoidal bending and torsion with a
phase shift:

o =0,sin(6)
T =1,5in(6-5)

= Semilong axis and semi short axis length:

2Boitlsin® &

A=
\/(0'02 +,82'§)— \/(0'02 + pr )2 —4pclttsin?S

5 2Boctesin® o
(ag +ﬂr§) + \/(05 + prt )2 — 4Bl sin® &
" Closed-form solution of gyp:

Owe (00,7, 0) = 77( arcsiny1 - ),
\/7“
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MLP-based equivalent stress and strain

definitions for test data correlation

: A
= MLP based equivalent stress ﬁ__
N
AO'NPZ AO'E(]. + ng) I// §\\
Or, r A el N
'\ / 27|10 'l o
Aoyp= Aozg(1 + a - gyp) \\L/)g’; )
®* Aoyp: MLP based equivalent stress range. A N o
* Aogg is effective stress range of AB
® o is a material sensitivity parameter VBT
m MLP based equivalent strain B
Aenp= Aezp(1 + a® - gyp) ! A ~ -
. . l\ & 2710 l' €
®* Aeyp: MLP based equivalent strain range. \\L ,)g" /
s R /)
AS, ,/
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Procedure for determining material sensitivity

narameter a to load path non-proportionalit

* Two groups of fatigue tests
e Proportional(in phase) test
e 90° out-of-phase test

\/Fr‘ Ao A (A) Proportional
load path

(P) Proportional path
1

|/
o AO"(EA) PR U, NI

AO'G(EB)<_______________I ______

/’(
(Q)Non-prof);rtional / :I
Path (909) (B) Non- ¢ :
proportional I
Path (90°) |
,' f >
(a . et "
d
For prop path A: Acfip= Aae(A)(l +a-gyp) = Aae(A) Aa,gA) ,
4 . a : —_—
For Non-prop path B: Acpp= AGéB)(l +a- gﬁ,p) : Ao'gB)
1
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Validations and applications

Various steels (Mei, Dong, IJF, 2016)

eComparison with path length based parameter

Various aluminum alloys (Mei, Dong, IJF, 2017
MLP based b i, 2t )

eSeven groups of test data examined
eConnection of Material sensitivity and ductility

fatigue
model

Comprehensive collection on weldment
data (mei, Dong, IJF, 2017)

eComparison with Codes and standards
* PDMR cycle counting demonstrated
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Application of MLP model in test data

correlation - 304 steel (itoh et al, 1995

... Y/ /5
= Test conditions: - 8 d
I o o =T g
® Strain controlledtest [ ey <=
® Thirteen load cases tested — (3 |2 Case 0 _Case1 _ Case2
10 20 20 20 |10
; >K \N 2

Case 3 Case 4 Case 5

m Issues with Itoh et al.’s N [ ” --- ;
principal strain approach: i i

Case 6 Case 7 Case 8
® No clearly defined fatigue cycle — A/>
® Empirical parameters assumed to be -

dependent on material hardening Case 9  Case 10  Case 11
behavior

Case 12 Case 13
Fig. 2 Proportional and nonproportional loading paths
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Application of MLP model to 304 steels

-Itoh et al.’s low cycle fatigue data (a = 1)

m Principal strain based s MLP based correlation
correlation (Itoh et al.)

1.0E-01 1.0E-01

STD_upper ——STD_lower mean upper 2std lower 2std mean
& case0 case 1 B case? & case0 case 1 B case?
X case3 m case4d B caseb X case3 m  case4d B caseb
e caseb case 7 A case8 ¢ caseb case 7 A case8
% X case9 X case 10 ¢ casell -% X case9 X case 10 < casell
a A case 12 O case 13 E A case 12 O case 13
= A X . r S —
g % STD=0.230 g \2\’3»\ e
é 10E-02 | X ’&,\‘ > R2=0.85 g 1.0E-02 | \%\R =0.86
=3 [ o r Q
1.0E-03 — T —T— T ——— T 1.0E-03 — — —— T
1.00E+02 LOOEH03 o ojes  L/O0E¥04 1.00E+05 1.00E+02 1.00E+03 1.00E+04 1.00E+05
cycles
e Hardening parameters used  No material constant used
* No proper cycle definition e PDMR based cycle counting
e Still achieved a similar or improved
correlation
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Application of MLP model to 304 steels

-Itoh et al.’s low cycle fatigue data (a = 1)

m Path length based correlation = MLP based correlation for Cases
for Cases 6-8 6-8

1OE-01 1.0E-01
——STD_upper ——STD_lower ——mean ——upper 2std —— lower 2std
- ——mean & caseb
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8 10802 | A = 2 1002 QQ\
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2 o i
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R2=0.45 L R2=0.94
l'OE-g300E+02 - Ill(l)(l)E+03 1 66E+04 ll(l)(l)E+05 1.0E-03 AR AR o
' ' ’ ' 1.00E+02 1.00E+03 1.00E+04 1.00E+05
cycles cycles
B B . B 1
,’ ‘F , g yp for different loading path
J 7 0.75
/7
// // % 0.5
7 Y.’ D
A N . 0.25
Case 6 Case7 Case 8
0 |
Same path |ength Case 6 Case 7 Case 8
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Application of MLP model in test data
correlation - aluminum alloys

MLP based
fatigue
model

21

0 aluminum alloys <

e Case 3: 5083 alloy, Hoffmeyer et al .
(2006)

e Case 4: 6061 alloy, Itoh et al. (1997)

e Case 5: 6082-T6 alloy, Susmel,
Petrone(2003)




Representative load paths used by those
researchers




Data analysis procedure

s PDMR cycle counting: output counted cycles,
stress ranges (Ao, ), and load path

m Load path non-proportionality (gyp)
m Determination of material sensitivity parameter

(a)
m Calculate MLP based equivalent stress

m Compare MLP model estimated lives versus actual
test lives
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Data analysis results:

MLP based prediction vs.

experimental results

1.0E+08
-~
-
-
1.0E+07 ~
-~
” -
-~ -~
s
& 1.0E+06 0
= =
P A
|1=D i
2 1.OE+05
©
[
3
- 1.0E+04
E
7] — — — Factor of 3_upper
w - -
1.0E+03 = = = Factor of 3_lower
P B Xia and Yao' Al 2024 T-4 Ref.[30]
LOE+02 _Za A X ®  tohetal.'s Al 6061 Ref. [27]
e B840 &, Ao Zamrick Al 7075-T651 Ref.[24]
. Y44 O  Wang et al.'s Al 2024-T4 Ref. [31]
1.0E+01 > 4 :"' LY & Zhao and Jiang's Al 7075-T6 Ref. [26]
/ﬁ ©  Susmel and Petrone's Al 6082-T6 Ref.[28]
- “ +  Hoffmeyer et al.'s Al 5083 Ref. [29]
1.0E+00 - T T T T T T T 1
1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07 1.0E+08
Experimental fatigue life (N)

(Ref: Mei, Dong, IJF, 2017)
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Comparison of calculated material sensitivity
parameter for all aluminum alloys

6082-T6 [28] a=0.35 8
7075-T651 [24-25] at=0.35 9.7
7075-T6 [26] at=0.35 11
6061-T6 [27] at=0.4 12
5083 [29] at=0.48 20
2024-T4 [30] a=0.5 18
Y Y
2024-T4 [31] at=0.5 20

s Some observations:

® Aluminum alloys is less sensitive to non-proportional loading than structural steels

® As material ductility increases (from 7000 series to 2000 series), material sensitivity to

non-proportional loading also increases
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An approximately linear relation between

material sensitivity vs. ductility

All aluminum alloys investigated

Material senstivity vs. elongation for various aluminum alloys

7075-T651(Ref. [26])
7075-T6 (Ref. [24-25])
6082-T6 (Ref. [28])

6061 (Ref. [27])

EN-AW 6082 T6 (Ref. [21])
Al 5038 (Ref. [29])

Al 356 (Ref. [34]) B
2024-T4 Ref. [30]) y=0.0168x+0.169

2024-T4 [Ref. [31]) R*=0.947
-
0.4 X
/
0.2
0 5 10 15 20 25 30
Elongation rate(%)

0.8 -

COEDP +xPr 8 ¢

0.6 -

Material senstivity parameter

(Ref: Mei, Dong, IJF, 2017)
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An approximately linear relation between material

sensitivity vs. ductility, including other materials

Material senstivity vs. elongation for various aluminum alloys

1.25
y =0.0191x + 0.2038
_ 1 e R?=0.7031
=]
[5)
: e
S 075 L
2 [ )
=
17
3 ® Structural steels
7] 05 .
B H Aluminum alloys
£ + Magnesium alloys
= 025 A Titanium alloys
all data
—Linear (all data)
O T T T T T T T 1
0 5 10 15 20 25 30 35 40

Elongation rate(%)
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Applications to welded structural components

- Stress definition

" Traction based structural stress
e Three traction stress component
exposed by a hypothetical cut
 In equilibrium with applied far
field stress
e Mesh insensitivity

"  Only normal structural stress
(0s) and in-plane (7) considered

Proposed Application: Application: Application: Application:
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Applications for evaluation of welded

structural components

= Residual stress relieved =  As welded

X
x
z
m, .
m, f;

(a) Tube-to—ﬂangejoint (b) Tube-to-tubejoint (a) Tube-to-flange joint (b) Tube—to—flangejoir;
(Sonsino and Kuepper[24]) (Sonsino and tagoda [25]) (Razmjoo [29]) (Yung and Lawrence [30])

AN

No penetration

|

m,

joi (c) Fillet welded gusset (d) Transverse welded box beam
(C}S-ﬂl"‘be:&ﬂan|gezjgmt (d) Tube-to-flange joint (Takahashi et. al [31,32]) (Dahle et al. [33])
(Siljander et al.[26]) (Yousefiet al.[27] ;Witt and Zenner [28])

Ref: J. Mei, P. Dong. An equivalent stress parameter for modeling multi-axial fatigue of welds. I.J.F., 2017
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Stress concentration calculation results
— different stress definitions

ES:;Z?S"’E;?] 1.72 11 2.2 11
Sonsino and tagoda [28] 1.00 1 1.0 1.0
Siljander et al.[29] 1.42 1.1 1.25 1.1
Yousefi et al.[30] 1.69 1.1 1.37 1.1
Witt and Zenner [31] 1.69 1.1 1.37 1.1
Razmjoo [32] 1.90 1.1 14 1.1

Yung and Lawrence [33] 1.42 1.1 1.25 1.1
Takahashi et. al [34,35] 1.95 0 1.73 0
Dahle et al. [36] 1.00 1 1.0 1.0

Ref: J. Mei, P. Dong. An equivalent stress parameter for modeling multi-axial fatigue of welds. I.J.F., 2017
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Example: Analysis of Yousfei’s test data(2001)

- Description of tests

m Five test conditions :
e Pure bending
e Pure torsion
e |In phase
e QOut of phase
e Asynchronous loading

m Authors’ cycle definitions:

¥ ER\I\W\ N \\\\\\\\\I\&;

_ 25

— Nommnalized bending structural stress —— Nommalized bending structural stress
——— Normalzied torsion structural stress " .
—— Normalized torsion structural stress

V3
31,

Asynchronous loading:

o
o

Normalized &, ,+/37,
S o
n

rmal

&

-1
0 6 & 0 8

a
Phase angle (rad)

4
Phase angle(rad)

(a) Time history of bending and torsion stress (f,/f.=1/5) (b) Time history of bending and torsion stress (f,/f.5)

fo/fe = 1/5 fo/fe =5

Assumed cycles: 5 Assumed cycles: 5
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Analysis of Yousfei’s test data

- PDMR cycle counting

C L
. — 1 - 3 I\~
fp/ft = 1/5 for example /K-;r.. S7A T,
Normalized bending structural stress l':jo 5 'I N \ N
Normalzied torsion structural stress Ig ! | , \\
P:, l 8 II
L%o.s % 0 I'
e E /I
E 0 § / Load path
-E -0.5 ,I
=% / \.7— First counted\/
. IA D half cycle
0 2 4 6 8 -1 ——L T T T F
! 1 05 0 0.5 1
(a) Time history of bending and torsion stress (f,/f,=1/5) Normalized o5
Stress components load history Black line: loading path
Red dashed line: half cycle with max rang
n .
PDMR based Cydes' e Stepl: Search max range (AB)

e Step2: Identify load path with

_ monotonically increasing range

» *_C*¥E_FEX*_F* . H
0.5 AB i until max range is reached. count
0.5 cD cD
as one half cycle
0.5 EF EF
0.5 DC* DC*

0.5 FE* FE*
Proposed Application: Application: Application: Application:
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Analysis of Yousfei’s test data

- MLP based equivalent stress calculation

1 5 e ifde L8 0 x
) I.- - o dS - *\\B
’ -~ ’ .
1 / , i “
hl / AN N ' R
- Sgs o | NUsin(@)." T e E*
0.5 o AB ' AN Y
E e ' A T “\” \
g :> -/ e - ;
50 g | ‘\/, '
E =g e ————— |
zo Load path E '| I /, , :
05 5 \ [} |32 i
==/ == First counted 2 /’ '
half cycle Y | 4 /
1 05 - |’/ ------------------------------------------------ !
1 -05 0 05 1 \ -— = [} /
Normalized o, N e First counted half ;
LY L7 cycle
44 . 05 0 0.5 1
.. Normalized o,
MLP-based equivalent stress range results
Eouies) Effective stress range (Ag, ;) MLP-based
ID Non-proportional
cycles Load path equivalent stress
(@) Stress range | Range value factor(gwp,i)
(Ny) (Aayp,)
1 1 AB 2.67 AC-CC*-C*E-EE*-E*B 0.66 4.4322
2 1 CD 2.04 CD 0.1 2.244
3 1 EF 2.03 EF 0.1 2.233
4 1 DC* 1.8 DC* 0.09 1.962
5 1 FE* 1.45 FE* 0.08 1.566
Proposed Application: Application: Application: Application:
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Analysis of Yousfei’s test data

- Data correlation and comparison

m Nominal stress based data m MLP based data correlation
correlation

1.0E+04 T T 1.0E+04 | pure bendi T
I * Pure bending [ . ure bending
STP=0.45 ®  Pure torsion [ STD=0.314 u :’uritorslmnd. "
R’=0.59 . 2_ A n phase loading pa
A In phase loading Path I R"=0.86 [e] Out of phase loading path (90 degree)
o Out of phae loading path(90 degree) n bending freq/torsion freq=1/5

. u bending freq/torsion freq=1/5 = ° bending freq/torsion freq=5
© [ bending freq/torsion freq=5 [ Mean
% Mean g | ~ = = = - Upper +2*std
- = = = Upper +2*std 9 ~o S = = = .lower-2*std
(V] ~
% — — — Lower-2*std g g
§ 10E+03 | % 1.0E+03 | ~_L =

L L ~
;g F g e XS

© r ~
5 g RN ‘e ~Q
© -l'?ﬂ S 4 * h : S o g
o =
2
1.0E+02 — —r—TTrT —r—Trrrt ——r 1.0E+02 ———rr ——H — —
1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07 1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07
Cycles to failure (N) Cycles to ffailure (N)
e Large scatter band e \ery good correlation
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Further Extension of MLP model for fatigue

design and evaluation of welded components

s Original equivalent structural stress (ASME, 2007)

Ao,
ASs = —3m 1
t*2m [(r)m

s New equivalent stress parameter proposed

AO.NP 2 2

R _ Aof + fAT

ASnp 2 2-m 1 r, = \/ ’ ’
(1—-R)mt*2m [(r,)m JAGE + BATZ, + |Aay|

s Methods used by current Codes and Standards
® Eurocode 3:

Aogc = i/(AO-h)3 + kgc (Atp)® kec = AUfS/ATfS
® ||W:

1,
Aoy D V(80)? + ki (Aty) Ky = Aop? /AT,

Proposed Application: Application: Application: Application:
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Correlation of structural component test data:

Eurocode 3 (EC3) versus MLP model

m Eurocode 3 based correlation m New equivalent stress based
correlation

5.0E+03 5.0E+03

®  Sonsino's Tube-flange Joint L ] Sonsino's Tube flange Joint
+  Sonsino's Tube-tube Joint L . Sonsino's Tube-tube Joint
o  Siljander flange-tube joint L pe Siliander flange-tube joint
*  Yousefi's flange-tube joitn R~1 F * Yolusefi's fla rée-tuhel!zitn R=-1
¥ Yousefi's flange-tube joitn R=0 ~ . ¥ Yousefi's flange-tube joitn R=0
4 Wittand Zenner's flange-tube joint r -~ N Wi d g i il I be ioi
e M€EN h .~ itt and Zenner's flange-tube joint
— s~ ™ Master 5-N mean
+2STD
4 -25TD _ {\ r TS — — — Master 5-N +25TD
= I Razmjoo's flange tubejoint o k * N — = — Master S-N-25TD
: = Yung's flange-tube joint & ™ \A A *\ I Razmjoo’s flange-tube joint
[ + Takahashi's gusset E T A 2 b [N Yung's flange-tube joint
£ & Dahle's test p L LAY A i) +  Takahashi's gusset
4 '
o Solid symbols: multi-axial proportional test data IED ™ - ﬁ'\ g L] Dahle's test
Q Empty symbols: multi-axial non-proportional test [ ~ “-* i
= = K A Y a
g 2 S AR
> 5.0E+02 o . % wy |
B [ 2 S5.0E+02
17 ] L [N ? 7 &
g STD=0.48 - F LY - s : ". "
@ R2=0.56 g r .t < 24 .
- = F ~ Iz =
2 £ ~ A
£ 2 i SO0 et ® | || sTD=0.32
= ~ X
0 @ i TN * ..~ || rR=0.82
d c Iy I~ t ™
] - ~ ~ ~
ol ~ ~
> ~ - ~
' = L ~ -~ S A
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Correlation of structural component test data: IW

method versus MLP model
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Main Contributions — Part |

> Developed a non-proportional fatigue damage model

= non-proportionality factor (gyp)
= material sensitivity parameter («)

> Validated for applications in 0 — \/ET plane, € — /¢y plane

> Integrated in PDMR cycle counting procedure

> Validated using a large amount of test data

= structural steels
= aluminum alloys
=  Welded structural components

ication: ication: ication: Application:
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Main Contributions — Part i

> |dentified a quantitative relationship between material
sensitivity and ductility

> Implemented MLP based equivalent stress parameter for
performing fatigue evaluation of welded structural components

AO_NP

2 2-m 1
(1 —=R)m ¢ 2m [(r,)m

> Demonstrated its effectiveness by comparing current codes and
standard using structural test data

AS}\}P —
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Why both stress and strain planes can be

used in MLP model:

Experimental support: I
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# I
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Fi6. 3 {continued).

(d)
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Why both stress and strain planes can be

used in MLP model:

Experimental support:
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Fig. 9b. Experimental and calculated strain responses in the notch tip induced by
Fig. 9a. Box stress/load path - counter clockwise. the box input loading path - counter clockwise.
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Background

---Load Paths for Proportional versus Non-Proportional loading

Proportional load path Non-proportional load path

Conventional effective stress range is still How to define a stress range for Non-

applicable, i. e. proportional load path?
Ao, = \/Acg? + BAT2 = Can we still use Ag, as a damage
f = 3 for von Mises stress range definition parameter?

Proposed Application: Application: Application: Application:
4 Background Al alloys Weld joints Mix mode crack
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