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Abstract

The thesis deals with the residual strength analysis of cracked laser beam and friction stir welded
thin-walled panels for aircraft fuselage applications made of the Al 6013 T6 alloy. Detailed experi-
mental work has been carried out in order to improve the understranding of the fracture and
deformation behaviour of these components containing highly strength undermatched weld joints.
Moreover, the experimental results have been used to verify the proposed analysis route for the resid-
ual strength prediction of cracked unstiffened as  well as stiffened welded fuselage panels. The results
have shown a good agreement of the predicted maximum load levels with the experimental values.

Restfestigkeitsanalyse von laserstrahl- und reibrührgeschweißten Aluminiumblechen
für flugzeugtechnische Anwendungen

Zusammenfassung

In dieser Arbeit wurde die Restfertigkeit von laserstrahl- und reibrührgeschweißten dünnwandigen
Flugzeugrumpfkomponenten mit einem Anfangsriss anaylisiert. Der untersuchte Werkstoff ist eine
Al-Legierung (AL 6013 T6). Es wurden umfangreiche Versuche durchgeführt, die zum einen zum
besseren Verständnis des Bruch- und Deformationsverhaltens dieser Schweißnähte mit Undermatch
einen Beitrag leisten. Zum anderen wurden die experimentellen Ergebnisse zur Verifizierung der 
vorgeschlagenen Methode zur Vorhersage der Restfestigkeit von geschweißten Rumpfblechen mit
und ohne Versteifungen herangezogen. Die Ergebnisse zeigen eine gute Übereinstimmung der vor-
hergesagten Maximallasten mit den Messwerten.
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Material related input parameters 
by experiments:

tensile data
fracture toughness (R-curve)

Component related input 
parameters:

stress intensity factor
yield load solution

Prediction of critical condition
(max. load or critical crack length)
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Analytical, Eq. (5.7)

FEA: small strain (2 FE runs)

FEA: large strain (2 FE runs)

FEA: large strain (1 FE run)
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R-curve: KJ = 76.03 (∆a)0.34
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a/W

EB v
F

ASTM E561

aeff/Wv

L
oa

d,
 F

∆Fn
∆vn

elastic

v

L
oa

d,
 F

∆F
∆v

a/W

EB v
F

ASTM E561

a0/W

EB v
F calibr.

Get experimental compliance,  

normalize with respect to 
material, E, and geometry, B, 

v
Ffrom elastic slope; 

EB v
F elastic

Get theoretical compliance at 
a0/W for calibration

=
?Adjust exp. compliance

by changing E no

yes

EB v
F

n = 1,2, ...

Experiment Theory based on Elasticity

F

F

2ao

2W

B
E = Young's modulus

2a0 = initial crack length

2W = specimen width
B = specimen thickness
F = applied load
v = CMOD (Crack Mouth Opening Displacement) 

2aeff = effective (plasticity corrected) crack length

ASTM E 561
R-Curve

Keff

aeffao

Keff  = F
2WB

πaeff 
2W

πaeff sec

n

R-curve

EB v
F calibr.

EB v
F elastic

EB v
F calibr.
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j=0, ∆F0=0

ai = a0 + ∆ai

Fj = ∆Fj

Lr = Fj / FY(ai)

Lr >= Lrmax 
?

N = 0.3 (1 - Rp0.2 / Rm) µ = min
0.001 E / Rp0.2

0.6

f(Lr) =
(1+0.5 Lr

2)-1/2   (0.3 + 0.7 exp(-µLr
6)) for 0<Lr<=1

f(Lr=1)   Lr
(N-1) / 2N for 1<Lr<Lrmax

yes

no

KJ (ai) = KI (ai)    f(Lr)
 -1

δ5 (ai)=                     f(Lr)
 -2KI

2 (ai)

E Rp0.2

   
j=

j+
1 

 

   
i=

i+
1 

 

KJ (ai) = KJR (ai)
?

δ5 (ai) = δ5R (ai)
?

a0

K
J 

or
 δ

5

aai

Fj

δ5∆a

F

OUTPUT:
∆ai, Fj,  δ5(ai)

..
.

..
.

..
.

F

δ5 (ai)=
KJ

2 (ai)

E Rp0.2

Lrmax = 
0.5(Rp0.2 + Rm)

Rp0.2

KI (ai)   and   FY (ai)

or

no
no

yes

yes

  plastic collapse  

STOP if ai > amax

amax

STOP

i=1

Determination of f(Lr)
Inputs: Rp0.2, Rm, E, Lr

R-curve: KJR or δ5R
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j=0, ∆F0=0

ai = a0 + ∆ai

Fj = ∆Fj

Lr = Fj / FYM(ai)

   
j=

j+
1 

 

   
i=

i+
1 

 

a0

δ5

aai

Fj

KI (ai)

STOP if ai > amax

amax

i=1

FYB (ai) ,  FYM (ai)

M = 
Rp0.2W

Rp0.2B

Determination of f(Lr)
Inputs:

f(Lr) =
(1+0.5 Lr

2)-1/2   (0.3 + 0.7 exp(-µMLr
6)) for 0<Lr<=1

f(Lr=1)   Lr
(NM-1) / 2NM for 1<Lr<Lrmax

NW = 0.3 (1 - Rp0.2W / RmW)NB = 0.3 (1 - Rp0.2B / RmB)

NM =
M - 1

(FYM / FYB - 1) / NW + (M - FYM / FYB) / NB 

µB = min
0.001 EB / Rp0.2B

0.6

0.001 EW / Rp0.2W

0.6
µW = min

µM =
M - 1

(FYM / FYB - 1) / µW + (M - FYM / FYB) / µB 

continued on next page

Rp0.2B, RmB, Rp0.2W, RmW, EB, EW, FYB(ai), FYM(ai), Lr

R-curve: δ5R
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δ5∆a

F

OUTPUT:
∆ai, Fj,  δ5(ai)

..
.

..
.

..
.

F

δ5 (ai) =                            f(Lr)
 -2KI

2 (ai)

m EW Rp0.2W

no δ5 (ai) = δ5R (ai)
?

yes

STOP

  plastic collapse  Lr >= Lrmax 
? yes

no

Lrmax = 0.5
0.3

0.3 - NM
1 +

continued from previous page

   
j=

j+
1 

 

   
i=

i+
1 
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j=0, ∆F0=0

ai = a0 + ∆ai

Fj = ∆Fj

Lr = Fj / FY(ai)

Lr >= Lrmax 
?

Determination of f(Lr)

σref = Lr Rp0.2

f(Lr) = for 0<Lr<Lrmax

yes

no

KJ (ai) = KI (ai)    f(Lr)
 -1

δ5 (ai)=                     f(Lr)
 -2KI

2 (ai)

E Rp0.2

   
j=

j+
1 

 

   
i=

i+
1 

 

KJ (ai) = KJR (ai)
?

δ5 (ai) = δ5R (ai)
?

a0

K
J 

or
 δ

5

aai

Fj

δ5∆a

F

OUTPUT:
∆ai, Fj,  δ5(ai)

..
.

..
.

..
.

F

δ5 (ai)=
KJ

2 (ai)

E Rp0.2

Lrmax = 
0.5(Rp0.2 + Rm)

Rp0.2

KI (ai)   and   FY (ai)

or

no
no

yes

yes

  plastic collapse  

STOP if ai > amax

amax

STOP

i=1

Inputs: σtrue, εtrue, Rp0.2, E, Lr

E εref

E εref / σref
+ 0.5

σref

Lr
2 -1/2

εref εtrue

σref

σtrue

R-curve: KJR or δ5R
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j=0, ∆F0=0

ai = a0 + ∆ai

Fj = ∆Fj

Lr   >= Lrmax 
? yes

no

   
j=

j+
1 

 

   
i=

i+
1 

 

a0

δ5

aai

Fj str

δ5∆a

F

OUTPUT:
∆ai, Fj,  δ5str(ai)

..
.

..
.

..
.

F

Lrmax = 
0.5(Rp0.2 + Rm)

Rp0.2

KI str(ai)

no

  plastic collapse  

STOP if ai > amax

amax

STOP

i=1

R-curve: δ5R

FYstr (ai)

str

Lr   = Fj str / FYstr(ai)
str

Fj str = α Fj Ls(ai/W)
α  = 0.095 (for 2-str)
α  = 0.061 (for 3-str)

str str

str

str str

δ5str (ai) = δ5R (ai)
?

yes

δ5str (ai) =                       f(Lr   )
 -2KIstr

2 (ai)

E Rp0.2
str

str

Level 3

Inputs: σtrue, εtrue, Rp0.2, E, Lr
str str str str

Determination of f(Lr   )
str

Level 1
Determination of f(Lr   )

str

str str strInputs: Rp0.2, Rm, E, Lr

same set of equations
as skin analysis

same set of equations
as skin analysis
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295

R-curve: δ5 = 0.28 (∆a)0.63

328

F

F

2W

2a

Fmax=

SINTAP Level 1

Instability

Al 6013 T6, M(T)760 BM, a0/W=0.33, B=2.0mm

T-LCDF

a)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

FAD

Lr

K
r

∆a

T-L

Fmax = 328 kN

Instability

F

F

2W

2a

SINTAP Level 1

Al 6013 T6, M(T)760 BM, a0/W=0.33, B=2.0mm

Lr max

b)

f(Lr)

F
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F = 350 kN
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R-curve: δ5 = 0.28 (∆a)0.63

F

F

2W

2a

336
Fmax=

SINTAP Level 3

345

320

Instability

Al 6013 T6, M(T)760 BM, a0/W=0.33, B=2.0mm

T-LCDF

a)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

FAD

Lr

K
r

∆a

T-L

Instability

F

F

2W

2a

SINTAP Level 3

Al 6013 T6, M(T)760 BM, a0/W=0.33, B=2.0mm

Lr max

f(Lr) Level 1
f(Lr) Level 3

Fmax = 336 kN

b)

F
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R-curve: δ5 = 0.30 (∆a)0.63

365
F = 375 kN

345

340

335

F

F

2W

2a

353
Fmax=

SINTAP Level 1

Instability

Al 6013 T6, M(T)760 BM, a0/W=0.33, B=2.0mm

L-TCDF

a)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0.0

0.2

0.4
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K
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L-T
Fmax = 353 kN

∆a

Instability

F

F

2W

2a

SINTAP Level 1

Al 6013 T6, M(T)760 BM, a0/W=0.33, B=2.0mm

Lr max

FAD

b)

f(Lr)

F
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R-curve: δ5 = 0.30 (∆a)0.63

370

F = 375 kN 345

340
335

F

F

2W

2a

363
Fmax=

SINTAP Level 3

Al 6013 T6, M(T)760 BM, a0/W=0.33, B=2.0mm

L-T
350

330
325

Instability

CDF

a)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0.0

0.2

0.4

0.6

0.8
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K
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L-T

∆a

Instability

F

F

2W

2a

SINTAP Level 3

Al 6013 T6, M(T)760 BM, a0/W=0.33, B=2.0mm

Lr max

FAD

f(Lr) Level 1
f(Lr) Level 3

Fmax = 363 kN

b)

F
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