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Motivation for the Work

Existing Linksin the M echanical Behaviour show up: Different structural materials
- can possess similar material behaviour  or > o
- can belong to the same class of material symmetry similarity aspect

Welcomed Consequence:
- Thesame strength failurefunction F can be used for different materials
- Moreinformation is available for pre-dimensioning + modelling
In case of a newly applied material

from experimental results of a similarly behaving material.

DRIVER:

Author' s experience with structural material applications, range 4K - 2000 K.

MESSAGE: Let'susethese benefits!




1 Introduction to Design Verifications
1.1 Structural Analysis Flow Chart [ESA]
SYSTEM Requirements from ANALYSIS or Standards, ..
Analysis of Design Loads, N
Dimensioning Load Cases
Thermal ’l
analysis _ : : STRUCTURAL
Hygro-thermal mechanical Stress and strain analysis
) _ . . DESIGN and
(input: mean physical design data)
ANALYSIS
! I AR
Damage tolerance and Stiffness Stress Stability
fatigue analysis analysis analysis analysis y
Other requirements to be verified: Test verification
Inspection, Materials, Fabrication & (qualification, acceptance, STRUCTURAL
Process etc.)
- DESIGN
T l VERIFICATION
l l l l (respecting strength
design allowables,
Damage tolerance & fatigue Stiffness Strength Stability geometrical
demonstration demonstr. demonstr. demonstr. tolerances, ..)
material failure structural failure

(incl. safe life; fail safe; fracture,

corrosion & embrittliement control)




1 Introduction to Design Verification

1.2 Tools for Demonstration of Structural Integrity

initially free of initially not free of
(macro-) flaws (macro-) flaws = notches joints,
just dispersed pores, techmical cracks, attachments
voids, micro-cracks delamination
gruwzh
ispersed i:my
crack
growth | ¥
gspecial desipgn
- notch (fraf:ture) factors applied
fracture mechanics, mechanics.
) R6-method 1f ductle. siress concentration +
Static Failure stress intensity + (Neuber’s) critical
Faﬁgue Failure fraciure tuughness distances methods
< >




1 Introduction to Design Verification

1.3 Structural Mechanics Field

Initial flaw-free flaw-free notched cracked,
Situation delaminated
Classical Continuum Notch Fracture Fracture
Theory Continuum Damage Mechanics | Mechanics Mechanics
Mechanics
strength damage mechanics | ‘Neuber-like’ fracture
failure conditions failure conditions failure conditions | mechanics
static failure condit.

stresses

effective stresses

stress
concentrations

stress
intensities

Effects: cyclic, creeping, impact, strain rate




1 Introduction to Design Verification
1.4 Static Structural Analysis Procedure (isotropic case for simplification)

FOS := (design ) Factor of Safety
MoS := Margin of Safety

{wm'mﬂmwzfj[ cesign DLL]
imterfaces - / limit _loads [ deterministic ]

safety comcept

dimensioning load cases [#— F0S Joo )yt Jbuck R := strength (resistance).
elasticty properties Design Verification for:
e (T, E)- CUtvE _ _
design allowables R various Design loads:

¥ Design Yield Load (DYL)

o from 20, 30 - :
' =DLLJpo2..... flight load level
& | e e +— {7l condi !
Q\0 ' [ Design Ultimate Load (DUL)
Mos <00, - i
630) Df;ﬂﬂgﬂ } —T— DLLJut ...... fracture load level
Design Buckling Load (DBL)

failure conditions
needed

strength  analysis
Mog = Ry -

WS = Di

Werification of chosen design — prm.il.fct )
cettification v

= DLL jbuckl ... fractureload level




1 Introduction to Design Verification
1.5 Strength Failure Conditions. Description

are mandatory for the
prediction of Onset of Yielding + Onset of Fracture for non-cracked materials.

What are Strength Failure Conditions for? They shall
* assess multi-axial stress states in the critical material point,

by utilizing the uniaxial strength values R and an
equivalent Stress 6, representing a distinct actual multi-axial stress state.

for * dense & porous,
* ductile & brittle behaving materials,
ductile: R, = Ry, brittle: R ©>3R '

for * isotropic material

* transversally-isotropic material (UD := uni-directional material)
* rhombically-anisotropic material (fabrics) + ‘higher’ textiles etc.

 allow for inserting stresses from the utilized various coordinate systemsinto stress-
formulated failure conditions, -and if possible- invariant-based.



2 Stress Statesand I nvariants
2.1 Isotropic Material (3D stress state), viewing StressVectors& Invariants

The stress states in the isotrop ,
various COS can be Mohr's
transferred into each other Op COS

om Mohr’sFracture
plane Stresses

T
{G}principal :(GI’ Oy Oy ) {G}comp :(Gx’ Oyy O5s Ty Ty Ty )T {G}Mohr :(61,” Ony Oty Tty Tyr Ty )T

Principal Stresses Structural Component Stresses !

‘isotropic’ invariants'!

|,=(o, +o,+0,,) = 30,,= f(o), |, =(o, +0,+0, )T

|, =(o,+0,+0, )T

63, =(0y —0y )" +(o —oy )’ +(o -0,)" | 6J,=(0,-0,) +(0,-0,) +(0,-0,) | 63,=(0,~0,) +(0,~0, ) +(0, -0, )

=&z, 41,2 +7,2)= 9 2= (1) +6(7,, +7, +7,,") (Mises,HMH) +6(7, +1,°+7,,°)

oct

2
27J3 = (26| —0, —Oy, )(ZGII —0, =0y, )(26||| —0, =0y )' Io‘ =4J,-1, /3, Omean = |1/3 9
Invariant := Combination of stresses—powered or not powered- the value of which does not change when altering the coordinate system.



2 Stress Statesand |nvariants
2.2 Transversely-lIsotropic Material ( € Uni-Direct. Fibre-Reinforced Plastics)

o ﬁL “3=°L Lamina
- Stresses
j_/‘
A1 f/ﬁ_{?; _
. Ta3=T
13
-
. . W =5
Transformation of lamina a, S T
stresses into the quasi- T2 L ;,{-E,J_
isotropic plane stresses gl
:}{: = - . -
! Ta1 o= Ty Mohr, Puck, Hashin: Fractureis determined
by the (Mohr) stressesin the fracture plane!
{ }quasi—isotropic plane { } .
% principal o O flamina = {G}Mohr =
_ [ P P T _ T T
=(0,,0,,03,0,73,75) =(01102,03,T53,T3,T2 ) (0)y Ony Oy Toes Tys Ti)
l,= o,, l,=0,+0] l,= o,, l,=0,+0, l,= o,, l,=0,+0,
2 2 . .
I3:r3'°12+r2p12 |, =75 +75 ‘UD Invariants’! |. =72 + 12
3 t n/
[Boehler]
2 2 2 2 2
l,=(0} ~03 ) +0 l,=(0,—0,)" +415 l,=(0,-0,)" +47,
2 2 2 2 — _ 2 _ 22 y_
lo=(cf—a?) 8 =2 )+ 0 . =(0,—0, ) (75 —T5 ) —4T0T4T, ls =(o, -0 )7 —70 ) - 4T,7y Ty
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2 Stress States and | nvariants

2.3 Orthotropic Material (rhombically-anisotropic €4 woven fabric)

Homogenized = smear ed _
falr i ial o 3D stress state:
woven fabrics mater| ement Here, just a formulation in fabrics
lamina stresses makes sense!
Sy
- _ T
3 “3F {G}Iamina = (0w .0k 03, T3¢ Taw Trw )
} TF3
[fws t _’GF
T Fabricsinvariants! [Boehler]:
Gﬁwﬁ R [ ]
o F
m |1:(7W, IZZGF, |3:(73,
4= 736, 15= 73w, l6= Trw
Warp (W), Fill(F). more, -however simple- invariants necessary

(homogenized) Orthotropic Material is the material of the highest structural rank

guasi-lami n§ composite

11



3 Observed Strength Failure Modes and Strengths

Which failure types (brittle or ductile) are observed ?

Cleavage fracture (NF) (spaltbruch, Trennbruch) : Shear fracture (SF) :

- poor deformation before fracture - deformation before fracture

- ‘smooth’ fracture surface knowledge is

1

helpful for the later
choice of invariants

compression
tension bar

- l crack W

conclusion: | » 2 strengths to be measured

12



3 Observed Strength Failure M odes and Strengths

3.1b Isotropic Material brittle, porous if brittle: failure = fracturefailure
Normal Fracture (NF) (Spatbruch, Trennbruch) : Crushing Fracture (CrF): <« SF
- poor deformation before fracture - volumetric deformation before fracture
- rough fracture surface
helpful for thelater
choice of invariants ﬂ
W _ Compression
Tension
result of the
; C
R compression test Rm
m = hill of fragments (crumbs)
F l = decomposition of texture W

» 2strengths to be measured

13



3 Observed Strength Failure Modes and Strengths audience familiar ??
3.1c Isotropic Material dense, ductile (most of the aerospace nmaterials)

Shear fracture (SF) :
- shear deformation observed before fracture (maximum load)

- later in addition, volume change before rupture (‘ Gurson domain’)
- dimples under tension.

W Tension W
sheet round

bar
Rt
\ m

R! first a diffuse
m and later local
necking

+ void growth

Fy '

» 1lstrength, R tobe measured (= load-controlled value),

« R.,® isneither existing nor necessary for design,

R, isthe design driving strength. 14




3 Observed Strength Failure Modes and Strengths
3.2a Schematical UD Failure Modes (known from fractography of UD specimens)

X3T - /61 XST LR, iztzigrem on

FF2

1
B
A
OOOEZ\
\
l_
~
Q

o JBRE o Tt 1 » 5 Fracture modes exist
I 8988 X2 852438888 X2
It gﬁgggg = 2 FF (Fibre Failure)
X NPy X + 3 |FF (Inter Fibre Failure)
t Il
X3TJ— R, XSTJ— T
/ - V2
G, i
el FEER 77 R ceostoce = N |
sszelfeges . L 3853 3883 X5 Crltlcallnaloadedlamlnate
sessyAcse 2 5N ¢ are: FF1, FF2 + possibly IFF2!
)SJ/OOQO 00 O O L S T ]

NF := Normal Fracture

macroscopically:

SF := Shear Fracture

P

7

4

QOO 0000

o]

]
lsReReXeleR)r el
LaReRegeluy logege]

Qoo 000
SFOODoOo00

o
o

sea 15
wedge type




= FF2 compressivefibre
&% fracture = kinking

S onset of del ammatlon

T,

N TIrE parallel compresswe Ioadlng'

.—.-.-._..k —— e e —

—

. i -

L ...'.-.. .'.
Pt o --t“-u-p"‘ih—-qi'!-in-ﬂ- -n..lr-

fibre-parallel g8
tensile loading

Fl tensile

fibrefracture 16



3 Observed Strength Failure Modes and Strengths
3.3b Failure mechanisms of compressed carbon filaments

PAN

Mesophase
pitch

Courtesy: K. Schulte, TUHH
17



3 Observed Strength Failure Modes and Strengths
3.4 Orthotropic Material (woven fabrics)

next level above UD

Fractography exhibits no clear failure modes.
In this material case always multiple cracking is
caused under tension, compression, bending, shear !

= diffuse micro-cracking

Plain weave jarn interlacing

different
— Yo ondulation

» 9(6 if F=W) strengths to be measured . % o> 0, > 0

L essons lear ned:

- Strengths have to be defined according to
material symmetry

- Modelling depends on fabricstype !

approximately UD-describable

18
about quasi-laminar




4 Attempt for a Systematization of Material Behaviour
4.1a Scheme of Strength Failures for isotropic materials

Stability Strength Deformation
_ The growing yield body (SY or NY)
strength failure modes
degradation Isconfined by the fracture
Onset of Yielding | 9°"t" | Onset of Fracture surface (SF or NF)!
Shear Normal || Shear | | Normal Crushing| < = kinds
Stress Stress || Fracture| Fracture Fracture of fracture
Yielding | | Yielding
NY SF NF CrF
ductile, ductile, || brittleor | | brittle, brittle,
dense dense ductile, | | denseor porous
(PMMA, dense porous
| crazing) T

| obvious links y

N

19



4 Attempt for a Systematization

4.1b Scheme of Strength Failures for the brittle UD laminae 5 @Cﬁ\
—N O
| | | o \(oQ‘
Stability Strength Deformation A\
Lamina (ply)
strength | failure modes

Onset of Yielding

Onset of Fracture

Shear
Stress
Yielding
SY

ductile,
dense

Nor mal
Stress
Yielding
NY
ductile,

dense
(PMMA)

Shear
Fracture

Sk

brittle or
ductile ,
dense

Nor mal
Fracture

NF

brittle,
dense or
porous

}

Onset of Fracture

onset of matrix yielding
is generally not applied

Crushing
Fracture

CrF

brittle,
pOrous

} J |
Normal |Shear Crushing
NF SF CrF
brittle, brittle, brittle,
dense dense porous
F) %, F_‘-T: F_|.|| F"T F,* (F )

1

N\

L/

+ delamination failure

of laminate

20




4 Attempt for a Systematization
4.2 Material Homogenizing (smearing) + Modelling, Material Symmetry

y asfar aspOSSIb\e

: it .
Assumption. Homogen® anisotropic
— - / degree

Rhombically-isotropic 3D textile

-sotropic . -
UGETEEISE bR ol e materials (woven fabrics) — materials

ls{;:gé materials (UD laminae)
m

Sructural level

Material symmetry shows:
Number of strengths= number of elasticity properties!

Application of material symmetry knowledge:
- Requiresthat homogeneity is a valid assessment for the task-determined mode! ,

but, if applicable

- A minimum number of properties hasto be measured, only (cost + time benefits) !

21



4 Attempt for a Systematization

4.3 Proposed Classification of Homogenized (assumption) M aterials

A Classification helpsto structure the M odelling Procedure:

ailure Type brittle, semi-brittle (quasi-) ductile design
Consistency Design Ultimate Load Design Yield Load “Drivi
riving
fibre re-inforced plastics, Glare, ARALL, Load
lErGEE mat, woven fabrics, metal alloys
grey cast iron, matrix material, braided textiles
amorphous glass C90-1,.
orous foam, sponge
P fibre re-inforced ceramics Pong
. / . SN
failure: fracture functional or usability limit

| ession Learnt:

e.g. limiting strain

Modelling, Structural Analysis + Design Verification
strongly depend on material behaviour + consistency

22



4 Attempt for a Systematization
4.4 Resistance (strength) Quantities according to Material Symmetry

allocation to Isotropic Transversely-isotropic Rhombically-anisotropic
crystals
Symmetries 2 5 [6if W=F] (9)
. matrix, ceramics, UD-lamina, mat, NCF, .
material : . : fabrics
isotropic foam sandwich foam
elasticity E,nue (2) | E, EL G|[L, nueLl|,nueLl (5) | Ew, EF, GWF, vVFW, E3, (9)
guantities v3W, v3F, GF3, GW3
Rt, Rc (2) R||t, R||c, RLt, RLc, RL|| (5) Rwt, Rwc, RFt, RFc, R3t, (9)
strengths R3W, RFW, R3F, R3c
failure modes 5 modes (2 FF, 3 IFF) > 9 modes [6if W = F]
2 K t K C 5 t C t C Ké o]
fracture 2) KB ®) KoK KKK c o, 9)
toughnesses

23



4 Attempt for a Systematization
4.5 Self-explaining Notations for Strength Properties (homogenised material)

Fracture Strength Properties
loading tension compression shear
direction or fmulae to be checked
plane
eneral c c c
9 or?hotropic R, | R R, | RR| R | Rf | R, | Ry | Ry comments
UD, = non- : t : ¢ R, =R'/2
5] crimp RO R | R | R | R R Ru|RL| R (compare Puck's
6| fabrics Ry | R R; | Ry | R | Ry | Re | Res | Rus Warp = Fill
fabrics c c c :
9 general Ry R R Ry R: R Rie | Res | Rus Warp # Fill
R, R, R, deformationdimited | R® R Re ductile, dense
, iSOtrO iC SF SF SF erormaton-imite M M M RKA _ Rm/\/é
TR, R | R R R [ R | R | Re | RY | rittle, dense
NFE | NF | NF | SEF| SF | SF | NF | NF | NF Ry =R, /42

NOTE: * As a consequence to isotropic materials (European standardisation) the letter R hasto be used for strength. US notations for UD
material with letters X (direction 1) and Y (direction 2) confuse with the structure axes’ descriptions X and Y . * Effect of curing-based
residual stresses and environment dependent on hygro-thermal stresses. * Effect of the difference of stress-strain curves of e.g. the usuall
isolated UD test specimen and the embedded (redundancy ) UD laminae. Rr:= “resistance maximale (French) = tensile fracture str 1‘%
(superscript t here usually skipped), R:= basic strength. Composites are most often brittle and dense, not porous! SF = shear fracture



5 Short Derivation of the Failure Mode Concept (FMC)
5.1 Failure Theory and Failure Conditions

A 3D Failure Theory hasto include: Example UD lamina

1. Failure Conditions to assess multi-axial states of stress
2. Non-linear Stress-strain Curves of UD lamina material as input
3. Non-linear Coding for structural analysis of Laminate

Pre-requisites for failure conditions are, to be
- simply formulated , numerically robust,
- physically-based, and therefore, need only few infor mation during pre-dimensioning

- shall allow for a simple deter mination of the design driving reserve factor.

F := Failure function. Failure envelope := curve that envelopes severa failure curves. t,c :=tension, compression.
A stress-based (safe side, however) reserve factor is applicable, if linear analysis is sufficient as engineering approach.

25



5 Short Derivation of the Failure Mode Concept (FMC)
5.2 Fundamentals of the FMC ( : UD material)

Remember:
o Each of the observed fracture failure modes was linked to one strength
«  Symmetry of amaterial showed : Number of strengths= R;,R/,R,; R, ,R}

number of elasticity properties! Ej-E. . Gy vy, v

Due to the facts above the

FM C postulatesin its ‘ Phenomenological Engineering Approach’ :

» Number of failure modes= number of strengths, too!
e.g.. isotropic=2 or above transversely-isotropic (UD) =5

26
t:= tensile, c: = compression, || : = parallel to fibre, :=transversal to fibre



5. Short Derivation of the Failure Mode Concept (FMC)
5.3 Driving idea behind the FMC

A possibility existsto more generally formulate

failure conditions

- fallure mode-wise (shear yielding etc.) Mises, Hashin, Puck etc.
- stressinvariant-based (J, etc.) Mises, Tsal, ’I-étaghm,

27



5 Short Derivation of the Failure Mode Concept (FMC)
5.4 General on Global Formulation & M ode-wise Formulation

F>=<1 is failurecriterion

» A failurecondition isthe mathematical formulation, F = 1, of the failure surface:.

1 global failure condition . F({6},{R}) =1 (usual formulation);

= ‘fully interactive conditions’ T
which include several modes {R}: (Ru Rz""Ri)

Several mode failure conditions : F ({6}, R™%) =1 (usedin Cuntze sFMC).

mode-associ a\{mngvth

Lesson learned from application of global failure conditions:

A change, necessary inone failuremodedomain, hasan impacton other
physically not related failure mode domains, however, in general not on the safe side..

» Decision: Chose a Mode-wise Formulation !

28



5 Short Derivation of the Failure Mode Concept (FMC)
5.5 Possible Drawback of a Global Failure Condition

Ta1 732
e

Ay

~

UD-material or

transversally- isotropic
material

=100

The numerically practical, so-called ‘Global Failure Surface’—Fit
covers more than one single failure mechanism (e.g.: ZTL condition in HSB):

2 2
o 1 1 T

——— 10, (=) + =
R RS 'R R

IR i i L

= Drawback: = A change, necessary inone failure modedomain,
has an effect on a physically not related other failure mode domain

(gj +(_‘£’2J [ 2 j 1 )
R/ R; R, - bJ_|| +0,)

=1




5 Short Derivation of the Failure Mode Concept (FMC)
5.6 Basic Features of the FMC

« Each failuremode represents 1 independent failure mechanism
and 1 piece of the complete failure surface

» Each failure mechanism isgoverned by 1 basic strength

» Each failure mechanism is represented by 1 failure condition (interaction of acting stresses).

* Interaction of Failure M odes:
Probabilistic-based 'rounding-off' approach (series model)

directly delivering the reserve factor in linear analysis.

30



5. Short Derivation of the Failure Mode Concept (FMC)
5.7 Main Aspects

1) 1 failurecondition represents1 Failure Mode (interaction of acting stresses).
2) Interaction of adjacent Failure Modes by a seriesfailure system model
to map the full course of all test data

(Eff) "= (Eff ™) "+ (Eff ™% "4 4..=1

with  StressEffort Eff := portion of load-carrying capacity of the material = o, mode/ Rmode

and | nteraction coefficient m of modes.

NOTE: The presentation shall just provide

with a general view at the material behaviour links and not

with a detailed infor mation on the derived strength failure conditions'!

31



5. Short Derivation of the Failure Mode Concept (FMC)
5.8a Interaction of Strength Failure Modes (example: UD, the 3 |FF)

Failure Mode I nter action: Stress | nter action:

4 7 .
T 100 e | nteraction of all the
| a.ﬁ____hk__} stresses active in a mode
@ % ?H performed by the
Mode Failure Function
& | mapping of course of test data | 0 %0 —
just in pure mode domains good T
- — @EW ‘_l r_._
Fa o o Y l I.'-"“
4 721
| S @ 100 P _
— pure modes =
@ Fa 1 ot :%hki . straight lines'!
FJ_
o it “ e Mapping of course of test data
ﬂﬁ?"} performed by the introduced
gk FMC Interaction Model
o [ > 32
~150 -100 -50 0 50

E5



5. Short Derivation of the Failure Mode Concept (FMC)
5.8b Interaction of Strength Failure Modes (example: UD, the 3 IFF)

Stresseffortsof the3 pure|FF modes ¢ B —02 Eff 72
=3 straight lines: He —Hy 0,

ff7 = Eff = .
All failure modes, 3I1FF + 2 FF, areinteracted in Mlobal)fah\gcondltlon /

magenta cur ve: Eff "= ()tl/f) + (;ﬁl/ ) + (Efflc) + (Eﬂl ) + (Effl”)m= 1

correspondsto a seriesfailure system

e @ 4 T2l
g 100
@JF: LR Fo ik
1 11
F <1 "nl r';
o 50 1= =
S Vo,
! hoop wound GFRP tube:
i E-glasy/L YS56/HT976
s - 1“""- qﬁ""'_"" .-
—150 -100 gl 0 S0
U2
* For UD laminae m=2.5 - 3; asmaller value is moreon the safe side 33

* Approximately the same value of m isvalid for every interaction zone



5. Short Derivation of the Failure Mode Concept (FMC)
5.9 Physical-based Choiceof Invariants when generating Failure Conditions

* Betrami ; “At‘Onset of Yielding' the material possesses adistinct strain energy
composed of dilatational energy (1,%) and distortional energy (J,=Mises) ".

* &0, from Beltrami, Mises (HMH), and Mohr / Coulomb (friction) can be concluded:

Each invariant terminthe failurefunction F may be dedicated to
one physical mechanism inthe solid = cubic material element:

- volume change: 1,2 ... (dilatational energy)
- shape change : J, (Mises) ... (distortional energy)
and - friction ly ... (friction energy)

Stress Invariants: isotropic materials

Mohr-Coulomb

34



5. Short Derivation of the Failure Mode Concept (FMC)
5.9 Physical-based Choiceof Invariants when generating Failure Conditions

* &0, from Beltrami, Mises (HMH), and Mohr / Coulomb (friction) can be concluded:

Each invariant terminthe failurefunction F may be dedicated to
one physical mechanism inthe solid = cubic material element:

- volume change: 1,2 ... (dilatational energy) 1,2, 1,2
- shapechange : J,(Mises) ... (distortional energy) 15,1,
and - friction ly ... (friction energy) l,
Stress Invariants: isotropicmaterials : UD materials!

Mohr-Coulomb
Remember:

Thesel, aredifferent !

35



6 Visualisation of some Derived Failure Conditions
6.1 Grey Cast Iron (brittle, dense, microflaw-rich), Principal stress plane

Principal stress plane & 0 cc=a’-1, a’=158 m=31 R'=215MPa:
g A 4 R°=690MPa
",
- T
}(-" bl — {G}principal :(O—I » O O)
NF
- \/ -+l deformation
1000 —-30" 400 —400 ]ﬂg/ G 2 Rt poor
II
i co o3 o
— +C —=—=
/ i R°2 " 3R°
/ friction SF
change

4
?}

N\

=2 Mode Failure Conditions

| nter action zone

: : : 36
L essons lear ned: Basically, Dense concrete and Glass C 90 will have same failure condition




6 Visualisation of some Derived Failure Conditions
6.2a Concrete (isotropic, sightly porous) Kupfer's data

'Octahedral stresses (B-B view) |

/ _|_ | _ | sotropic materials possess 120° symmetry :
Efft _ deformation poor
hyper bol -
m yperbola T - a;
shape + volume change + friction: Mohr-Coulomb :
2 femsile
¢ c 3‘]2 -0 I meridian
F¢— ~2 +C T =1 -
‘ ‘ RCZ c? ¢ R 2D extension +
m m 1D tersion tests

(closed failure surface)
gy To=0
CoOmpressive meridian
3D + 1D compression tests

paraboloide

Basically, the differences in the octahedral
(deviatoric) plane can be described by :

- The reason for the bandwidtT O — §/1+ d-sin(30)

sin(30)=343J,/(23,%?%),
[deBoer,etal] d<0.5, convex
37

causing non-coaxiality in the octahedral plane.
The difference between the so-called tensile (extens
meridian and the compression meridian is to be considered.

Remark Cuntze: J; practically describes the effect of the doubly acting failure mode, no relation to a new mechanism.



6 Visualisation of some Derived Failure Conditions
6.2b Concrete Iy

f p—
3Ry

Principal stresses (A-A view):

=

] |

tensile meridian

compressive meridian

-0.75 \

L

. I A
_ mteraction
‘""“--...__.--"c':'c;r;p:r essve e E“‘ﬁ¥i
L1

-1.25

L essonslearned :
- J; considers -as an engineering approach- the multi-fold failure probability
- Stone material or grey cast iron can be dealt with similarly.




6 Visualisation of some Derived Failure Conditions

6.3 Monolithic Ceramics (brittle, porous isotropic material)
Principal stress plane

c® =a” -1 [Kowalchuk]
\}é@.@e G111 f I
- -+
o11 !
—
[
- V o+l deformation poor
6 2 Rt
F = “ Q)Z:Effcrzl
; Ry
O
~400 ; shear volume
O change change
o’so /‘\ 0 _
ik u
-600 5 * -
—600 -400 200 0

200

L essons lear ned: Same failure condition as very porous concrete 39



6 Visualisation of some Derived Failure Conditions

6.4 Glass C 90 (brittle, dense isotropic material) | SSwindow pane

Principal stress plane

3D: Lode coordinates
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!
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6 Visualisation of some Derived Failure Conditions
6.5 UD Ceramic Fibre-Reinforced Ceramics (C/C) (brittle, porous, tape)

{ﬁ} — (Elt, Rlc’ ﬁj_; ﬁf, ﬁ“l) — (_, - 3, 99’ 7)T, m:2_3, bJ_":O-3 [DlSS B. Th|e||Cke, 1997]

i

,',..ﬂ""-_ —— 20
""--..q.__ F
|IFF3=SF /\ S| FF2 L )

@/ IFF1=NF

-0 %0 -ED N 0 -0 -4 W ;W -l 0 10

O,
i
§ D &) 't
it
|nteraction o} —o T
o B =D (= 2 )" =1 L
equation : R! Re R,-b, o, 4_'I

. . I:I'
| chear friction 1L

deformationless (Mohr-Coulomb) _——

' T
Invariantsapplied: 14, 12 13,12
41

L esson lear ned: Same failure condition aswith UD-FRP



6 Visualisation of some Derived Failure Conditions
6.6 Fabric Ceramic Fibre-Reinforced Ceramics (CFRC) (brittle, porous)

-

il

C/C-SIC, T=1600°C
[ Geiwitz/Theuer/Ahrendts 1997] ,

~ tension/compression-torsion-tube??
lins

HgT
- Twr

R} = (R, R*, R, R%, Ry) = (-, - 45, 260, 59)"

m:2.8 O-m _O-m sz
S S Ty (S (Do

-0

2507

= = = 3 n o ( —
250 200 150 100 50 0 Ow 30 R R R,

[ o {ﬁ}: (m’ﬁﬁ’ﬁé’ﬁ;’ﬁl\ﬂ:’ﬁé’ﬁ;’ﬁSF’RSW)T

200

[
150
100

S0

{R} = vector of mean strength values

C/SIC, ambient temperature [MAN-Technologie, 1996],
tension/tension tube

R} = (200, -, 195, -, —,,,,)", m=5

Ow \m O \m
; (e + (T2 = 1

Ry

0 S0 100 150 00 250
ot .
W = weft, F=Fill (warp) 42

NOTE: For woven fabrics enough test information for a real validation is not yet available!



6 Visualisation of some Derived Failure Conditions
6.7 Conclusions from the Beltrami-based Failure Mode Concept applications

« FMC i< an efficient concept, that improves prediction + smplifies design verification

Is applicable to brittle + ductile, dense + porous, isotropic — orthotropic material
- 1f clear failure modes can be identified and
- If the homogenized material element experiencesa volume or shape change or friction

 Delivers aglobal formulation of ‘individually’ combined independent failure modes,
without the well-known drawbacks of global failure conditions
which mathematically combine in-dependent failure modes .

e Failure conditions are simple but describe physics of each failure mechanism pretty well

e Several Material behaviour Links have been outlined:

Paradigm: Basically, a compressed brittle porous concrete can be described like
atensioned ductile porous becoming metal (‘Gurson’ domain)

Builds not onthe materia but on material behaviour !
43



7 Special Applications to 2D UD Test Data (WWFE-I)
7.1 Recall: History of Hypotheses / Approaches

Paul’s modification of the Mohr-Coulomb hypothesis:
" A brittlematerial will fracturein either that plane wherethe snear stressrt,,
reachesacritical valuewhich isgiven by the shear resistance of afibre parallel
plane increased by a certain amount of friction caused by the simultaneously
acting compressive stress ¢, on that plane.
Or, it will fracturein that plane, where the maximum principal stress (o, or
c,,;) reachesthetransversetensle strength " .

Hashin (1980) proposed a modified M ohr-Coulomb | FF approach but did not
pursue this idea due to numerical difficulty. Also in this paper, heincluded
an invariant-based global quadratic approach (includes 3 I FF).

Puck bases his | FF conditionson Mohr and Hashin and interactsthe stresseso,,, T, T,y1
on the | FF fracture plane. He uses ssimple polynomials (parabolic or elliptic) to
formulate a (master-)fracturebody in the (on, Tnt, tnl)-space

Cuntze uses 3 different invariant | FF conditions, based on the idea that for each of these
fracture conditions either theo, -, or the'r,’- or thert, -stressisdominant. 44



7 Special Applications to UD Test cases
7.2 Set of 3D (2D) Static Failure Conditions for Plain UD material

Eﬂ: mode _ Gmode / ﬁmode

eq
FF1: gEfle = R! = glo= R with o, = &' -E
Eff G, R G, R f ! « filament !
B _ modes.
FF2: Eff "= -0, 'R’ = +o,/ R’ with o, = & -E |, 3D
IFF1: Eff** = [(o,+0,) + Jcr_,:—.?cr:~cr_;+cr_;:+4r_._;:f 2R! ZU:_” fﬁj_ ?
t
IFF2: Eff "= [(b]-1)(c,+0,) + fz_‘,fcr::—é‘cr:cr_;+c:~'_f+4r_~_,~:f ﬁf r
|
1t t e
:G'i!f,? "IFRJ_ X
m
T . ot 2 2 o 2 2 1,2 o 05 O
IFF3: Eff ' = {[b, .;_,jj+(\/f;l A5 + 4Ry (T3 +15,)7 JA(2-Ry7 )Y d
e
=o' /R with I, =20,7]+20, -t} +41,1,1,,. S

The indices o,7 mark the failure mode driving stress! * Limit of homogenization (smearing) 45



7 Special Applications to UD Test cases
7.3a Determination of the 2 Friction Parameters (Mohr-Coulomb relationship

Tnl’ Gn

T, =R, —b, -0, : FMC corresponds

_T21
. _ pd :
IFF 2 . Tnl — R‘L’ - ILIJ_” 'Gn . MOhr 62
. '\ Lo e 8
cohesion  pgterial internal _ 38 S 1 X
at > O, =0 J53 S 2
strength  friction coefficient fp ’/ 35 o
- - Lo R
Linear M ohr-Coulomb approach + denotation /x1 - @
. 1l
IFF 3 Tw= R~ —u, o, -5
n
c
o) To Ry

L
[eR=RoRaloRaLr gl
[eR =R aloT Leg Rl
QODO o000
QOO0 d
O D DD O D
>
ha

v
2 G,
¢ X, '/I/
= N\
7 K Gy
D-PE
f?ﬂ

Oy, =>45°
= cos’@ - T, fp
= —sin®-cos® -0, o090
Parabolic Mohr-Coulomb approach 2 I I p—
(possible, but not applied here): nt . (R, Hiy 0)
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7 Special Application to UD Test cases
7.3b Determination of the 2 Friction Parameters (linear Mohr-Coulomb relationship
T
From evaluation of the test data kT
05, =55°, R =104 MPa G =£ | [MPa]
_ single Th = Ry —1L-Gy
FMC: P A metﬁmem i
b I, =R —(bi-1)I, N ¥
) . N o — | p 60
L= = ) R
b 14(cos205) 1-p, T - P F}{\‘A\ T
L
bf = 1.52 7 ¢ %
5
M ohr-Coulomb: calculated mean value
digtribution
Ty = (RTJ_J__IULL Gn) c{R_C
.
M > —COS 2@?‘) , ;! Cn = CDSEBE}]- 0}
[ 1
U = 0.34 2P T, =-sin BEP-COSE'EP-G )
Rl _ R 1+cos20 _
T 1 2 e S 0 —
R™ =364 MPa -80 MPa -60 R -40 -20 0 %n
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7 Application to 2D UD Test Data (WWFE-I)
7.3 UD lamina: In-plane State of Stresses

2D Stress state: lamina stresses

{G} = (0, 0,, 05=0, 75=0, 74 =0, T21)T

48



7 Specific Applications to 2D UD Test Data (WWFE-I)
7.4 Fracture Surface (2D) of a UD material

FF ends not rounded

Figure: courtesy W. Becker 49



7 Specific Applications to 2D UD Test Data (WWFE-I)
7.5 Fracture Surface (2D) of a UD material 0’2(0'1)

4 72
A0 ._t
E L "J"&I .
1 500 won | 04
= 50) I
-+
i i |
Be T ),
1 T—— -+~ >
E
1
+

?7?

|FF curve,
Hoop wound tube
UD-lamina.
E-glasyMY 750epoxy +

Gl - Ghoop

05, =0 u4ial

{R}= (1280, 800, 40, 145, 73)"

- strength points were provided

- test data show discrepancies

50
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7 Application to 2D UD Test Data (WWFE-I)

_ MAN
7.6 Fracture Surface (2D) of a UD material 7,,,0, ™™=
T2 &
| FF envelopes n
|FF curve, MPa
UD-lamina T300/BSL914C epoxy. - T s
— LIl
Corrected test data, due to non-linearly
computed shear deformation angles? . I
Herewith, transformation of given stresses 4
(016,72) 1
into the real lamina stresses L 500

(oyo7y) .
Axially ! wound tube

{R}= (1500, 900, 27, 200, 80)", m=3.1
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7 Application to 2D UD Test Data (WWFE-I)
7.7 Stress-strain Curve of a Laminate (2D) of a UD material

o
&O0
=]
400
.SEIEI
200

100

& Ty
1H

Stress-strain curves for o,:0,=1:1
loading: internal pressure +axial tension.
Laminate: E-glass/MY 750. [+45/-45/45/-45]-
Bulging reported in experiment.
¢ Final blind prediction point.
¢ Maximum test value after correction and shifting.

{R}=(1280 800, 40, 145, 73"

L essons |ear ned:
* test: final fracture strains and hoop strength < theory values
* test curves should lie on another (mechanics, manufacture)
* mapping quality of full theory is not judged
* checking analysis by netting theory
(applying the measured strains and stiffness) reved
- tengle strength value,- provided for analysis, must be lower
- test strains at fracture require a higher hoop stress — shift T

* mapping quality very good after re-evaluation.
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7 Application to 2D UD Test Data (WWFE-I)
7.8 Failure Curves of a UD material 7,(0,), 754(0,), t4(0oy)=74(&-F))

'|:.|L
150 ﬂ"*
: ra10aa)
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\\\\\\\\:§¥1 r L
T31002) 1—] r-p-
Different dueto a (T
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fa 2 Gy I"3’||
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rF 3
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Oy
..
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8 Application to 3D UD Test Data (WWFE-II)

8.1 General on WWFE-II Hydrostatischer Druck bis 1000 M Pa
Wichtig far:
Hochbeanspruchte L ager,

Tragschlaufen von Hubschrauberfltgeln,

Verankerung von Brucken-Spannkabeln,

U-Boot etc.
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8 Application to 3D UD Test Data (WWFE-II)
8.2 General on WWFE-II

Testdaten flr 12 Test Cases geliefert:

» TC1 epoxidmatrix,
e TC2-TC7 UD
e TC8-TC12 endlosfaser-verstarkte Laminate.

Bisherige Ergebnisse des Validierungsprozesses zeigen:

- Die Testdaten sind nicht immer klar dargestellt, zum Teil widersprichlich
bis eventuall ‘falsch* (vielleicht nur die Darstellung ?)
- Ihre Interpretation stellt hdchste Anforderungen.

Erstes Fazit :

- Die grol3ere Herausforderung war/ist im WWFE-II die Durchfliihrung geeigneter
Tests nebst sorgfaltiger Evaluierung der Testergebnisse
und nicht die Theorie

- Die Theorie bendétigt man naturlich zu einer sinnvollen Evaluierung.

- Der Schwerpunkt liegt mehr in der Werkstoffwissenschaft als in
angewandter Strukturmechanik.
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8 Application to 3D UD Test Data (WWFE-II)

8.3 Test Case 5 -1500 -1850

UD E-glasssMY 750epoxy.

-1 L
D
(]

CIFF2 7

{R}=(1280, 800, 40, 132, 73)" MPa t

v, =0.28 3 -
b,, =116 4ol

m = 2.8, o — Ly

U
¥

1.1



9 Material Modelling of Textiles
9.1a Overview on the Various Textile Composites Types

Manufacturing: pre-pregging, wet winding, RTM, ..
Filaments: glass, aramide, carbon, ceramics, ..
Matrices : ther mosets, ther moplastics, ceramics,

Fibre preforms:
from roving, tape, weave, braid (2D, 3D),
knit, stitch, or mixed asina preform hybrid

Plain weave yarn interlacing

variable-axial
textile reinforcement

SPACER FABRICS aus textilen
Hybridgarnen (GF/PP)

)
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9 Material Modelling of Textiles
9.1b Some Types of Fabrics (textiles)

-
o
P g
-
-
g
-
Py
e
-
-
7 g
-
-
-
-

|
cx
-
P
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AL
AR L L

plain weave braid

non-crimp fabrics (NCF esSsss

i, T

58
Preforms are harder to impregnate with increasing structural level



9 Material Modelling of Textiles
9.3 Modedlling with Basic Layers

Basic layers of a laminate:

UD-layer == Non-crimp fabric layer = Plain weave layer — 3D textiles

M odelling

may be lamina-based, sub-laminate-based (e.g. non-crimp fabrics) or
laminate-based !

*Is performed, if applicable, according to the distinct symmetry
of the envisaged material (e.g. UD)

* Chosen material model determines the number of strengths,
of elasticity properties to be measured,
and type of test specimen !
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Material Modelling of Textiles
9.4 Classification of Technical Textiles

textile-specific classification

composite-spedfic classification

quasi-laminar composites | non-laminar composites

210 text IIl: =

woven fabrics

braided fabrics

SL) text IIl: =

weft- knitted fabrics AD-woven fabrics

3D-braided fabrics

Tl

non-crimp fabrics

J3D-knitted fabrics

L e

L structures
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9 Material Modelling of Textiles
9.5a Decomposition of Textilesinto Equivalent basic Layers

damage
phenomenology

dominant discrete damage

dominant diffuse damage

geometry

modelling as

idealised unidirectional
basic layers

idealised bidirectional

basic layers
I’I” T
A A o
!’I’I &
L/

Decomposition depends on textile architecture and damage phenomenology




9 Material Modelling of Textiles
9.5p0 Basic Layers

1-UD basic layer

1,1
»

V12

1-BD basic layer
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9 Material Modelling of Textiles
9.6 Modedlling of Representative Volume Elements by Sub-Cells

filament matrix  jpterface

+

NS

-

unit cell

assumed VE sub-cell wvoxel

= n n n H.
real micro-structure  periodic micro-structure {UC)

mesh refinement
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9 Material Modelling of Textiles

9.7 Stress-strain curve with itsdiffuse and discrete damage portions (B6hm, 2008)

- ¢lastic domain
----- diffuse damage
—= discrete damage

Initiation of
diffuse damage

Initiation of
discrete damage

—————————————————————————————————

..........................

8di:;l{:

& 4ify

L aminate
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9 Material Modelling of Textiles
9.8. IFF Degradation of a quasi-laminar Lamina (non-linear structural analysis)

(Cross-Section of the 2D failur e body)
- originally and after shrinking due to a
distinct | FF degradation.

\ g
N4

Tt
100 yd reduction of strengths

’J,‘/ due to degradation
\;_—/ shrinking
- RC

IFF failure s, (-o,) 7,] )
curve = | Yl m | YR op —
R, R, RL” — Y '0,)

Points, marked in the figure, are depicted here to highlight effects that are essentia for
the initia failure load (validity of linearity assumption) and
the final failure load (laterally shrinking failure body) 65



On the Validity of Strength Failure Conditions

Even in plain (smooth) stressregions a strength condition can be only a
necessary condition which may be not sufficient for the prediction of
‘onset of fracture’, i.e. for the in-situ lateral strength in an embedded
lamina, seee.g.[Flaggs-Kural 1982].

A condition must be necessary + sufficient !

And, when applying test data from (isolated lamina) tensile couponsto
an embedded lamina in a laminate, one hasto consider that tensile
coupon tests deliver test results of weakest link type.

An embedded or even an only one-sided constraint lamina, possesses
(in-situ) redundant behaviour.

I n case of discontinuities such as notcheswith steep stress decaysonly a
toughness + characteristic length-based energy balance condition
may form a sufficient fracture condition.

Attemptsto link ‘onset of fracture/cracking’ prediction methods for
structural components are actually undergone, see e.g. [Leguillon 2002].
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