Annex 1: Visualisation of the FMC procedure.

1. Failure Conditions 2. Test Data Mapping = Modelling
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from calibration point O (see figure)

bi = =1.09

cT

(05" ,05") = (-40 MPa, -191 MPa) and
mean values R| =40MPa, R{ =144MPa.

50%- safe
dasign space

Test data for this quasi-isotropic plane ( 0,, 0, )

are assumed from isotropic knowledge.

Note: Inherent to the FMC is a ‘Mode Fit’. This

fit needs less data then the usually applied ‘Global

Fit’ (such as with Tsai/Wu) and maps the MfFD,
additionally! Appropriate fictitious data set.

b > 1 means angle >45° (45° = zero friction).

4. "Design Cury

Global Fit

3. Rounding-off in MiFD, MfFD
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Means R|,R{ => Design Allowables R R , e
b| remains because it is a physical property. gl '

The mode reserve factors read (2D case)

lo2 _ t lo3 _ t
Res _RJ_/GZ’ Res _RJ_/GJ‘”

" =R{/(2b{0,-0,-0,) .

* In the frame of an automatic numerical process
a negative becoming far°'* is set 10
* Automatic rounding without affecting adjacent

modes.
Figure Al: 2D case {6} =(0,0,,0; 0,0,0)".

MiFD:=Mixed Failure Domain, MfFD:= Multi-fold Failure Domain.
Both, MiFD and MfFD rounding-off is considered in the lower figure.
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Annex 2: Determination of max I33/2 (Query F|, for the case discrimination)

A numerical problem exists with F,, if b ,(I,I,—1,) becomes -I;"> in Eq(24d). Then,

visualized in the 2D space by the 7,;(05)-curve in Fig.A2, this curve turns asymptotically and

an intersection with a proportional stress beam from the origin to determine fg is not

achieved anymore. The reserve factor becomes indefinite and the effort imaginary. To

generally bypass this difficulty one has to put a query in the program and replace, if applicable,

the formulation of the asymptotically becoming curve by a limiting value maxI;’*. This is a

‘horizontal’ line in the 2D case of Fig.A2. Hence, the limit for the applicability of F,, for the
given 3D state of stress (marked by a tilde sign) is []'? /(I,1,—1,)=—b,,. In order to have a

safe distance the parameter b, is increased by a very small factor y . Setting into the failure

condition F,, =1, eqn(16), the new ratio max/I;'? /(I,I,~1,)=—y-b,, it can be deduced

from max 1,”? +b,, max1,”"* (=yb,,) =R, a bound
X e p 2 .
max/; = [F] ‘R~ with =101 ... 3D case (A1)
max fau :[L]]m ‘R, , maxl, =maxtau’, .. 2D case (A2)

In the 2D case the procedure can be visualized (see Figure A2) by viewing at some distinct

. . .. T .
angles in the (7,,,0,) graph. These are, employing the limiting beam - ; =2-b,,, the radiant
2

cotW =(L) and the angle W°  =arcot(2b,)-180/7 . To safely remain on the
— Y2

‘intersection side’ a reduction of the angle W°_ _ 1is introduced by the factor y by setting

X

RJ_II
J1-2by, Icot'P)

Ye=arcot(2y-b,,) 180/ 7 . Hence, the sub-case of maxlz is maxtau =

) R max fau
with cot'¥ = 24b,, . And the reserve factors become  fo, = —*—, fo =—"—
-0, |721|
For the effort it is analogous.
4 T21 Fig.A2:

150+

Hlustration of the cut-off
in order to guarantee an
intersection and to avoid
imaginary or indefinite
numbers. Eqs(1, 16), IFF2.
(for Eq(30d) no inter-
section problem anymore.)

cut-off

\Iﬂ.m.__'

Il L I
- 300 i - 200 ; - 0
|r.::rke cmaxtay = const | ¥— no intersection anymore !

a3
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Annex 3: Visualisation of Hardening and Softening
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Fig.A3: Measured shear stress — shear strain curves. Mapping by Eqns(19, 22a). Strain-controlled
demands for stiff test frame. (bars to indicate mean or typical values are skipped in the windows here)

TableA3 : Definition of the various lamina types

I : Tensile coupon , isolated lamina, load-controlled — test results

IT : Tensile coupon , isolated lamina, strain-controlled (stiff test frame)

III: Embedded (constraint) lamina, strain-controlled — test results

# TES =By Wedie
ol g
B g =0
ol 2 1 6 T 0 T
1 T - ,F“ - A FJ“‘:;:’FJ" gt
H ){29 sl - == ]
o - \
. . IFF
X T.. T =T final failure L .
1 i B | Initial failure

Fig. 1 : Failure criticality

R (=X"),R =X°),R,(=S), R =Y"),R (=Y);
EP El’ G||l’ VJJl’ VLL
{6}2(0-1’0-2’63’7’-23’713’712)T

Fig.2a. UD lamina. Stress and strength notations
of 3D state of stress. t: = tension, ¢: = compression.
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Fig. 2b. Laminate and k' th lamina subjected
to a plane state of stress (mid-plane z = 0)
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Fig. 4. Transversally compr. stress-strain curve

0,(&,); UD-lamina (softening parameters are
assumed).GFRP: E-glass/MY750/ HY917/DY063".

E‘.o

= 162 GPa; a** ==345%, b =047 %,

0 0.2 0.4 08 08  in% £,
Fig. 3. The differences in the stress-strain beha -
viour of isolated and embedded UD-laminae.

For the (b)- and (c)-curve the Eq(22) is applied.
The softening parameters for (b) and (c) are diffe-
rent. Due to embedding, point + higher than B)

T &
; E, m MPa
T21027] bulge +
+‘ T31092)
L]
o =100 =50 1] =1 a0 .
—Rf E;

Fig. SAB. Biaxial failure stress envelope (7,,,0,)

and (7,,,0,) . UD-lamina (no curing stress). GFRP:
E-glass/LLY556 epoxy. Eq(1, 23). Test data8 of tube
+. b, =030, b],=0, m=2.5; b, -calibration in

o, see Part A", {R}=(1140, 570, 36, 138, 63)"

n* =6.6. {R}= (1280, 800, 40, 145, 73)".

Fig. 5B with A.
‘Blind’

b =15 {R}=(140, 570, 35, 114, 72)".

-50 0 Bt

a3

0

(TC1). Egs(1 or 16, and 23).
data: b, =0.13, b, =04, m=3.1;

Eq(23) applied in all figures Assumed ‘best fit
dataset’: b, =0.56, b;, =0, m=2.1, b] = 1.09

{R}=1140, 570, 38, 135, 62)" .(1=1, 2=1).

MaxTau =105 MPa. In all other TCs an

identical data set is used for the material.
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Fig. 7. (TC3) Biaxial failure stress envelope (o, o, ). un

UD-lamina. E-glass/MY7SOep0xy3. Eqs(1, Part A or -Ry; 00 l 200 1000 £y

16, Part B). Hoop wound tube data® +, m=3.1. Fig. 6. (TC2) .Eqs(lorl6). Biaxial failure

{R}=280, 800, 40, 145, 73)". 0,=0,,, . 0=, stress envelope (,,,0,)in MPa. UD-

(b] =1.5, b, =0.13, b], =0.4 just for information). lamina T300/BSL914C epoxy °. Axially
wound Tube. Eq(l or 16). m=3.1
D T

311. 5 o itFe {R}=(1500, 900, 27, 200, 80)" . Correc-

ted test data due to computed shear
deformation ¥ :®@# . Transformation of

(0,=0,, 0,=0,, 7, =1,) into real

yx

. lamina stresses (o,,0,,7,,). Assumed

curve parameters b, =0.13, b, =04,

b7 =1.5 (Eq(1) have no influence.

final failure
. o E"n_ | = = = = =final failure, if no wedge

initizl failure
*  experiment
Eﬁ :EE AB F7:55°  ab Fy+55°  da Fif:55°
AClou  DEFyesee b FUs66"
BDlou  CF F/ss®  ©d Fu~53

Fig. 8A (TC9) Initial and final failure envelope
6,(6,). Filament wound tube,[+55/-55/55/-
55]-laminate, E-glass/MY750 epoxy’ Eq(1):
m=3.1,b] =1.5, b, =0.13, b}, =04.

Fig. 9A. (TC5) Initial and final biaxial failure
envelope 7 (6,). [90/+30/-30/30/-30/90]-lami-

nate. E-glass/LY556 epoxy’. & . 1s parallel to 0°-
o, = h t f the laminate, x:= . ,
y T average noop stress of the faminate, x direction. Filament wound tube test data8 AT=-

0° direction. Limit of usage (lou) at y = 4%. 68°C; b7 =1.5, b, =0.13, b7, =04, Eq(l),

- & m=3.1.{R}=(1140, 570, 35, 114, 72)" .
Tiy
— initial failure in MFa — final failure AR F/J 90°
*  experiment S = = =final failure, if no wedge BELC F"ﬁr-jljﬂ'
s I L 3 CD FJ-300
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" 2 b FY 900
— 4
LERE, 6 i L r
$ N e e be Ff +30°
S AT 5 o
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4 FJ'T 2 Bl "T & FA FIL' S Fig. 11A. (TC7) Stress-strain curves. Eq(1).
o o

e 2 BREN T " 6 :6, = 1:0. [0/+45/-45/90] -laminate

da F7+30° D FJ+300

AS4/3501-6 epoxy. Hand lay-up cylinder.

Flg. 10A. (TC4) Initial and final biaxial failure {E}: (1950 1480. 48. 200 79)T .

envelope & (6, ). [90/30/-30/30/-30/90]-laminate.
E-glass/LY556 epoxy’. Hoop wound tube, liner.

Eq(l), b7 =1.5, by, =0.13, b, =04, m=3.1. 5 Fi7 0°
il( ), by ] » by > m iy & in MFa @lg 90°
{R}=a140, 570, 35, 114, 72)" . - : ~1200- : ol il
O T in MPa IF,F 0®
- ; | B DR . ; : S
O ? F||ﬂi B5° k“—"—%'L"
& . |
— | i o 9D°ﬁ
' [ o E
T r—— —0 o (e
400 600 800 G \F7 o0°
final failure brck- f
A experiment ling T + 2
L 1! _E|:||:| I:In 3}!
¢ experiment ETO° T
| L I
—— initial fail a
. N ilal LIFE [ : F"T BDJ | 1200- |
; e agne
ab Fiy+55° be FiT+55° da Fi9+55° cd Fyy-55° g8 Y e hy e
Fig. 12B. (TC6) Initial and final failure
Fig. 8B. (TC9) Initial and final failure envelope envelope & .(6.). [0/45/-45/90] -laminate
6,(6,). [+55/-55/55/-55]-laminate, ~E-glass v . :
3 g AS4/3501-6 °. G : = average hoop stress of
/MY750 epoxy’. Filament wound tube test data”.: the laminat 0° direct AT= -125°C
_ _£Qo Bl T e laminate, x.= irection. = - .
AT= -68°C, {R} (1230, 800, 40, 145, 73)", m Hand lay-up cylinder. Test data®
= 3.1, new F| (Eq(16)[) newb =1.09, b}, =04, newb! =1.09, Eq(16), b,, =0.13, m=3.1;
b,, =0.13. Bulging reported in experiment. Limit {R}= 1950, 1480, 48, 200, 79)" . Rounding
of usage (lou) at y = 10 % . Dashed curve: final by joint failure probability of adjacent
failure of a full wedge failure-insensitive stack. laminae, estimated

4 corrected value.
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< experiment

I:||"rf,x 90° Fo+3p°

= final failure

— initial failure

-400 -200 ] 200
cd FF+30° ke F7 +30° ab FF 9p°

Fig. 9B with Improvement. (TCS5) Initial and final bi-

axial failure envelope £ (6, ). [90/+30/-30],, -laminate.
E-glass/LY556 epoxy’. & . 1s parallel to 0°-direction. L -
Test data®: AT=-68°C. {R}=(1140, 570, 35, 114, 72)" .
newb; =1.09 Eq(16), b,, =0.13, m=3.1. Dashed line: ;

increase due to R =114 = 138MPa .

Uy & m jfPg
g E00- T 55‘}
Fay g &on
£
& aﬁx & 2]
4 SDD - LTS 4
A o

w

g .
in %

Fig 13B with A. (TC10) Stress-strain curves for

6,6, =1:0 (radial loading by pi, + axial

compression load). Tube, [+55/-55/55/-55]-1ami-

nate, E—glass/MY7503; Test data8: AT= -68°C.

newb; =1.09 Eq(16); b,,=0.13, m = 3.1,

{R}= 1280, 800, 40, 145, 73)", maxy= 10 %.

A

Oy = Opp . Final Part A point#

400 inMPa

Ry e
in MPa a
Flij a0
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Fint 4
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+ experiment
e = final failure
pext L '\_Bm. — _initisl failure_
axial final failure, if no wedge failure
COmpr.

ab FF 90° cd FT 90°

be FT£30° da FT£30°
Fig. 10B. (TC4) Initial and final biaxial failure
envelopes & (6,). [90/+30/-30]y-laminate (n
varies betweeﬁ 1 and 4). E-glass/LY556 epoxy’.

AT= -68°C. Tube Test data"
{R}=w140, 570, 35, 114, 72)" .

newb? =1.09 Eq(16), b,, =0.13, m=3.1.

F

1000
go0
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400
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l:l - 3 i
1] 1 2 3 in% &

Fig. 14B with A. (TC11) Stress-strain cur-
ves for 6'),:6X =2:1 (pins), [+55/-55/55/-

55]-laminate. E-glass / MY750 °.AT= -
68°C. Test data®. Corrected maximum test

values. Final Part A pointo.é'y:o;mp
{R}= 280, 800, 40, 145, 73)" .

>
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Or & in MFa
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FIJ_I:r I:ID | | L :
05 0 05 1 in% 2 5 -4 0 4 g
) ) Fig. 16B with A. (TC14) Stress-strain curves for
Fig. 15B with A. (TCS8) Stress-strain curves A A g, . .
o 0,0, = 1:-1 (shear by p;,; + axial compression)
for 6,0, = 2:1 (pin). [0/+45/-45/90]- : , 5
o 8 .[+45/-45/45/-45]-1aminate. E-glass/MY750°. AT
laminate. Tube test data’. AS4/3501-6 = -68°C. Tube test data". Bulging reported in

epoxy. AT=-125°C. Final Part A point#
{R}= 950, 1480, 48, 200, 79)". No

curve parameters necessary. =

experiment. 6‘, = G0 Final Part A point®

st ™
5 in MPa FIF'i 45°
A & mMPa
00 —— .. = EO0 4
! Fi O
600 1 S0
00
. 400
400 | &t
300
300 .
200 200
¥
100 | 100
0 i
A 0 1 2 in% 4 0 ; »
1] 1 2 in% 3

Fig. 17B with A. (TC12) Stress-strain curves
for & ,:6, =0:1, (axial tension). [0/90]s-

laminate. Coupon!. E-glass/ MY750 *. AT= -
68°C. Test data®. Final Part A pointe

Fig. 18B with A. (TC13) Stress-strain curves
for 6}, 6, =1:1, (pin +axial tension).[+45]-
45/45/-45]-laminate. E-glass/MY750 °. AT= -

68°C. Tube test data®. Bulging reported in

iy & experiment. # maximum test value after two

200 F,Iﬂ a0~ corrections. 6, = Op0p -Final Part A pointe.

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

&

; IEJ' Fig. 11B with A. (TC7) Stress-strain curves
6y for 6,:6, =1:0. (radial loading induced by

=* p.. +axial compression ). & v = oo

[0/+45/-45/90]s-laminate. AS4/3501-6/
epoxy’. {R}= (1950, 1480, 48, 200, 79)" .

AT=-125°C. Test datag. Final Part A point®

L 2
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Ty o in MPa
* A
experiment

00

—final failure - Partd  =——final failure - Fart B
— initial failure - Part & —initial failure - Part B

|721| ¥ Fig. 12B with A. (TC6) Initial and final failure
Fig. 19. Schematic illustration of Cuntze’s envel. 0, (6,) in MPa. [0/45/-45/ 90]-laminate,

assumptions about the stresses o, and 7,, AS4/3501-6°.
before and after IFF-initiation. Over-
pronounced results of the ‘triggering approach’.
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Fig. 20a. Yielding zone (shadowed) in the
(7,,,0,) domain

50%- safe
design space

Fig. 20b. Yielding zone in the (0,0, )

domain (rounding-off intentionally not applied)
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Table 1. Different meanings of theoretical and

experimental data

Theory Experiment
CLT (plane) tube effect
6.6, actual laminate, basis:
mean stresses small strains
£.&, large strains large strains
no tube effect — tube effect —
no large deform. | large deformation
no tube effect — tube effect —
bulging missing | bulging included
- creep??
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