Joint Analysis Considering Nonlinear Behavior

« Simplify the analysis
— Shell element models of joints = rotational spring element
models

— Rails, pillars and frames - beam elements
« Reasons in difficulty to obtain good accuracy using

these spring elements

— Transformation error from shell element models to spring
element models

— Bad effect of nonlinear behavior due to local elastic buckling
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Concept of Global-Local Analysis

(K]

Shell element model Reduced model

L

optimization k a
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Joint Analysis

« Both a good accuracy and an adequate speed for analyzing in
FOA

— Joint configurations are exactly modeled using shell elements for
local analysis. Using this model, necessary performance such as
stiffness, vibration and strength is estimated. Nonlinear analysis in
addition to linear one is performed

— A reduced model based on the above results is constructed for
global analysis. Databases about typical joint configurations are
constructed repeating these procedures.

— The reduced models of the joints are inserted in a global model and
global performance is estimated. This analysis is simple and fast.
The joint flexibility of the reduced model is optimized for satisfying a
target performance.

— In the local analysis, the joint configuration (layout) is optimized
based on the optimized reduced joint flexibility. In this optimization
process, the database is referred and the optimal layout will be
found out.
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Influence of Local Elastic Buckling: Uniform Beam

t=1 ] ¥
El{yvoung modulus) = 2{13{}{}{][ N/ mm‘]
T hioot100 ) vipoisson ratio) =03
4= -
o (vield stress) = Eﬁ‘}{llfpfr}
= SO0 mm - t=1 '
L 1
Axial compression Vertical force
Local elastic buckling 3.16E+04 3.82E+03
Yielding 4.52E+04 4.49E+03
BE04 - iy 8000
L linear _ linear
_ 6.E+04 el analysis Z 6000 analysis
/ - 3 -
2 46404 nonlinear < 400 _ nonlinear
= Plastic analysis 3 Plastic analvaia
_;E 2 E404 T domain = :E 2000 , fﬂﬂllnﬂl-ﬂ
near buckling point / near buckling point
0.E+00 0 !
0 0.2 0.4 0.6 0 1 2 3
Deflection (mm) Deflection (mm)
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Theory of Effective Width

« Estimate the nonlinear behavior (influence of local
elastic buckling) without complicated analysis

[axial compression]

w  when A4<0.673

effective width b =
pw when A >0.673

1 0.22
B ) w Q/O'/E
D= CA=1.052| X |NZE
A t ) Jk

w: width of the element

t : thickness of the element
A . slender factor

o : stress in the element

k : plate buckling coefficient
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b= here B=1.052| — |,|——
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B )
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w B

400 +—
300 \\
200 :ﬁk

near buckling point
100

0 1 1
0 20000 40000

Total effective width (mm)

60000

Axial force (N)
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Effective Design Width

« Effective design width is a reduced design width for
computing sectional properties when the flat-width-to-
thickness ratio of an element exceeds a certain limit.

It may also be considered that the effective width
represents a particular width of the plate which just
buckles when the compressive stress reaches the
yields point of steel.
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« A concept of “effective width” was introduced by von

Karman.
ST CITIRTR b: a fictitious effective width
\\ [ } v Jfmax: edge stress
| //
I T I . w
l | max _
I | f dx o b V—f;HG’f‘C
f | 0
| 1
b b L. :
2 fe o . critical stress for buckling
X e — dx )
o, yield stress

b 1 o
—=—|1+
w2 o,

Ex’
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Axial Stiffness

* Linear analysis vs. Nonlinear analysis

* Theory of effective width s+ ,
& ‘ — linear
v J | analys
y B 6.E+04
B i ey e _
< nonlinear
. analysis
S 4.E+04
= —A—
f, 3\ z effective
= i 2E+04 width
\ AN ) .
0.E+00
Y Y
Lz Ll 0 0.1 0.2 03 04 05 06
Deflection (mm)
EA A
K=£— 12 where L, =nb

u LAy + LA
(K, f,u: axial stiffness, compression force, deflection
A, L, : cross section area and length at the fully effective width
14,,L, : cross section area and length at the effective width
b : effective width
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Influence of Local Elastic Buckling: Joint

« Loading conditions LD Sl f
L] T T ] X %= E
— In-plane bending :— S Wz i o
I L 1! 1
— Out of plane bending — —
Cross section Cross section
of A part of B part

E(young modulus) = 203000 [ N/ mm?> ]

v(poisson ratio) =0.3 Shape

, | modification ‘
o (yield stress) = 400( Mpa) R=100 mm | reinforcemen

bulkhead

H00 mm

< > @ Rigid point
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In-plane vs. Out-of-plane Bending

10000

= 8000
g Hio0
:; 4000
E 2000
]

+

linear
analysis
——

nonlinea
analysis

Bending In-plane Out-of-plane
Local elastic buckling 4.55E+03 2.54E+03
Yielding 6.07E+03 4.14E+03
O ‘mear buckling point
O ‘near the beginning point of plastic domain
—— 5000
linear — Z 4p00
analysis 3
= 3000
Plastic nonlinear Eﬂ 2000
near domain analysis ‘% ;n:m

buckling point

0

I 2 3

Detlection (mm)
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In-Plane Bending

Initial Reduced Reduction
(N/mm) (N/mm) rate %
initial 4021 1909 53%
(a) bulkhead 5160 4490 13%
(b) reinforcement 4456 2525 43%
(¢)shape modified 5670 3760 34%

O ‘near buckling point

O :near the beginning point of plastic domain

LaE+H

| 2E+HD

BOLE+03

Bending torce (M)

0L 03

0.0k -0
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Deflection (mm)

Stiffness decrease of joints
due to a local buckling
Buckling mode

— Shear

— Torsional

— Plate
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Out-of-Plane Bending

Initial Reduced Reduction
(N/mm) (N/mim) rate %
nitial 407 232 43%
(a) bulkhead 1560 1080 31%
(b) reinforcement 427 317 26%
(c)shape modified 500 367 27%

QO ‘near buckling point

O ‘near the beginning point of plastic domain

1 2000
’/D-._“—'l(a}
- Q00
<
2 (c)
T; GO0
£ (h)
2 3000 initial
ﬂ 1 1 1 1
0 3 O 0 12 15

Deflection (mm)
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Joint Model

« Shell element: local analysis + Beam element: global analysis

* reduced model with a
nonlinear spring constant

3/ S
ko +k ky—k ky]fw) [0
k12 —k k22 +k k23 Uy = 0

k3, k3, ki3 | Uy 1

(k; : component of the redued stiffness matrix (R ko sk + Bk

k : rotational spring constant [_ ke kgtt” + K" — 2k kil ]
u;,u, : rotational displacement k= ke, — 2k, —kyy — kAU +Fysatt”

(5 : displacement {+2kuk33u* ok’ —ku” — 2k ks’ ]

. *
ifuy=u —>k? if u3=u*

Vehicle Platform Design & Analysis FOA - 56



Typical Modifications for Increasing Stiffness

 Bulkhead
« Shape modification
 Thickness increase

S_hape_ P A part
modification -

R=100 mm

bulkhead

t=0.83 21.5 mm
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Bending force (N)

Bending force (N)

 Nonlinear stiffness

O ‘near buckling point
O ‘near the beginning point of plastic domain

5000
4000
3000
2000

1000

0

5000
4000
3000
2000
1000

0

+

_ linear

analysis

——
nonlinear
analysis
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Crashworthiness Analysis Using Beam Elements

* Predict the collapse behavior of the frame member

— Collapse analysis under loading conditions of combined axial
force and bending moment to the cantilever

— Previously obtained moment — rotation angle relationship
using the beam element
« Theory of mechanics of materials and the simple
analysis using beam element
— Unsuitable for quantitative examination
— Effective in an understanding of a phenomenon by the reason
for simplifying an object based on designer's know-how
+ thin-walled members subject to large deformation

— High demand for weight efficient and crashworthy design of
automobile bodies
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FOA for Crashworthiness Analysis

* In-house finite element analysis (FEA) software
— Beam element with nonlinear stiffness
— Large deformation and vibration of structure

— Beam theory, which updates the coordinates of structure for
every time step

— Calculate the dynamic response of structure by direct

numerical integration

nnnnn

1 | TIVNA Made] |

Cross-section

= [edu- 16, Elam- #1000l EMIr |

Assistant tool to make FEA model

6/
Beam -
element Moment — rotation angle
e ® relationship for nonlinear
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Collapse Characteristic of Bending Part

— Design of cross-sectional shape
— Modification of the material characteristics

— Construction of extended FEA model using shell elements

— Collapse analysis using LS-DYNA

— Post-process of moment-rotation angle relationship

(a) Cross-sectional shape

T e T =
. 12 +

i *

4 fl -

i L +

HE 4 a

L Mo s

Erpealans Pheciic TrE

Eonatess Swace [ Aans | SimmEsees.

CHANCE

Riaterin

Maee Deacky kg ] TN
Wy Mokl || 2oesscen
Pairsan's Ratia L

TRAW

i
OK |

Vehicle Platform Design & (b) Material characteristic

(c) Extended FEA
model using
shell element

(d) Collapse analysis
using LS-DYNA

(e) Moment — rotation angle relationship
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Cross-sectional Shape
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Material Characteristics

w [v o

of Watenial Fropernitieg 3 .-.!.E.I.El
~ Equivalent Plastic Strain - Stuess Rel.

1 00000EHID 3S000EH8 =
4 JO000E U2 423TOEHE
3 40000E-02 45500E+HDG
1
]

6 O000E-02 4 8B0™E-HDIH
B.OOOOE-02 S0080F-+DR

fi 1 6000E-01 S5750EHIR P
7 J0O000E-01 5.7900E+08 |

Data No. | 5
E quivalent Plastic Strain | 8.00000E02

Equivalent Stress [N/m2]| $00800E-08

CHANGE

Material
Mass Density [kg'm3| | 78B5000F+03

DEAW Young's Modulus [N'm2]| 206000E+11
Polsson's Ratlo 3 DUUDUE-U1

O K ‘
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Applied Moment M

Ll
-

Reaction force

Bending Angle
6

Moment:
M=Fx - AY
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Collapse Analysis

* Analyze the large deformation of a structure
— Incremental finite element method
— Step by step time integration method

(2) Displacement & (3) Offeet value h
applied to point A from point A to €

i E 3 54
: Ap])ll':d ] Displacement ¥ [mm] - Ofset ¥ [mm]-&——
displacement 35 Change 435 Change |

<: ~View Angle [deg]
I ’ﬂ = |:!
I =

(1) Total length L

L T TR m‘!}"mm‘ammm ‘“ L ]

g = =

X X E

B T PP P PP e P P P L P LA PP i Sl [es [0 [2
Q h

= i II'I'I_.!_I.I.I_!'I\“‘_I!!‘I!‘H“I_.E!‘I_!_‘I\':‘:‘H 'I.l.!_.!lﬂ}“l“ﬂl\_\!.!_ wl ﬁ
i i | . e | w 2 |
I iy Sufficiently R A TR Y ——
- mim : N ST S Bl el
_ Il S[lffhemns : BT A A TR TR AT Y LY i1 ;,:I;',LI

) 0 S A S S Sl
Tl ol Tl ol Tl Al Tl

End plate =LnESstas - " E
(Perfectly constrainzd) End plate e i)
L}{ [Modo= 938, Elom= 910 ;‘3,;"‘::'}':_1]
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Example: S member

w, Delinition of Materisl Properites _I_I- =] 1'
- Equivalent Flastic Strain - Stress Rel. —

1 DOODOEHOD 3 S000E-+HDB -
2 200DOE-D2 4 2370F+08
3 400D0E-D2 45500E+08
4 G00D0E-02 4 BO9OEHDE

5 G.00D0DE-D: S.O0S0E+06
6 1.6000E-01 5ETSOEHDE
7 3DODOEDL 5.7900E+0& |

Irata No. I 5
Equivalent Plastie Shalnl S.00000E-02

Equivalemt Stress [N/m2)| 5008DOEDE

__1 5 0‘ CHANGE |
[l 7 B5000E+03 I_I D’ I_|

i Mass Density [kgmd]
DRAW Young's Modulus [N/m2][ 206000E+11 | |
Poisson's Ratio ]m
O K |

30° thickness: 1.6

30“]7 z

. 80 |

1000

Cross-section
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h =43.3mm (ratio of the moment and load of curved part

using preliminary linear analysis)
L =200mm, d = 35mm

(2) Displacement

(1) Total length L

., NG TR

Tatal Lemgth [mm] o & 1 poka ¢ Bonding Collapse

applied to point A

Displacement X [tome]-
35 Change

(3) Offset value h
from point A to €

7@
~Cffset ¥ [mm)-#—

PEE) Ghngﬂ_

T X.Bending Collapse
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[ ir _DYNA Model
b — - FOA finanl |
e [Mode= 932, Elem= 810 i END

- View Mele [des]

’_l
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Beam Model

] Initial velocity 20[mm/s]
N

1000[kg]

- QRGO

— beam element which has 5
the nonlinear torsion S
characteristic with a length
of 1mm

- @@®

— Usual beam element

» Perfectly constrained at
node 8

« Constant speed at node 1

10 sec, final displacement:
200 mm linearly

Large Mass

)
=
=¥}
: E BEEHN
e S . L
—

LR ———r

Rotation Angle
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LS-DYNA

« Shell element

— fully integrated formulation:
type 16

— Number of through thickness
integration points: 5
« Material type

— elasto-plastic material with an
arbitrary stress versus strain
curve: type 25

Vehicle Platform Design & Analysis

1l Nodes :2442
iff Elements:2400

Displacement

(Linearly
increased
to 200mm)

11

(shell)
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Verifications

RN 50000 i
i) - FOA
. Z 40000
____H S 30000 |2 .
SR ~ e
If i assaE= s g -
) o B,
i 5§ 20000 (Shell)
- [ Foa —
10000 E—
&
e 0 y ' . :
Initial Deformed Initial Deformed 0 S0 100 150 200
(2) FOA (b) Detailed FEA for verification Displacement [mm]
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