Automotive Body Structural Elements (1)

« Section design tools
— How automotive structural elements respond to loading?
— How they deflect? How they fail?

— Predict stiffness and strength given the section geometry, the
material and the bending moment, torque or applied force

 Classical beam behavior

* Design of automotive beam sections
— Bending of non-symmetric beams
— Point loading of thin walled sections
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Automotive Body Structural Elements (2)

» Torsion of thin wall members
— Torsion of member with closed/open section
— Warping of open sections
— Effect of spot welds on structural performance
— Longitudinal stiffness of a shear loaded weld flange

« Thin wall beam section design

« Buckling of thin wall members

— Plate buckling
— Effective width
— Techniques to inhibit buckling

 Panels: plates and membranes
— Curved panel with normal loading
— In-plane loading of panels
— Membrane shaped panels
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Structural Elements Classification

- Panels
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Beam Sections

« Thin walled structural elements
— Relatively large width to thickness ratio
— Non-symmetrical sections
— Fabrication of several formed pieces spot welded
Automotive Rocker Civil Engineering

Typical __S_eption Typical Section

i om el
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3.1 Classical Beam Behavior

* Long straight beam with an | beam section
« Assumptions

Section is symmetric
Applied forces are down the axis of symmetry for the section
Section will not change shape upon loading

Deformation will be in the plane and in the direction of the
applied load

Internal stresses vary in direct proportion with the strain
Failure: yielding of the outmost fiber

- Static equilibrium at a beam section: M(x)zjo Vx
. M:
 Stress over a beam section: oc=-—— where I = z2dA

« Beam deflection: y=/r(x), y"=

Vehicle Structure
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Moment of Inertia

« Mass moment of inertia (2 & L8 E)
_ 2 _ C 2 _ 2 _ 2 _ 2
I =kmr —zmiri —J-r dm—J.J.er p(r)dV—)I—Icm+md

« Area moment of inertia

— Second moment of area (&t™ 0| Xt 2 Bl E£): bending
— Polar moment of inertia (= 2t&d &2 8l £): torsion 'y
— Product of inertia: unsymmetric geometry
o y_
I.=[ yd4—>1_=1_ .+32Awh —A:j dA
o .Ay —> 1, =1, .+x A wherex Ax p
_[ 2
I, —.Ax dA | .

J(=1)=[ plaa=| (v+y*)ad=| Saa+ | yaa=1,+1,
A A A A
1 =J. xydA

A

Xy
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Beam Stiffness Equations
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a 4 - i K= a’h?

Vehicle Structure Ch.3-7




Example: Cross Member Beam

— Front motor compartment cross member holds the hood latch

— Under use, aerodynamic loading places a vertical load of
1000 N at the center of this beam

— Design requirements: section size ?
* No yielding (o, = 210 N/mm?) in the cross member
« Maximum linear deflection at the hood latch of 3 mm

<3mm 1F=1ODON 30mm
L ) | 30mm
S | I

" L=1000mm tmm
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<3mm 1F=1ODON -
—= ] | 30mm

A e ——— & #
L=1000mm tmm
3 \ E F ) & & # Ib
Fi2, L AFI2 t
V=F/2! Fr2 | _®
jmm— S v x @ .r_'f_'1_|@
Fi2 | -F/2 |J j B R
cut for x<x/2! —(®
| F: FL/4 I,=1,= t b¥12
[ |] Mlﬂ]”l““]}:ﬁ y 1;=1,= wt (b/2)2
F/2 V=-F/2

cut for x>x/2
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12 12

S00N x 500mm)(F15
oo Mz OOV~ mm)(4 ) _ 208N | mnt <oy
I, 18000mm

_MEL_F o _ (1000mm)° (1000N')
r 48(207><103N/mm2)(18000mm4)

k

=5.6mm > 3mm
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3.2 Design of Automotive Beam Sections

« Characteristics of automotive beams
— Non-symmetrical nature of automotive beams
— Local distortion of the section at the point of loading
— Twisting of thin walled members
— Effect of spot welds on structural performance

-> Stiffness reduction, How to design?
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Bending of Non-Symmetric Beams

» Deflection
— Resolve the load into components along each principle axis

— Solve for the resulting deflection for each of these components
 Moment of inertia is taken about the axis perpendicular to the load
« Each of these deflections will be along the respective principle axis

— Take the vector sum of the two deflections

« Stress
— Resolve the moment into components along each principle axis

— Solve for the resulting stress for each of these components

« Dimension z is the distance to the point of interest from the axis
which is colinear with the moment vector

— Take the algebraic sum of two stresses for the resultant stress
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Non-Symmetric Beams

(@) (b)
Symmetrical Beam Non-Symmetrical Beam
VoL P u

g T
\/”

Deflections along

principle axes Applied

Moment

Vector sum of
deflections along
principie axes
O (1,V)T 0 Oy
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Example: Steering Column Mounting Beam

— Determine the tip deflection.
— Determine the stress at a specific point A where the beam
joins the restraining structure.

— E =207x10° N/mm?

@:?E?_‘D 500mm
L — F=500N y F

3 N

L
e Point A \450

500 mm Ve

t=1mm Point A (u=20.7, v=-70.7)

100mm I.= 5.69 x 105mm?
I,= 1.87 x 10°mm4

First Order Model From section analysis

100mm
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Model

et @
Entities D Type
5§ autol 1

t shel_section.0 1 Shell

Point ¥ Walue 7 Value
1 0.000 0.000
2 0.000 100.000
3 100.000 0.000

Principal
[+
1

5E3043.9271
1863068424

Area moment of inertia: HyperMesh

Vehicle Structure

Data
Results
Area = 3414214
Centroid
Local
Yo = 353583
Zc = 353663
Momerts OF Inertia
Local
I 804752.0800
1z 204752.0200
IvZ = 2357081530
Centroidal
Iy 37TATE.3047
Iz 3779753847
lyz = -1910E3.5423
Principal
Iv = BE9043.9271
I = 186906.8424
Angle 0.7554
Polar 7H5950.7694
Radius of Gyration = 233974
Torsional Constant = 2928332188
‘warping Constant B13.2671
Shear center
Local
AE = 292894
Zs = 292834
Principal
Vs = -B5785
W 0.0000
Shear factars
Ky 1.0000
Kz 1.0000
Elastic: Sect Mod :
Certroidal
Sy 58469693
Sz 58469633
Frincipal
S 60474964
Sw Irasazes
ax Coord Ext -
Centroidal
¥ B4 6447
z = BALE44T
Frincipal
W = 50.0000
w = 707107
Plastic Sect Mod :
Centroidal
2y = 10301 4428
Zz = 10307.4428
Frincipal
Zv = 113743826
2w = 72735829
Elastic Tors Mod 10000.0000
MNumber of cells =1
cell 1 enclosed area 5000.0000
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Center line +0.5

m

Area moment of inertia: Analysis (1)

100m
100mm
B F
100mm t=1Tmm t=1mm =1mm N
(center)
- : 101.707mm 100mm \45°
100v2 Height: 71.9178mm
- Y mm
(center) 1
symmetry Pomm 1= 5.69 x 10°mm*
100mm U | < S GUPI - y Void triangle width and height : I,=1.87 x 10°mm?
(center) ! Width : 71.9178mm 69.5036mm (from commercial S/W)
2
71.91)(71.91 71.91)(71.91 71.91
D) Ly gy = Ly pary +Ad” = (71.91X ) (1)L = 2229278 mm* HyperMesh
36 2 3
2
I =1 . +Ad? = (69.50)(69. 50) ((69.50)(69.50))(69.50) — 1944679mm*
u,voi uc,voi 2 3

L, =21, gy —1yvoia) = 569198 =5.69x10° mm*  (error rate : 0.02%)

O Loy = Lo pay + Ad” = (71.91)*(71.91) ((71.91)(71.91)j(0)2:743092mm4

36 2
Lo el s dd = (69.50)*(69. 50) ((69.50)(69.50)) (0.19) = 648318 mm* ‘
’ ’ 36 2 Principal
| = | BE9043.9271
L, =21, oy =1, y0ia) = 189548 = 1.89x10° mm’* (error rate : 1.41%) ™ _
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Area moment of inertia: Analysis (2)

 Moment of inertia of a triangle (centroidal axes)

2b b

dA =wdy, w=———
\ PEEETR
I.=|y*d4
2h 203, 203 5 (2b b
— Ay = ~_Z
3 . s 0 YT s 3 hyjdy
|
| - ; 4 T2h13
} | _J’zh/32_by2_éy3y_ 26 y° by }
n i ~h/3 3 h _3 3 h4 3
e 303 -3 3 5
— < > 9\ 3 4h\ 3 9O\ 3 4h\ 3
b | 2b b3
3 3 =—
36
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Area moment of inertia: CATIA

Measure Inertia

Definition

m Selection {Face_Pad 3__Part1

Result

Calculation mode : Exact

Type : Surface

Characteristics — Center Of Gravity (G)

Area [3.414e-004m2 ||éx [0.01mm |
Gy [250mm |
Gz |-1.862e-008mm |

""" Inertia / G |

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

— Inertia Matrix / G
loxG |186943.627mm4 |loyG [569201.423mm4 |
IxyG [1.204e-023mmd |

Principal Moments / G

M1 [186943.627mm4 |M2  [569201.423mm4 \
(] Keep measure Export | Customize... |
@ oKk | @ cancel|

—
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FD in 45° i
1y o =Lul _ (500N sm452)(500mm) : — 0.3%mm
3EL, 3(207x10° N / mm® )(1.87x10° mm*
Fl3 o 3
5 (500N cos 45°)(500mm) 0. 125

" 3El, 3(207><103N/mm )(5.69x10° mm* )

\/(5) +(8,) =0.4mm

( SOONCOS45°><SOOmm)( 70.7mm)

M
2) o, - = 22N/ mm*
I, 5.69x10° mm*
M —500N sin 45°x500mm)(20.7mm
o, =——¥ _ 5 4)( ):+19.57N/mm2
Vi 1.87x10° mm

c,=0,+0,=-243N/mm’
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Point Loading of Thin Walled Sections

* Undesirable distortion in the vicinity of the load
— Reduce apparent beam stiffness
— Increase local stress
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Prediction of Local Distortion

— Physical behavior: both beam deformation and local deformation

— Beam deformation eliminated by supporting beam along neutral
axis leaving only local deformation: Local behavior isolated
supporting beam along neutral axis

— Beam divided into slices of unit width over effective zone
— Slice characterized by a framework with stiffness k.

width of
effected zone
(,/';,.- 1

Vehicle Structure
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|dealized Beam Analysis

— (Energy stored by local stiffness at point of load application)
= (Energy stored by distortion of all section slices)

— Kioeq = F/A?

shape of effective zone h
along centerline of beam

y= —Asin(zb—“r)

section slices with
Stiffness K¢ o
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Rectangular Section Under Point Load

-

work = lF A
2
< 1 1 ¢b 1 ¢b S b
de=—(k.. dx)yv? — ener =—jk. 2a’xz—J‘k- —Asinﬂ dx=—k, A*~
k 7 ( slice )y gV 2 Jo slice) 7 Jo slice b 9 slice 7
lFA — lksliceA2 é — E — l sliceb — Klocal — lksliceb
2 2 2 A 2 2
16E2° (h+b)  8EL (h+Db)
T b (4h+b) oAl D2 (4h+b)
.5
h
p 3 -h--v,-]
1 k.\‘f.rc'f-.‘ =16/ 4{") hh
bI1 4%
h
Slice of beam of unit length Stiffness of slice
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Example: Van Cross Member

* Two springs in series
— |dealized beam stiffness

— Stiffness of the local distortion of the section

Van Latch Structure
Stiffness requirement
K>1500N/mm

100mm square, t=0.8mm

1500mm

Vehicle Structure

K _ KideaZKlocal
system ~—
Kideal +Klocal
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48EI  48(207000)

Koy = o S0 1569 N/mm
Ef 2 8) (100 +1
o 8 2t (h+b) _ 8( 070020)(0 8) ( 00+ OO) _33.9N/mm
b (4h+b) 100 (4><100+100)
K., K
K iom = —— 2t toctl__339 N 2% of K,
system Kidea[ 4 Kloca[ / mm — 270 O ideal
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Strategy to Reduce Local Distortion

* Point load must load the shear web of the section directly

— Moving the load point to align with the web
— Adding stiff structural element to the section which reacts the

load to the webs (local reinforcement)

— Using through-section attachment with bulkhead to transfer the

load to the web

Applied Load

Need to
transfer I4:u_.;|::l_-\‘::"_fI T
to side walls *’H'{"’gﬁj P

districute load to
shear members
in web

Shear Web

Vehicle Structure
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Example Sections Reacting a Point Load

Through-section engine mount Through-section door hinge
attachment attachment
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2003 Toyota Camry SE

* Local Stiffeners Inside Rocker To B-Pillar Joint

— Bulkheads are used for local buckling prevention & FMVSS
214 Side Impact
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« Torsion of members with closed / open section

3.3 Torsion of Thin Wall Members

— For solid circular bar

TL
GJ’

O=—1, 7=

Ir
J

closed section

open section

Angle of rotation

TL

GJeﬁf
T Tt
Shear stress T=—"o T =
24t J o
Constant 44°t 1
thickness AN Jop =305
Non-uniform | ;  _44/5 5 153
: eff — Jor =5 2175
thickness Z l; 73 Zl:

« Warping of open sections under torsion

Vehicle Structure

— Warping constant
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Torsion of Members with Closed Section (1)

otdl |l ._f'""'?flrgtzdL qul di :_‘__-“qu

T,t; = 7,1, = q = tt: shear flow (shearing force per unit length)
dT =rdF =rqdS

T?

0?
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Torsion of Members with Closed Section (2)

2dA T T
T =frqd [ﬁd [ﬁ—_z [ﬁdA:Z Asq=— =t —>7=——
qus—q rds =g[||r q q q Y T T T
Tro- (Lyar - j—dV ﬂr—tdde
2 J2
2 2 2
(3655 ) wawts =5 [ havas =L DL
2G\ 24t 2G 44> 2G 44* % ¢
o _TL jds_ L 7L
- — _ _
4GA* W 1 GJ

4 4°
ds

4
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Torsion of Members with Open Section

Uniform Thickness Variable Thickness
. s
B
J Eﬁ=1135t3 Jeﬁ=1!3£isiti3
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Warping of Open Sections under Torsion

« Warping in the longitudinal direction

— Rigidly hold an end of an open tube and prevent warping,
stiffness of the tube 1

a . a'h’ 4+ 3b

\ C Cw=- 6 [za-‘—(a—hj;-‘]

* Warping constant C,, J-
— Depends on the geometry of the section "
— C,, = 0: section remains planar

— Large C,, : greater out of plane deformation

-

Lot sina —cosa )
Cw="1 g’ -—6{ - }
a — Sin @ cosa

(w=

ihzb’[2h+b]
12 Lh+2h

Tw=0

L
v
b
b
1.3
h[ o [zmyy]
12 '\ h+6h
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Vehicle Structure

Constrained Warping

Warp'tng
unconstrained

N

Warping
constrained

Warping
constrained

et | e )
constrained
7o - o b Te L
e+—| LNotwist| ee= ' 7 l.Notwist | **==| . INo twist
Warp *Warp Warp *No Warp | “No Warp ‘No Warp
_TL ezﬂ(l_tanhij ) 1L (l_tanhkL/2]
GJ GJ kL GJ kL/2
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Vehicle Structure

Formulae for Twist of Warping Tubes

(@)

(b)

(c)

(d)

(e)

I.¢ < 6=0
~— R -

warp
~—
no
warp
warp
<« [ |,
no no
warp warp

warp warp

ero I .
no warp no

4
JG
g TL(, tanhkL
GJ kL
- ™
tanhﬁ
Q—TL - )
GJ kL
e
R
tand:lﬁ
0= TL - 5
- 4GJ kL
2
t::mhE
L [ Wit
4GJ| AL
4




Example: Steering Column Mounting Beam

_______ section | closed | _open | Nowarping.

Thin-wall torsion constant (mm?*4)
Angle of rotation (rad/degree)

Shear stress (N/mm”2)

Bracketed end

Finned end
t=1mm Warping
C,T strained
100mm 100mm
FRTRN
100mm ‘

SR slot
Warping
5 constrained
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2
o)
4| 2100 1
T = 250kNmm LAk _adn_ (2 mm)()_z%stmm4
=1mm TS S (100+1004100v2)
t
100mm 4
_ Tl _ (25%10™ Nmm)(500mm) :5.47x10_3rad(0.312°)
Gl (78x10°N /mm® )(2.93x10° mm* )
100mm 4
722]1; _ 125><10 Nmm SN mm?
! 2(1002mm2)(1mm)
T = 250KNmm 2
I=1mﬁ
1 1 3
100mm T =§t3S=§(lmm) (100+100+100\/§)mm=113.8mm4
4
0 Tl _ (25%x10™ Nmm)(500mm) :14.1rad(803°?)
2 100mm GJ oy (78><103N/mm2)(113.8mm4)
4
. Tt =25><10 Nmm(41mm):2197N/mm2
Jof 113.8mm
G (113.8mm* )(78x10° N / mm®

=1.75x107* / mm

C,E (1.4x10°mm® ) (207x10° N / mm?

(25 x10* Nmm)(500mm1)

N tanh{(1.75 X107/ mm) (500mm) /2}

g TL(| tanhkL/2) _
kL/2

constrained

Vehicle Structure

- (78x10° N /mm? ) (113 8mm*

=8.98x10rad (0.515°)
(1.75%107* / mm ) (500mm) /2

Ch.3-37



Effect of Beam Length on Angle of Rotation

Twist T=250000 Nmm b ()
Angle per ' | [ I /;
unitlength 801 [ Il [ )I\ (D)
(rad/mm) 0001 i_____-_ e e 4
00001 N TR
0.00001 e E“‘H'I};.
Torsional - E‘
K JII! — *
(108 Ny ) 0 A (D)
400 500 600 700 80O 900 L
Tube length (mm) Dmmm /(@)
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Effect of Spot Welds on Structural Performance

 Body sections
— Fabrication of several formed element using spot welds
« Addition of shear flexibility in the section during torsion of

fabricated sections
— Tools to predict the degree of shear flexibility
— Strategies to minimize the flexibility

« Shear vs. Peel loading

Vehicle Structure Ch.3-39



Shear Loading

Create a moment at the weld

Reduce fatigue limit by a factor of seven
— Adhesive: more evenly distributed stress — fatigue performance

width=25mm
thickness=0.7mm
metal overlap=15mm
total length=250mm

200 t

Load|
(Kg)
100 |

::"M\L
"'""':E---.. ____*Mild Steel
‘-?_:E___':.High Strength

____________ ===§pot Welded

-
-
——
O s

Mild Steel
Weld Bonded

+Galvanized

Vehicle Structure

108

107 Cycles to Failure
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Peel Loading

* |ncrease the detrimental offset

« Effect of increasing the loading offset beyond the sheet
thickness

« Design practice
— Assumption: tensile load within the plane of the thin wall material

— Minimize the offset of this tensile load from the weld

— Use part geometry to put welds into shear loading rather than
peel loading
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Offset Effect on Spot Welded Joint Strength

Weld Strength in Peel Weld Strength in Shear
7 15in

[ oad T
axis-to- g

offset x "‘“"‘?

:

o
o

N b O
o
o

o
Q

=
O -

Max Load (Lb)

0.5 1 0 0.02 0.04 0.06 0.08
Distance X (in) Thickness: thinnest (in)
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Examples of Joints in Shear (1)

<4 Rear Compartment Pan

N\Hllllll/r

Weld in Shear

Shear Condition

—_ r
N RRARE. 1/j Peel Condmon

Weld in Peel (avoid)
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Examples of Joints in Shear (2)

Front Shock Tower Attachment

Flange
distortion and
weld peel

(Poor)

Loads
transferred in
shear
(Better)

Seat Cross Member to
Rocker Joint construction
Out-of-PIane Bending

Flange
distortion and
weld peel
(Poor)

Loads
transferred in
shear
(Better)

Vehicle Structure
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Longitudinal Stiffness of a Shear Loaded Weld Flange

* Local deformation — reduce the apparent stiffness of a
section

 Distortion under a shear load: rotation with the center
at the interface of the weld

w t

.=n
: Load on M = e 5
— 5 ‘ Upper Flange / Load on
P g T Lower Flange

)
A = — X

shape of distorted
flange in side view
= i1,SIn( 272x/p)

Distor:tinn at Spot Weld
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Longitudinal Deflection

« Deflected shape of the flange n at each weld

« (work done by an external elastic shearing force
through distance 6) = (bending strain energy in the
distorted flange)

— Deflection o« square of the weld pitch

N

1
Work:§F5
o 2 o)
energy:l o'ng:l G—dV>—)§: 3]?2 g
24V 2Jr E 2Em wt
“:? A L2 g
M=EL" "}, 9 (n")" dx
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Longitudinal Deflection

2zx  dn 2r  2mx
n =1, sin — = 1)y — COS ——
dx p p
d 27
d_z =1y —— =0 S
x=0,p,2p p > 7 = po
7Tt
5-Log59-2
2 t
1
—F5=—(qL)5 = 5(qnp)5
2
L
3 I E] —Elj { (—j sin 27zx} dx
02 p
. 1—cos26 4
sin? = 5 )lEIU ) 2_72' @
\ 27" p
1 4EI7? nS> SEI 7 e
_9.__(quy)é;:: 2 —9'q5: 5 (5 12 >
: cop (1)

Vehicle Structure

4
L 2
lEI7702 [2_7;) j sin® =25 g
2 p )0 p
2F 2
_ ﬂzwt5 5o 3p2
3p 2Ex wt
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Tube Closed by a Single Spot Weld Flange

* Reduced stiffness in a twisted section by torque T

« (external energy) = (shear strain energy in tube wall)
+ (strain energy in distorted flange)

— Estimate of the reduced stiffness in a twisted section when a
single spot welded flange is present

2
5 sor
(stiffness of closed tube w/o weld flange) = GJ _ _ oAt
L L LS
r 1 ldeal
work = ET 0 closed tube
SL 5, 1
5 2 iiEs
energy=—~ 4"+
T (stiffness of closed tube w/o weld flange) W
— — =
% | 3 P’ closed tube fabricated
* 47> (1+v) wS with a single weld S: Perimeter without
flange =— flange considered
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2
— ')
(stiffness of closed tube w/o weld flange) = GJ _ _acdt
L L LS
1
work =—T6
2
2 n% 2
4energy=J‘T—dV+lF5:(Q/ ) tSL+l(qL)5=£q2 +l(qL) 3p q
2G 2 2G 2 2Gt~ 2 " 2Ex’wt
_SL o 3L _(v)Stel o 3p?
E = 4Er’wt Et AEx* (1+v)wS
I+v
1+v)SLg” 2 2 2
lT@z( V) 9 1+ 23p —>49:l SLq 1+ 23p
Et 4E7* (1+v)wS r__E | 4Ex*(1+v)wS
2(1+v)
T _2 Gt 1 raga T _ AGA™ 1
2
0 SLg . 3p? 0 | SL . 3p?
2 stiffness of 2
4E7 (1+V)WS closed tube 4E (1+V)WS

w/o weld flange

LT (stiffness of closed tube w/o weld flange)
=

2
1+ 3 3 P
. 4 (1 + V) wS
Vehicle Structure




Spot Weld Spacing Effect

Spot Weld Spacing
Effect On Section Torsional Stiffness

1 *g‘&\
'[ypil:}\
EEE‘EIL‘I&LEI.D.EL&&EDEﬁ Weld :\
KCL'IZ'.'ISEI:.?I TUBE 07 Pitdh N
: Range
o
0.5
) 25 50 75 100

Spot Weld Pitch (mm)

w (weld flange) =8 mm, t =1 mm
— 40 mm < p <60 mm

Vehicle Structure
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3.4 Thin Wall Beam Section Design

« Why are automotive sections so often thin walled?

— Steel cantilever beam with a tip load
— Cross section area is fixed: maximize strength and stiffness
— Existence of new failure mode

k=3£ and F

L3

F.0

|

max

Lc

=== 5 — — "]

(.

[

relative stiffness:1

Vehicle Structure

Vo e o

L 1

17 115

lo,, ..
design where [ = j z2dA

Tension

N

Compression

State of Stress

Plate Buckling of ™
Compression Elements
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Elastic Plate Buckling

« (General behavior of a compressively loaded plate
— Bifurcate into the buckled shape if the plate is sufficiently thin
— Compressive stress: plate width to thickness ratio

« Section design: trade-off

— Thick walled section: higher strength but lower stiffness
performance

— Thin walled section: higher stiffness but lower strength
performance due to plate buckling

— Selection of the best section proportion: relationship of
strength requirement to stiffness requirement

Vehicle Structure Ch.3-52



Plate Buckling Stress

NS

JJ‘ VateBEuckling
I

(/1Y

T i sictiachimg

Design Stress
(lower of yield
or
plate buckling)

0 50 100 150

Width to Thickness
hit
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Example: Rocker Sizing in Convertible

« Determine b/t to minimize rocker mass while meeting

requirements

48E1 . 41 O-design

A
k = and F ., = b t=
I Le o) IR ECD
O yietla =207 N/ mm A(D
A=2(bt+1.5bt) = 5bt b= _(_j
O design = 748355 / 50 ¢
Obuckle =, 5 N/ mm .
(b/t) fix A — change (b/t) = (b,t) > 1 =k, F,,,
/ O-yield = Obuckle = (b/t) ~ 60
- _
p ; load at center |
of span _ :
. = i Acceptable
- " =3 : Region
— > A 5 i
- L S 3335{ ------------------- —— e v — — s e _—
2540mm %‘ 3
I‘mt 5
rocker 0 — : :
15bH . 0 3335N/mm
section Stiffness (N/mm)
b
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Thin Walled Section Performance

250mm? 104 kg meroma:
—T i 1/ |bit=60
Yield : /i
_fd-"';—| - o

1232mm2 51kg /

T D A . 60—+
= bit=60 | 348mm? 14.5kg .,-H-*#
S I : . :

Strength
SN

t

s nimek Lt AR b I I — .

™

m g e bn i o o v e —]

R
il
_— A&ngth

0 Stiffness Stiffness 0 Stiffness
832mm? 345kg
1
Yield | Plate Buckling 7
D%l N -
E If! A 60\ E ;J' I
2] fsoxo 2
§ fad %90 % / :
\1 20 K //\ t
20 b/it=135 |4 | %

pia
O
/] '
|
S

S S N WA Sk T-J—
4 ’T
| i

0 Stiffness 0 Stiffness
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Mass Savings of Thin Walled Section

Vehicle Structure

Strength

b/t | failure mode

mass

Stiffness

A 60 | yield 51.0kg
B 35 | plate buckling|34.5kg
Section A Section B
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Dominant Structural Requirement

* Many structural elements in automobile body design
are dominated by stiffness requirements
— Thin wall sections: mass effective
— Failure mode of buckling

10 mm 1.0 mm
100000 +—r——r——rr -
;'s{rgligth':m;
Dininsted L2
SHOER T

;5;5:5 E"l.'ﬂ'lﬂh' ' r:r ore Aft
10000 ':. a* .f::-” '3ﬁi Eﬁhgﬂﬂ

,-:-.-' nt

Strength (N) f ligdar; Support
w000 || Steer R
anlge_. R e e '1 F i r
Pillart T L2 T Stiffiedss
A R Dominated |
100 , S

100 1000 10000 100000
Stiffness (N/ mm)
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Section Proportion

« Mass effective means to design for stiffness performance
— Thin wall sections

Strength
Elements obh DD

: bh/t=331t0 50
Combined
Stiffness and — -1
Strength
Elements b/t=7010 100
Stiffness
Elements
including all yaN
panels b/t =100 to 250

Vehicle Structure

Reacting loads in a crash:
roof crush, side impact,
maintaining cabin integrity

Major subsystem attachment:

suspension, powertrain

Overall stiffness of the body
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3.5 Buckling of Thin Walled Members

« Significant difference between automotive sections
and others: failure mode by plate buckling
— Plate buckling stress in section elements
— Strength of a buckled section

» Plate buckling

+ Identifying plate boundary conditions in practice
* Post buckling behavior of plates

« Effective width

« Thin walled section failure criteria

» Techniques to inhibit buckling
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Plate Buckling (1)

— Static equilibrium of the element under loads
— Compatibility of deformations within the plate
— Material stress-strain relationship

Compressive Stress f inx direcﬁop bendine moments
Applied Shear Loads Q, Q,per unit fength g
Moments M, M, M, per unit length MM, —>o,,0,
o b twisting moment
distributed Yo o/4 loads acting on y face Mo r
normal foad y ~ Xy Xy
per unit q bending moment shear loads

/6, M=lo, zdz

which creates o, 0,0, = 7,07,

area | ] |

M =lt, zdz — twisting moment normal load, compressive stress
which creates z,, g, f
> J x

X 4 - shear load which _ ,
1,..Q,7 tvzdzl plate bending stiffness
Q= dz, tsz : creates 7, ;
o, M=l zdz Similar loads acting on x face Et

D=

Toy My 12(1_‘/2)
V24
_ f, Plate Element Loading
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Plate Buckling (2)

m=1

0*w 0w ‘wo ftd’w g _ reasonable guess at the deflected shape

84+268y 8y+D8 +5_0

08 08 X

) w(x,y)=4,, sin(mﬂxjsin(@j where m,n=12,...

w 0w a b
M,.=-D +v
xt 9 22\ 2 2
4l m° nm fitm'w . (mrax) . (nzy
| —+—| —— A4, sm[ jsm(—jzo
3w *w a’ b D 4? a b
VM, =-D|v—s+—
ox~ Oy 5 5 2
5 Dr [bj n (aj
o“w _>fx = P m—|t+—| =
M, =-D(1-v) tb a) m\b
Ox0y
simply supported plate Note that lowest Buckling load occurs when n=1 or:
(M_(x=0,y)=0 and M, 0 _ b’ ﬁ) l{ﬂ]“
x(x y) an ( ) a‘r:r {hj [m[ﬂ +m b
M, (x,y=0)=0 and M, (x,y=b)=0 | |

M. (x:O )=0 and M, (x=a,y)=0 :
M, (x,y=0)=0 and M, (x,y=b)=0 [‘”G)*ﬁ%ﬂ

/ (m=2,n=1

N—~—"
=
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Vehicle Structure

Buckling Constant for Various B.C.

Case

(a)
(b)
(c)

Dr?

O =

tb*

Boundary
Condition

T =

:Er;s 55 s
Y 55

£

fixed
s gxol ss

E

(d)

En?

12(1-v?)(b/t)’

Loading
Compression
Compression
Compression
Compression
Compression
Shear

Shear
Bending
Bending

k

4.0
8.97

0.425
1.277
5.42
534
8.98
23.9
41.8
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Compressive Stress in a Shear Panel

stress for stress for
element at0° element at 45°
rotation rotation

Vehicle Structure

=

o

buckled shape

|

mohr's circCie
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ldentifying Plate Boundary Conditions

Simply Supported Fixed Free
Deflection N N Y
Rotation Y N Y
ss free
tiange <loiate ‘Cr=
i Ll fixed
55 S§S
Each bent (S:orner with Suppo>rt by a flat flange where Unconnected edge
angle > 40 1:flange = 1:plate
Plate size Corner to corner From center line of weld From edge

Vehicle Structure
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Example of Plate Edge Conditions

_ ___ |iee _fixed fixed_ fixed |
i K / A . JK s
55 /
= = = 'S8
S5 ss  fixed
section Plate elements Edge conditions

Vehicle Structure

Ch.3-65



Post Buckling Behavior

e Beam * Plate
— Once buckled, a beam loses — Even after buckling, a plate
the ability to carry increased can carry increased load
load
Buckled Beam Buckled Plate __-

uitimate
load

ulimate
load

Deflection Deflection
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Effective Width (1)

Stress distribution across plate width

Vehicle Structure

o 8]
Gs‘“ [T AT
‘1\\ I/r’
oo \IIIIIIID Sor { e |
. b

A

Plate just at buckling stress | | Plate loaded above buckling stress “Eé
Eﬁ — b

Physical Buckled plate with
maximum stress o,
thickness t
and width b

FI
plate width: b o, : critical plate buckling stress
thickness; t O : maximum stress in the plate

(b,O') > (W,O'S)

each side: w/2

= =
H

=

H

o

al H
=1

Effective Unbuckled plate with
uniform stress.o,
thickness t
and width w
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Effective Width (2)

— Width of an imaginary effective plate which has a uniform
stress of o, across it

Physical Plate Effective Plate (P .. = 0, (W)
b
Gs I, ea ST T P, = Io o (tdx)
o] siilif |l
! 9 b (o, +0, o, — 0O, 2rrx
1 - _ jo S T Jeos (tdx)
Oes M ‘ o ! I
. ., X — _p| G5 +0,,
| b w2 wi2 k] B
Compressive load \
reacted by plate: /= [ ‘o 1 dx P=cw 1 o
! _>Peﬁ‘ective=Preal_)W=_ I+— b
2 o
alternative empirical relationships for effective width
0.894b |2«
o

N

b |Zer [1—0.22 /0—]
GS GS
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Example

» Consider the 100 mm square thin wall steel beam of thickness 0.86
mm is loaded in compression. We determined the critical buckling
stress for each side plate to be 55.35 N/mm? and the resulting
compressive load to cause plate buckling to be 19040 N. What load
will cause a maximum stress of 111 N/mm?Z in each plate?

* A 100 mm square thin walled steel beam of thickness 0.86 mm is
loaded by a bending moment in the +x direction using the right hand
rule. Under this moment, the maximum compressive stress in the top
plate is 111 N/mm?2. What is the effective moment of inertia for the
section under this moment loading?

Nominal Effective
section section
Fcomp f’s‘
M
o

{mminu] ellecine
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Ter | = 1142233100 = 75mm
o AGETEE

o, =111N/mm’ 1(
—>w=—|1+
o, =55.35N/mm?

2
Ppociive = 05 (W) =111(75x0.86) = 7160 N/side

e

—5.73x10° mm* > I

effective

1

nominal

check the side walls: £ =23.9

2
So, =t k =331N/mm* (OK )

To2(1-v?) (b

~5.16x10° (10% ¢)
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Comparison of Effective Width
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Thin Walled Section Failure Criteria

— Ultimate failure load for the thin walled plate (P ;)

610mm . Bending strength- Initial 7% ¢ p
RS | | yield /] ¢
1016mm | |:: Pue| -
= Fully Plastic State | P
b] Y E p
8 70 [
t=.762mm Onset of Plate Buckling of e Per
38<b<150mm Compressive Element /
3 P, 7_ ] P
_ _ _ 7| 1 Pye
P, Yield of Effective Section ./
P ction Yie J

AN
AN NN

Best predictor of ultimate load

AN

5 200
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Techniques to Inhibit Buckling (1)

o —F Erx’ 1
T 2(1-v2) ()’

J—

'

* Increase the critical plate buckling stress
— Boundary conditions: flange curls, flanged holes
— Normal stiffness of the plate: material, curved elements,

foam filling
— Width-to-thickness ratio: reducing width with beads and
added edges (while maintaining moment of inertia)
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Techniques to Inhibit Buckling (2)

— Boundary conditions: flange curls, flanged holes

Relative Buckling Load
« No Hole
+ Hole and No Flange
Hole with Flange
*609<h< 45°
* 0= -60°
* 6= +90°

— Normal stiffness of the plate: material, curved elements,

foam filling b
~b. =
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Techniques to Inhibit Buckling (3)

— Width-to-thickness ratio: reducing width with beads and
added edges (while maintaining moment of inertia)

bl bl

h — b

-

Relative buckling load: 1
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Example: Z section

— Part of a bumper reaction structure
— Calculate the ultimate compressive load

» For the section (a)
» For the section (b) with two buckling inhibiting techniques: a
flange curl and a central bead on the web

« What if high strength steel (o, = 650 N/mm?) is replaced?

500mm |-—-|

500mm
(a) flange
20mm 20mm
flange
20mm 19.6mm
: 80mm |
] [ SUrnm t=1mm Omm tota
web 62.6mm total
80mm | t=tmm 1 1
o Flange curl and Bead on Web Section is fully effective
Physical Section Effective Section Physical Section Effective Section
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E 207000|N/mm?2

Y 0.3

t T{mm

sigma_Y 207{N/mm2  --> HHS 650 ?

(a) buckling (b) no buckling

flange web flange web

k 0425 4 4 4

b 20 80 20 40{mm

sigma_CR 199 117 1871 468 |N/mm?2

w 19.6 62.6 mm

Pye 21073 24840 N

oy =270 = 650 N/mm?* > o, = 468 N/mm*
— effective width (not fully effective) /add buckling inhibitors
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3.6 Automotive Body Panel: Plate/Membrane

» Flat or curved surface with thin thickness
— Bending stiffness: quite low
— In-plane stiffness: quite high
— Highly curved panel: stiffness to out-of-plane loads

« Type of load acting on
— Normal loading of curved panels
— In-plane loading of flat or curved panels

In-plane Noirmal
Loads Loads
I I
' | I
N A S

Membrane Shear Dent Vibration
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Curved Panel with Normal Loading

« Exterior panels
— Influenced by overall styling
— Structural performance is not the shape defining function

— Reaction to normal point loading ﬁj}?

» Stiffness Example: Hood
* Critical oil-canning load Load
 Dent resistance P | AN/ Oil Canning Load
— Solidness: pushing with a thumb (K, P, ) over
sﬁ£ﬁ1ess e
« AISI Automotive Steel Design Manual

Deflection

— Simply supported boundary conditions
— Combination of analytical and empirical considerations

Vehicle Structure Ch.3-79



Normal Stiffness of Panels

* Theoretical stiffness of a spherical shape under a

concentrated load [ ,42} ( Lzzl

CEt? R R
K =——— where curvature — = : 2

RN1-v? R 2L L,

(C: constant

t : panel thickness
R : spherical radius

L,,L, : rectangluar panel dimensions

| R, R, : panel radii of curvature in orthogonal directions

 Theoretical shell stiffness

2 2 2 2

H H L
K =1.4662 £t ¢ for 20 < —< <60 where crown height H, = L | =2
V1-v? Lily t SRy S8R,

R R L
valid over the range —- and —2 > 2, % <2<3, LL, <0.774m*

2
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Oil-can Load

 Load where a hard snap over occurs

« Curvature inversion
— Soft: surface stays in contact with the load applicator

— Hard: surface snaps over and looses contact with the load
applicator

R, =45.929-34.1831+6.3971°

2
R r*Et 12(1-v
P, = CRym Bt where <1 =0.5 Ll ( )
LL, (l—vz) 4 RiR,
C=0.645-7.75x10"" L, L,

N

R R L
valid over the range —- and —2 > 2, % <2<3, L, <0.774m*

2
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Dent Resistance

« Kinetic energy of a dart, directed normal to a surface
which leaves a permanent dent in the panel

— W: minimum energy to dent the surface (0.025 mm
permanent deformation in the panel)

— Yield at a dynamic strain rate (10~100/sec)
« Static tensile test strain rate (0.001/sec)

2
2
(Gydt )

{K : panel normal stiffness (theoretical shell stiffness)

W =56.8

0,4 ¢ yield strength at a dynamic strain rate (298 N/mmz)
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Example: Automobile Hood Outer Panel

— Simply supported boundary conditions
— Dynamic yield stress: 6,4 = 298 N/mm?
— Panel stiffness

— QOil-can load

— Denting energy

660mm
762mm
5715mm
15750
0.71mm
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