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| ntroduction

» Shape Design Sengitivity Analysis of Nonlinear Structure

* Finite Deformation Elastoplasticity Using Multiplicative
Decomposition of the Deformation Gradient

e Classical Return Mapping Algorithm Is Preserved Using
Principal Kirchhoff Stress and Logarithmic Strain

*Design Sensitivity Equation |Is Obtained at the Initial
Domain and Then Transformed into the Current
Domain to Recover the Updated Lagrangian Form

 Path-Dependency Comes from the Intermediate
Configuration and Plastic Evolution Variables

» Exact Tangent Operator Yields Iteration-Free DSA
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| ntr oduction cont.

» Design Sensitivity Analysisof Structural Dynamics

 Newmark Family Implicit Time Integration Is Used
to Solve 2nd-Order Design Sensitivity Differential
Equation with Homogeneous Initial Conditions

» Design Senditivity Equation Solves for the Material
Derivative of Acceleration at Converged Time Steps

Time Integration _ o _
= Material Derivative of Displacement

« Sensitivity Equation |s More Efficient for the Implicit
Time Integration Method Than the Explicit Method
Compared to the Cost of Response Analysis
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Multiplicative Elastoplasticity

» Kinematics (Deformation Gradient)
F(X) = F*(X)F"(X)

» Principa Logarithmic Strain

e | [log(vy)]
=F°F° = Zv m e=|e |=|log(v,)
& | log(vs) |

> Ki rcthff Stress

| o | n': Principal Vector
t=>7'm'  m'=n'®n P

7.": Principal Stress

| sotropic Material Assumption

7F2 UNIVERSITY OF

The Univers'ty.of FI.orida 'ﬂﬁ PLORIDA

College of Engineering




Constitutive Relation

» Trial Elastic Principal Stress
(t°)" =c®€" CC=(A+2u)1®1+2ul 4,
All incremental deformation is assumed to be elastic

» Yield Function
f(m,e”) =[n|-/2x(e”) M =dev(t’)-a
=|m"||~ (2 + H,(e"))y—+/2x(e?) =0

» Return Mapping Algorithm
Thy = ()" = 2uyN

o, =o,+yH_(e’)N

n+1 —

_ 2
Q"?—i—l - Q"FI) + \/;7/ e
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Linearization and Tangent Stiffness

» Tangent Stiffness Tensor

C= Zs:icj]gm‘ ®m’ +223: Al
i=1 j=1 i
¢ = SZ: =~ 4 AN®N - ‘Hwtrﬁ[l o~ N®N]

cd9 jsthe same as classical €lastoplasticity
In principal stress/strain space

» Linearization
a(z,2) = [ 7,6,(2)dQ Structural Energy Form
a (z;Az,7)= _L(gij (Z)Ciuéu (AZ) + 7,17 (AZ, 7)) dQ

Updated Lagrangian Formulation
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| nter mediate Configur ation

» Update Intermediate Configuration

3 .
F* =FFP =) exp(e")m'
i=1
3 .
fP=> exp(-yN,)m' Incremental Plastic
=1 Deformation Gradient
Fe=fPFe"

an = Fr? _1Fn

It is assumed that the incremental plastic spinisarbitrary

===D (Continuous intermediate configuration
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Variational Formulation of
Structural Dynamics

» Weak Form
d(z,.2)+a(z2)=((2), VzZeZ
d(z,,2) = _[Q pz'z,dQ Kinetic Energy Form
0(2) = J'Qszb dQ+JFh sTfhgr Load Linear Form

 Variational Equation in Structural Domain
o 2nd-Order Differential Equation in Time Domain

» Initial Conditions
z2(x,0)=2°(X) xeQ
z,(x,0)=2,(x) xeQ
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lmplicit Time Integration

» Newmark Method

— Predictor

"Z% ="z +(1-p)At "z,

"ZP ="z4 At "z + (R P)AL Tz,

— Corrector
"z, ="V + At "z,

"z="2" + pAL® "z,

B, v: Newmark Parameters
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lmplicit Time Integration cont.

» Linearization[ a,(z,z) IsNonlinear w.r.t. z ]
n:Timet,

d(AZ',Z)+a ("2 A2, Z) k : Iteration Counter

—((2)-a("Z,2)-d("Z,2), VzZeZ

» Accdleration Form
k+1 — ﬂAt 2A2k+1

d(Az"jt“,z)+,BAt a (“zk AZ'Z)
=((Z)-a("Zz“,Z2)-d(" tt,z), VZe Z

» Update Kinematic Variables
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Finite Deformation DSA

& (2)

Undeformed
Configuration

(Design Reference) "“m. Current

"} Configuration

Intermediate
Configuration
(Analysis Reference)

» Updated Lagrangian Formulation

* Finite Deformation Elastoplasticity

* No Need to Update Velocity Fields

» Updating Sengitivity Information of Intermediate
Configuration and Plastic Variables
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Finite Defor mation DSA cont.

» Material Derivative

z2=4-(2) V(X) : Design Velocity Field
_ IimE[zT(X+TV)—Z(X)]
T

7—0

=7'+V,zV

» Material Derivative of Structural Energy Form
dla(z2)]=a(z22)+a;(z,2)

Explicitly Dependent Terms on V(X)
Path-Dependent Terms

Implicitly Dependent Terms
Same As Structural Linearization
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Finite Defor mation DSA cont.

» Fictitious load
a,(z2,2) = L(gij (7)C|jkl 6‘5 (z)+ TijniJP (z,Z)+ Tijﬁcgij (7)) dQ
T L (gij (2)Ciuu (2)+ 7775 (2, 2) + 7 (Z)divv ) ag

» Explicitly Dependent Terms
e’ (2) =—sym(V,2V,V)
N’ (22)=-sym(V,2'V,zV, V)
—sym(VOZVnV)

 Path-Dependent Terms
e”(2) = -sym(G)

e -1
n°(z.2) =—sym(V,Z'G) G=F&(FIF
ic : az.lp a |IO
T = 1{@%(%) Y (&) |m
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DSA for Structural Dynamics

» Kinetic Energy
L[d(z,, 2] = [ p7'2,dQ+ [ pZ'7,0iWV dQ

=d(2,,2)+d(z,,2)

» Design Sensitivity Equation
#1d("z, D]+ a2 2] = £[U(D)], VzeZ
d("z,,.2)+a ("z"272)
:f\’,(i)—a\j(”zj)—d\j(”z’tt,i), VzeZ
— Initial Conditions (Homogeneous)
z2(x,0)=0 X € Q

z,(x00=0 xeQ
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DSA for Structural Dynamics cont.

» Predictor
"Z% ="z, +(1-y)At "z,
"ZP ="z AL+ (R - P)ALE Tz,

» Corrector
"z, ="2% + At "z,
"z="7" + At "z,

> Acceleration Form DSA Sensitivity Equation Is Linear
and Solves for Total Acceleration
d("z,.2)+pAt’a ("z"z,,,2)
= ,(2)-%("22)
_d\; (nzltt’z)_a*(nz;nzpr’z)’ Vze”Z
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Update Path-Dependent Variables

» Updating Plastic Variables
& (Ohen) = () +(H, +4ZH 7 )& (N +H, 7 & (N)

Sl )= () + 2L (y)

%(N)=Hn_1tfu['dev—N®N][2ﬂ%(e”)‘%(°‘n)}

£(7) = AN 218 (€") — (o) |- A" (e))
» Updating Intermediate Configuration
L(F.)=2(1+V,2)=V,z2-V,zV V

1

(Fn+1 = (Fn+1 )Fn+1 + Frirl_ dr (Fn+1)

d p e p d e
(Fn+l — dr (f ) |:n+1 +f dr |:n+1)
_ Fe _
(Fn+1 n+1 dr (Fn+1) |:n+1 _ :
The University of Florida Jiﬁ %EB%%;{

College of Engineering




Bumper Impact Problem

Analysis M eshfree Method
Density p = 7,800 kg/m?3
Initial Velocity Vv, = 8.05 km/hr
Analysis Time t=0~10 msec
Time Increment At = 0.1 msec
Mounting Displ. d=28cm
Thickness h=0.5cm
Contact Penalty No. w, = 1,000
Friction Coeff. w =04
UJZIE-Z Lame' s Constants A =110.8 GPa
—>Uqq u = 80.2 GPa
e Plastic Hardening H=1.1GPa
| sotropic Hardening
Initial Yield Stress o, =500 MPa
! Newmark Parameters v =0.26
X B=05
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Analysis Results

7 6902 2.51+01
7.14-02) 3.26+01
5.59-00) 2.01+00
6.04-02) 276+00__|

549-02 2.51+00

4_94,02l 2.25+0cl
430-02 | 2.00+00__ Re$on% A nal yS S

1,600 sec

3.29-09 1.50+0
2.74-09 1.25+01
] Sensitivity Analysis
1.65-09) 7.52-01 853 / 16 w:
1.10-07 5.01-01f
- 5.49-03 - 2.51-01f

-931-1 —4.77-07]

default_Fringe3 - defaulr_Fringe3 -

Max7.69-02 @Nd 23 Max3.51+00@Nd 5

Min 0. @Nd 137 Min 0.@Nd 145

default_Deformarons : default_Deformations :

Wex 3.12+00@Nd 100 Maz 3 12+00@Nd 100

Effective Plastic Strain Von Mises Stress
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TimeHistory
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Time History cont.
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Sensitivity Results and
Optimization Problem

Performance (V) AY v’ (AY /¥")x100%
Uz
epw .653533E-01 .754098E-07 .754105E-07 100.00
%5 .618309E-01 .313715E-07 .313668E-07 100.02
e%g .460146E-01 .441192E-07 .441162E-07 100.01
Zx39 .175053E+00 .790973E-05 .791092E-05 99.98
Fexgo -128266E+01 .657499E-06 .657074E-06 100.06
Uy
P15 .653533E-01 .268699E-06 .268712E-06 100.00
%5 .618309E-01 .843101E-09 .863924E-09 97.59
€50 .460146E-01 .123988E-06 .123993E-06 100.00
Zx39 .175053E+00 .847749E-05 .847586E-05 100.02
Fexgo -128266E+01 .410724E-07 .407515E-07 100.79
Ue
P15 .653533E-01 .317362E-06 .317349E-06 100.00
%5 .618309E-01 .640031E-07 .640159E-07 99.98
€50 .460146E-01 .163051E-06 .163051E-06 100.00
Zx39 .175053E+00 .190521E-05 .190392E-05 100.07
Fexioo -128266E+01 .473040E-06 .472876E-06 100.03
Ug
P15 .653533E-01 .888094E-08 .890589E-08 99.72
%5 .618309E-01 .355128E-07 .354794E-07 100.09

29 .460146E-01 .981276E-08 .981572E-08 99.97
Zx39 .175053E+00 .239706E-05 .239333E-05 100.16
Fexgo -128266E+01 .184457E-06 .183954E-06 100.27
Uio
P15 .653533E-01 .642594E-08 .643542E-08 99.85
%5 .618309E-01 .151580E-07 .151527E-07 100.03
€50 .460146E-01 .172663E-07 .172698E-07 99.98
Zx39 .175053E+00 .154011E-05 .154125E-05 99.93
Fexioo -128266E+01 .134372E-06 .134701E-06 99.76
Uiz

15 .653533E-01 .107017E-07 .107147E-07 99.88
%5 .618309E-01 .928369E-07 .928496E-07 99.99
e%g .460146E-01 .163080E-06 .163083E-06 100.00
Zx39 .175053E+00 .982943E-07 .957423E-07 102.67
Fexigo -128266E+01 .120596E-05 .120568E-05 100.02

The Universty of Florida
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Design Optimization
Problem Definition

MIN  Area

ST. €e%(0.07)<0.04 e7(0.02) <0.04
e"12(0.02) <0.04 e"3(0.02) <0.04
e"14(0.02) <0.04 e"15(0.07) < 0.04
e"16(0.09) <0.04 e"17(0.05) <0.04
e’25(0.04) <0.04 €°2(0.05) <0.04
e"s(0.01) <0.04 e"4(0.01) <0.04
e’e5(0.06) < 0.04 e’e6(0.04) <0.04
e"67(0.02) £0.04 F.(20)>20

-10<u <10i=116
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Optimization Results

Initial Design

3.84-02) 2.86+0

3.36-02) 2.64+0

3.08-02_| 24240

2.80-02 2.20+0

t . | D . 2.52—02. 1.98+0

p g 2.24-02 | 1.76+0

1.95-02 1.54+0

1.68-02) 13240

1.40-02 1.10+0

1.12-02 8.81-01

8.39-03) ) 6.61-01)

5.60- 03] 4.40-01]

o v 2.80- 03] v 2.20-01

4.66-11 5.94-08)

e defaulr_Fringe3 : defaulr_Fringe3 :
Max3.92-02@Nd 5% Max3.08+00@Nd 135
Min 0. @Nd 137 Min 0. @Nd 145

defaulr_Deformations : default_Deformations : defaulr_Deformations :
lax 5.80-01 @Nd 23 Max3.09+00@Nd 100 Max3.09+00@Nd 100

Effective Plastic Strain Von Mises Stress
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Optimization History

0.10

0.09 -

0.08 -

0.07 -

0.06 -

0.05 -

0.04 -

0.03 -

0.02 -

0.01 -

0.00

BUMP IMPACT PROBLEM - Cf(?ST*-001
—=— Eff6

—— Eff12
— Eff13
—— Eff14
—— Eff15
—— Eff16
—— Eff17
—— Eff28
—— Eff29
—=— Eff65
—»— Eff66
—— Eff67
——Fcx*.01

Response Analysis  : 30
Sengitivity Analysis : 12
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Pressurized Sheet M etal Stamping

Initial Geometry and Design Parameters

Pressure

ooooooo

Die Shape DSA and Optimization
Kim et al. Comp. Mech. 25 (2000) 157-168
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PressurelLoad TimeHistory

14.0

12.0

10.0 -

8.0

6.0

4.0

2.0

TIME HISTORY OF PRESSURE(MPa)

0.0
0.0
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5.0
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10.0 15.0 20.0 25.0
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Time History of Deformation

140.0 -

120.0

100.0 -

80.0 A

60.0 -

40.0 ~

20.0 A

0.0

-20.0 A

-40.0 +

-60.0 -
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SHEET METAL STAMPING

— Disp.
— Vel.
— Acc.
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Analysis Results

2.14-01
1.99-01
1.82-01

1.68-01
1.53-01
1.38-01
1.22-01
1.07-01
9.17-02

o 7.64-02
. 6.11-02

4.59-02
i 3.06-02
1.53-02

RN =~ " ~130-08
\\ i default_Fringe :
IMax 2.14- 01 @Nd 181

Ivlin O @Nd 184
default Deformation :
Ivlax 4.01+01 @Nd 168

Spring-Back (1.75)

E ¥ Iin 0. @INd 184

3.91+01
3.63+0
3.25+0
3.07+0
- 27940
2.51+0
2.23+0
1.95+0
1.67+0
1.40+0
1.12+0
§.37-01
5.58-01
2.78-01

4.17-07
defaulr_Fringe :
IMax3.91+00@Nd 118

default Deformation :
Ivlax 4.01+01 @Nd 168

Effective
Plastic Strain

Von Mises
Stress
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Design Optimization

MIN G = [|z(x)-x[* dr
r

ST. ¢efi<0.16 i = 22,28,49,55, Response Analysis : 12,018 sec
68.70.72. 74 Sensitivity Analysis: 3,215/18 sec

-30<u,<30j=1---18

Initial Shape

~ Optimum Shape

default_Deformadon :
Iax 1.28+00@Nd 184
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Response Analysis
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Sensitivity Analysis
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Optimization Results

1.96-01]
1.82-01]
s 1.68-01]

Effective
Plastic Strain

_

Predetermined Shape

3.36+0

= 3.14+0
2.92+0
2.70+0

24740 Von Mises

2.25+0
s Stress
1.80+0
1.58+0
1.26+0

1.14+0
9.13-01]
6.90-01]
4.67 - 01]
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Conclusions

» An Accurate and Efficient Shape DSA and Optimization
of Structural Transient Dynamics is Proposed.

» Finite Deformation Elastoplastic Material and Frictional
Contact Condition Are Considered in DSA

» Design Sengitivity Equation |'s Solved at Each Converged
Time Step without Iteration Using the Same Tangent
Stiffness Matrix from Analysis

» Sengitivity Equation Is More Efficient for the Implicit Time
Integration Method Than the Explicit Method Compared to
the Cost of Response Analysis
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