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Abundant application scenarios of thin structures

(. ) ( o )
Engineering modeling Thin films system

yf(x)

1. How to establish an appropriate finite element
method for modeling thin structures ?

: 2. An appropriate nonlinear dynamics reduced-order
: method to lower the cost of numerical simulations
I
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Where do we stand? 3

. )
Normal form method

e Touzé C. A normal form approach for nonlinear normal modes

* Vizzaccaro A, et al. Direct computation of nonlinear mapping via normal form for reduced-order models of
finite element nonlinear structures

DPIM (Direct parametrisation of invariant manifold )
 Opreni A, et al. High-order direct parametrisation of invariant manifolds for model order reduction of finite
element structures: application to generic forcing terms and parametrically excited systems

e Vizzaccaro A, et al. Direct parametrisation of invariant manifolds for generic non-autonomous systems including
superharmonic resonances

Shell finite element modeling

* Fewer degrees of freedom compared to solid elements

* More convenient definition of the kinematic description of thin structures in the transverse direction

* Introduce assumed natural strain to prevent Poisson locking

Nonlinear dynamics solution methods
* Increment harmonic balance method (For full order models)

e Collocation method (For reduced order models)

. These theories lay the foundation for our development of a framework for solving thin structures !




Curved shell structure modeling: governing equations

Positional relationship

X(0*,6°)=R(6*)+0%a3(0%),aa=1,2
x(0*,0°)=r(0*)+0%a3(0%),a=1,2

Covariant base tensor
Ga:Xm:aOé—'_eSag,Oé ga:X7a:éa—|—93é3,a

G3:X_3:ag g3:X,3:5.3
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Constitutive relation

S—=D:E Traditional shell elements lead to locking issues
D33z'j

E{ +0°Efy) ~— s (B +0°ESD)
Enhanced assumed strain
E" —=E+E  with /S:(SEdQ =0
Q

Hu-Washizu functional

Iy (u, EMS)= / pu - udQ+/ 1Efull :D:E™ dQ

@ /s (E™ —E)dQ —F(t) -u

pu 6udQ+ SéEdQ F(t)-6u=0 Traditional shell elements

Additional equations

/S:5EdQ =0

Q
Extend traditional variational equations to avoid locking issues



Invariant manifold techniques >

Second-order dynamic equation First-order dynamic equation

M{T} +[CHU} +[KAU} +{G(U,U)} +{H(U,U,U)} ={F(+)} > BIF} =[Aly} +{Q.¥)} +{Y}z and z=X

Nonlinear mapping 0 B 8W(z) 2 —AW(@)) + (O (W(z). W@} + (13
{y} =W(2) W(z) =) (W), B] (5, f(2) ), =[Al(W(2)), + (Q(W(z),W(2))), + (Y2),
y 2 p=1 8W(z) R 1
ROM equati ::> o ::> B] (—5 —~f(z) ) =[A(W(z)), + (¥2), P—
quations f(z) _ Z <f(z)> ,
{2} = f(z) - ’ B] (O W(z) f(z) ), = [Al(W(2)), + (Q(W(z),W()), p>1

Order-1 homological equation
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From Flat Plates to Curved Shells
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From Flat Plates to Curved Shells 7

Jain S et al. /,,\_7/< Exact 1:2 internal resonance §o =16.4609
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From Flat Plates to Curved Shells

Dual-Master-Mode Reduced-Order Model The backbone curve is defined by a hyperbolic
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From Flat Plates to Curved Shells
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From Uniform to Variable-thickness 10
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min (33 L xmin)

max min

h(a';) — h’min _|_

* It has been confirmed that capturing the
system's dynamics accurately in the reduced-
order model necessitates the inclusion of the

first four bending modes

— Pax =0.01 MU + CU + KU + G(U, U)+H(U,U,U) =k My, cos ()
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From Uniform to Variable-thickness

MU + CU + KU + G (U, U)+H(U,U,U)=0.18 My, cos (Qt)
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From Uniform to Variable-thickness 12

/X1/< i =0.01 MU + CU + KU + G(U, U)+ H(U,U,U) = kM ¢, cos ()
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 With a further reduction in the thickness
of the thinner region, the frequency ratio
between the first and second modes

increases to 2.04
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MU + CU + KU + G (U, U)+H(U,U,U)=0.32M ¢5, cos ()

From Uniform to Variable-thickness
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Master mode selection: a user guideline

CPU time (s)

Master modes Order of DPIM ROM FOM Time radio
O(3 6.42 14 452.95
FE = F; (3) 92788
O(5) 49.39 1878.70
O(3) 17.07 7594.55
E=F{® Fo 129639
O(5) 376.68 344.16
O(3) 72.52 2384.86
E=FE1&® Ey® Es®D Exg 172950
O(5) 3085.24 46.93
O(3) 122.89 1238.47
E=F ®FE;DE;5DE; D Eg 152196
O(5) 6507.12 23.39

The choice of master modes is a key determinant of the performance and efficiency of a ROM !

The guiding principle is to pre-identify the key resonant terms !

14




Master mode selection: a user guideline 15

For the conventional CNF method )\, = Zmi)‘“ A, —w,; or w,;, with m, =0 and Zmz =D
i=1 i=1

For h,,, =0.009 h_..=0.01
Order 2 of DPIM

Order 3 of DPIM

[ | _ _ _ _ _
:3601 %w5,{2w1 + Wo ~ Wy, 2601 -+ Wy ~ Wy, 20}1 -+ Wy ~ W1, 2(.4)1 + Wg ~ Wa, W1 -+ We + Wo ~ W3

w1+ we + W3 & W, w + Wy + Wy X wy,wr T wWs + We X ws,wy + Wy + Ws R ws,wr 1+ 2ws X W
W T Ws + W3 = W, w1 + Wy + ws = wr,w; + Wy + ws X ws,wr + 2w, = wy
Identifying the invariance-breaking terms is an efficient way to find the master modes !

Master modes selectedas FF — F, O E, D F: D FEg



Master mode selection: a user guideline

For A, =0.008 hy..=0.01
Order 2 of DPIM

ZW1+W4%CU9, 2601"‘(7)7%@2,2@1—'_@8%5}2
20}1—’_5}9%(;}4,0}1+w2+@7%a}1,wl+w2+a}8%(j1”‘

Master modes selectedas [/ = E1 D Eg D E5 D E7 D Eg

We have previously validated that these selected master modes are sufficient to reconstruct the FOM results

16




Conclusion & Future works 17

Highlights

1. Nonlinear shell dynamics framework based on invariant manifold ROMs

2. Addresses strategies tackling multiple, complex nonlinearities: 1:2 resonance, hardening/softening, isolas

3. Provides practical guidelines for master mode selection in nonlinear ROM construction

4. Demonstrates accuracy and efficiency on shells with curvature and imperfections

Future works

1. Based on the validation results of this work, we will proceed to study more practical engineering problems
concerning complex nonlinear geometrically thin structures, which are not convenient to analyze using solid elements

2. On this basis, we will also consider more complex working conditions, including fluid-structure interaction
problems and material nonlinearity issues



Open-Source Code & Resources

evry-dynamics (Structure dynamics research group )
DPIM ROM based on solid-shell element

0.'.



https://github.com/evry-dynamics
https://github.com/evry-dynamics
https://github.com/evry-dynamics
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