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Abstract The objective of this contribution is to com-
pare two methods proposed recently in order to build
efficient reduced-order models for geometrically non-
linear structures. The first method relies on the nor-
mal form theory that allows one to obtain a nonlinear
change of coordinates for expressing the reduced-order
dynamics in an invariant-based span of the phase space.
The second method is the modal derivative approach,
and more specifically, the quadratic manifold defined
in order to derive a second-order nonlinear change
of coordinates. Both methods share a common point
of view, willing to introduce a nonlinear mapping to
better define a reduced-order model that could take
more properly into account the nonlinear restoring
forces. However, the calculation methods are differ-
ent and the quadratic manifold approach has not the
invariance property embedded in its definition. Modal
derivatives and static modal derivatives are investi-
gated, and their distinctive features in the treatment
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of the quadratic nonlinearity are underlined. Assuming
a slow/fast decomposition allows understanding how
the three methods tend to share equivalent properties.
While they give proper estimations for flat symmet-
ric structures having a specific shape of nonlinearities
and a clear slow/fast decomposition between flexural
and in-plane modes, the treatment of the quadratic non-
linearity makes the predictions different in the case of
curved structures such as arches and shells. In the more
general case, normal form approach appears prefer-
able since it allows correct predictions of a number
of important nonlinear features, including the hard-
ening/softening behaviour, whatever the relationships
between slave and master coordinates are.

Keywords Reduced-order modelling - Normal form -
Quadratic manifold - Modal derivatives

1 Introduction

Reduced-order modelling of thin structures experi-
encing large-amplitude vibration is a topic that has
attracted a large amount of researches in the last years.
A number of methods have been proposed, with vari-
ants driven by either the structure under study and its
peculiarity [63], the dynamical behaviour exhibited by
the system [64], the model [54] or the discretisation
method [33].

Roughly speaking, one can divide the techniques
proposed in the literature into two different categories,
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the first one using linear change of coordinates and in
the second family nonlinear mappings being defined.
When referring to linear methods, one can also dis-
tinguish techniques where the best orthogonal basis is
computed once and from all. Modal basis [3,12,34,56],
Ritz vectors [20], dual modes [25] and proper orthog-
onal decomposition (POD) [4,23,27] fall into that
family. The proper generalised decomposition (PGD)
[10, 14] under its progressive variant (pPGD) as defined
in [32] also belongs to that case since additional vectors
are added when the dynamics is becoming more com-
plex. On the other hand, the linear change of coordinate
can be adaptive, depending on the dynamics, the com-
putation (single point or a whole branch of solution) or
the location in phase space. Nonlinear principal com-
ponent analysis (NLPCA) [22] as well as the optimised
PGD (oPGD) [32] belongs to this family of improved
linear methods, sometimes coined as nonlinear since
the basis may change depending on some parameters.
In the third class of methods, a nonlinear change of
coordinate is derived once and from all. Nonlinear nor-
mal modes [26,37,43,46,57], spectral submanifolds
[16,40] and the quadratic manifold derived from modal
derivatives [19,44] belong to this family. As shown in
[5], when a linear method (e.g. POD) tries to find the
best orthogonal axis fitting a learning set that has a com-
plex shape, then the number of vectors will be larger
than the number of curved subspaces one can use to
describe the same data sets. In this particular exam-
ple, it was shown that invariant manifolds pass exactly
through the learning set, thus diminishing the number
of coordinates needed to describe the dynamics.
Nonlinear normal modes (NNMs) and spectral sub-
manifolds (SSM) offer a rigorously established con-
ceptual framework for reducing geometrically nonlin-
ear structures. In particular, the invariance property
of reduction spaces is encapsulated in their definition,
ensuring that the dynamical solutions computed from a
reduced-order model (ROM) also exist for the full sys-
tem [17,45,50,52]. This key ingredient allows deriving
accurate ROMs, which, for example, are able to predict
the correct hardening/softening behaviour of nonlinear
structure, which is not the case for their linear counter-
parts [57]. More specifically, recent contributions by
Haller and collaborators have shown that SSMs are
unique continuations of spectral subspaces of the lin-
ear system under the nonlinear terms [16] and are thus
the best mathematical object to be used in the present
context. For nonlinear conservative vibratory systems,
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SSMs simplify to the classic Lyapunov subcentre man-
ifolds (LSM) that are filled with periodic orbits, thus
unifying a number of definitions given for NNMs in the
past decades, see, e.g. [21,43,45,59].

On the other hand, modal derivatives (MDs) have
been proposed independently [18,64], and they share
a number of common points with NNMs. In partic-
ular, MDs are defined by assuming that the mode
shape (eigenvector) and its eigenfrequency have a
dependence on amplitude, so that one can differentiate
the classical Sturm—Liouville eigenvalue problem that
defines linear normal modes, in order to make appear a
quantity which is defined as the modal derivative. Sym-
metrically, NNMs also rely on the fact that modal quan-
tities depend on amplitude, a key feature in nonlinear
oscillations. The backbone curve and the dependence of
the eigenmode shape with amplitude are then a result
from the computation of NNMs, defined as invariant
manifold in phase space. However, a complete com-
parison of both methods has not been drawn out yet.
The only related paper uses the modal derivatives as a
reduction method, from which the NNM, seen in this
case as the family of periodic orbit in phase space—
and thus reducing their information to the backbone
curve only, without using the geometrical information
in phase space—can be computed [49].

A recent development in the use of modal deriva-
tives is to form a quadratic manifold for more accurate
model order reduction. The properties of this nonlin-
ear mapping are such that it is tangent to a subspace
spanned by the most relevant vibration modes, and its
curvature is provided by modal derivatives [19]. An
idea also claimed in [44] is that such a quadratic mani-
fold should be able to cancel the quadratic forces in the
ROM. Incidentally, NNMs defined in the framework
of normal form theory, as proposed in [53,57], already
present these features. Indeed, a third-order nonlinear
change of coordinate is given, which has the property to
be identity-tangent when the initial model is expressed
in modal coordinates, thus conserving the linear modes
as first approximation. Also, in case of no second-
order internal resonance, the mapping exactly cancels
all quadratic terms. Finally, the invariance property is
directly inherited from the definition of an NNM as an
invariant manifold in phase space, while the invariance
of the quadratic manifold computed from MDs is not
at hand.

The aim of this contribution is thus to investigate
more properly the common points and differences in the
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two methods and explain their advantages and draw-
backs in the context of building reduced-order mod-
els for geometrically nonlinear structures. The paper is
organised as follows. Section 2 is concerned with the
theoretical developments. The framework of geometri-
cally nonlinear structures is briefly recalled; then, both
methods of interest, normal form theory, modal deriva-
tives and their extension to quadratic manifold (QM),
are recalled and analysed in depth. The general deriva-
tion of the QM framework for both modal derivatives
(MDs) and static modal derivatives (SMDs) is high-
lighted, whereas previous contributions generally use
the simplifying assumption of SMDs in the develop-
ments. As a consequence of this development, the dis-
tinctive treatment of the quadratic nonlinearity between
MDs and SMDs is specifically underlined. Of particular
interest is the comparison of methods when a slow/fast
decomposition of the system can be assumed. In the
course of the paper, we will contrast the results given
by MDs, SMDs and normal form and underline that
the simplifying assumption of slow/fast approximation
allows retrieving partly the correct results. By doing so,
an illustration of the general theorem given in [17] is
thus provided for a more restrictive framework. Indeed,
theorems given in [17] encompass more generality and
exact results, allowing to deal with the case of damp-
ing and forcing. We give, however, here more detailed
comparisons and in particular analyse how the SMD
can produce incorrect predictions for structures having
a strong quadratic coupling such as arches and shells.
Section 3 illustrates the findings of the previous section
on two simple two-degree-of-freedom (dof) systems.
Finally, Sect. 4 applies the previous results to continu-
ous structures discretised with the finite-element (FE)
procedure.

2 Models and methods
2.1 Framework

Geometric nonlinearity refers to the case of thin struc-
tures vibrating with large amplitudes, while the mate-
rial behaviour remains linear elastic. In this framework,
the semi-discretised version of the equations of motion,
generally obtained from a finite-element procedure,
reads :

Mii + F(u) = Q, ()

where M is the mass matrix, u the displacement vec-
tor at the nodes, F the nonlinear restoring force and Q
the external force. The number of degrees of freedom
(dofs) is N, being thus the dimension of vectors u, F
and Q. Note that damping is presently not taken into
account since most of the present work deals with effi-
cient treatments of nonlinearities in the restoring force.
While the concepts of NNMs and spectral submani-
folds (SSM) can be straightforwardly extended to the
cases with damping, as already shown, for example, in
[53] for normal form or in [16] for SSM, a clear exten-
sion of MDs to damped systems does not seem to be
present in the literature, to the best of our knowledge.
Consequently, we restrict ourselves in this contribution
to the treatment of the nonlinear stiffness without con-
sidering the effect of damping, but we acknowledge that
damping has important effects in nonlinear vibrations
that should thus need further investigations.

Geometric nonlinearity for slender structures is
assumed so that F, for the sake of simplicity, only
depends on the displacement vector u, but other cases
can also be treated. More particularly, anumber of mod-
els have been derived for thin structures such as plates
and shells, relying on simplifying assumptions (e.g. von
Kéarman models for beams and plates [7,28,51], Don-
nell’s assumption for shallow shells [1,2]), showing
that the partial differential equations of motion only
contain quadratic and cubic terms with respect to the
displacement. On the other hand, general equations
for three-dimensional elasticity with geometric non-
linearity (linear stress/strain relationship but nonlin-
ear strain/displacement relationship) also show that the
nonlinear terms in the restoring force should be of this
type [12,30,33,58]. Consequently, we consider in this
contribution a nonlinear force that can be expressed as
a function of the displacement up to cubic-order terms,
reading:

F(u) = Ku + Guu + Huuu. 2)

In this equation, we use a simplified notation of the ten-
sor product for the quadratic and cubic terms, already
introduced in [19,44]. The notation is fully explained
in “Appendix A”, where the indicial expressions of the
products are detailed for the sake of clarity. G is a third-
order tensor of quadratic coefficients with current term
G{} , while H is the fourth-order tensor grouping the

cubic coefficients Hl/; - For example, the vector Guu
of the quadratic terms can be written as:
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N N
GUUZZZGUM,‘M]', (3)
i=1 j=1

with G;; being the N-dimensional vector of coefficients
Gf’j, for p = 1,..., N. Note also that in this contri-
bution, the representation of quadratic and cubic terms
does not use the fact that the usual product is commu-
tative (u;u; = uju;), so that the second summation
in (3) could be limited to the indices such as j > i,
assuming also G;; = O fori > j. In the representation
selected throughout the paper, all summations will be
full, as in (3) with a fully populated tensor of coefficient
G. The same rule applies for the cubic term also. This
choice has been made since it allows shorter and sim-
pler expressions for a number of equations given in the
presentation, but of course it is not a limiting assump-
tion and the other choice could have also be done.

The first (linear) term in Eq. (2) makes appear the
usual tangent stiffness matrix K defined by :

_9F
B du u=0

, “)

from which one can define the eigenmodes, solution of
the eigenvalue problem:

(K — w}M)¢; =0, )

with ¢; the ith being eigenvector and w; its associated
eigenfrequency, for i = 1,..., N. Using u = ®X,
with @ being the matrix of all eigenvectors ¢; and X
the modal coordinates, the problem can be rewritten
in the modal basis by premultiplying Eq. (1) by ®7,
arriving at:

X + X + gXX + hXXX = q, (6)

where we have introduced €2 the matrix of eigenfre-
quencies w;, g and h the tensors of quadratic and cubic
coefficients in the modal basis and q = ®” Q the modal
external force. The equation of motion in modal space
can be written in explicit form with these coefficients
as:

N N
Vp=1,....,N: X,+oX,+> Y glXiX;
i=1 j=1
N N N
I RS R
i=1 j=1k=I1

The relations between the nonlinear tensors in physical
coordinates G and H and those in modal coordinates g
and h are derived from the linear change of coordinates
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and involve products with the matrix of eigenvectors
®. They are provided in “Appendix C” for the sake of
completeness.

2.2 NNMs and normal form

Nonlinear normal modes or NNMs have been used
since the pioneering work by Rosenberg [43] in numer-
ous vibratory problems. It offers a sound conceptual
framework in order to understand the organisation of
the dynamics in the phase space. Different definitions
have been given in the past, e.g. family of periodic
orbits [24,43], invariant manifold in phase space and
tangent at the linear eigenspaces near the origin [46].
More recently, a mathematically well-justified defini-
tion of NNM has been provided [16], allowing to set-
tle down the different treatments in a unified way. For
that purpose, Haller and Ponsioen proposed to refer to
the smoothest member of an invariant manifold fam-
ily tangent to a modal subbundle along an NNM as
a spectral submanifold (SSM). In that sense, SSMs
provide a rigorous framework allowing to define the
corresponding concepts in all the situations encoun-
tered in mechanical vibrations: conservative or dissi-
pative systems and autonomous or non-autonomous
systems. Interestingly, the authors also provide in [40]
automated formulations in order to derive SSMs up to
large order, allowing them to draw out comparisons
with numerous other methods proposed in the recent
years, see, e.g. [9]. Enforcing the invariant property is
key in a perspective of reduced-order modelling, since
it is the only way to ensure that the trajectories of the
ROM will also exist for the full system. Elaborating
on this idea, NNMs have been used in the perspective
of model-order reduction using either centre manifold
theorem [39,46], normal form theory [52,54,57], or
spectral submanifolds [9,16,40,60].

In this contribution, the normal form theory, as
defined in [53,57], is used. The main idea is to define a
nonlinear change of coordinates, from the modal coor-
dinates to new ones defined as the normal coordinates.
The nonlinear mapping is inherited from Poincaré and
Poincaré—Dulac theorems, based on the idea of finding
out a nonlinear relationship capable of eliminating as
much as possible of nonlinear terms. In this contribu-
tion, only the main results are recalled; the interested
reader is referred to [52,53,57] for more details. The
nonlinear change of coordinates is identity-tangent and
formally reads:
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Xp=Rp+Pp(Ri,Sj), (8a)

where P, and Q,, are the third-order polynomials, the
analytical expressions of which are given in [57] for
the undamped case and in [53] for the damped case.
X is the modal coordinate, Y, the modal velocity, and
(R;, §;) are the new coordinates related to the invariant
manifolds and called normal coordinates.

The method used to derive the nonlinear mapping
is based on the recognition of nonlinear resonances
involving the eigenfrequencies of the system. In case
where no internal resonance is present, one can show,
for example, that all the quadratic terms can be can-
celled from the normal form which is thus much sim-
pler than the original system.

The dynamics, expressed with the newly introduced
normal variables (R;, S;), is written in an invariant-
based span of the phase space and thus prone to open
the doors to efficient reduced-order models, as already
shown in [52]. The general equation for the dynamics
expressed in the new coordinates reads:

Vp:l,...,N:R'p—{—a)?,Rp

P p 3 P 2
+ (Appp + hppp) Ry + BpppRpS),

+Rp§:(<3h§j.+2Ap + AP )R§+Bl’ .SZ)
j=1

J Jjip Pij pii=J
J#p
N
p _
+Sp Y (2BY,R;S;) =0. )
—
J#p

Note that the expression is slightly different from the
one proposed in [57], a direct consequence of the choice
of the representation of quadratic and cubic terms, with
full summations. The coefficients Alpj  and Bil;' i stem
from the cancellation of the quadratic terms. Their
expressions read:

N

Al = Zz ghas,, (10a)
s=1
N

P -p
Bijk = Zz gisbj'k’

s=1

(10b)

where gl{ = (g£ + gfl) /2 is the mean value between
two adjacent terms implying the same monomial term.
The coefficients aj. . and bj. « appearing in the expres-

sion of A”

ik and Bi[;. ¢ are related to the quadratic terms

of the change of coordinate. For the sake of complete-
ness, the interested readers can find their full expres-
sions in “Appendix B”. As known from the theory, these
second-order coefficients have a singular behaviour
in the vicinity of internal resonances. In this case, a
strong coupling is present between the nonlinear oscil-
lators whose eigenfrequencies are commensurate, and
the associated coefficient in the change of coordinate is
set to zero, so that the corresponding monomial terms
stay in the normal form.

From Eq. (9), one can observe that invariant-
breaking terms are no longer present in the equa-
tions of motion. Invariant-breaking terms are defined
as quadratic monomials of the form gf,pX f, and cubic
monomials h’;pp X f, on kth oscillator equation. As soon
as mode p has some energy, these invariant-breaking
terms directly excite oscillator k, thus breaking the
invariance of the linear mode subspace. As these terms
areno longer presentin Eq. (9), it shows that the dynam-
ics is now expressed in an invariant-based span. One
can also note that the only monomial terms present in
Eq. (9) are those related to trivially resonant terms.

A ROM is simply selected by keeping in the trunca-
tion only the normal coordinates (R, Sp) of interest,
depending on the problem at hand. By doing so, one
restricts the motion in the invariant manifold described
by the master normal coordinates retained, giving rise
to efficient reduced models, that simulate trajectories
existing in the complete phase space, and allowing to
recover the correct type of nonlinearity [55,57] as well
as nonlinear frequency response curves [54]. The sim-
plest ROM is built by restricting the motion to a single
NNM by keeping only one pair (R, Sp,) and cancelling
all the other: V k # p, Ry = Si = 0. In this case, the
nonlinear change of coordinates for the master coordi-
nates reads:

Xp=Rp+ap,R; +b5,S>. (11a)
Y, =S, +vhpRpS,, (11b)
whereas for the slave coordinates, one has:
Vi # p:Xe =dy,R) + b, S

+ rf'ppR; + MI;’PPRPSI%’ (12a)
Yi =5, RpSp + b, S5 + v, SpRY. (12b)

Again, all the introduced coefficients, ylfp, r;‘,pp, u’l‘,pp,

and vX_ originate from the explicit expression

k
Hppp ppp°

@ Springer
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of the polynomials P, and @, of Eq. (8). They are all
analytic, and their expressions are given in [57]. Inter-
estingly, Eq. (12) describes the geometry of the invari-
ant manifold in phase space, up to order three, but of
course one can limit the development of this equation to
second order only. The dynamics on the invariant man-
ifold (pth NNM) is found by cancelling all (R, Si) for
k # pin Eq. (9). In the case of a single-NNM motion,
the equation is particularly simple and reads:

. ) 3 .
Ry + @y Ry + (Appp + hippp) Ry, + Bhpp Ry R}, = 0.
(13)

Of particular interest here is the fact that the correcting
coefficients Azpp and ngp appearing in this equation
are provided by the second-order terms in the nonlinear
change of coordinates. Consequently, the third-order
terms have no influence on this reduced dynamics,
which is thus exactly the one given by the second-order
truncation of the normal form nonlinear mapping.

All these formulas can be used to reconstruct the
mode shape dependence on amplitude, assuming the
motion is enslaved to a single NNM, i.e. lying in the
invariant manifold associated with mode p. Assuming
this single-NNM motion, the physical displacement is
reconstructed from

N N
u=) Xipr = X,0,+ Y Xir, (14)
k=1 k=1
k#p

where X, is replaced using Eq. (11a) and X using
Eq. (12a), so that one finally obtains the amplitude-
dependent mode shape as:

P p2 P Q2
u= (Rp +appRy, +bpp5p) bp

N
k p2 4k 2,k p3, Kk 2
+Z <“ppRp +OppSp + TpppRyp +“pppRl’Sp) br-
k=1

k#p
(15)

This formula has already been used in order to rep-
resent the amplitude dependence of mode shapes on
amplitude, see, e.g. [47,57], and will be further anal-
ysed and compared to the prediction given by the
method of quadratic manifold from modal derivatives
in Sect. 2.4.2.

Note that as a comparison to quadratic manifold is
targeted, a detailed description of the effects of order
truncation in the normal form approach is in order. In
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the present approach of the normal form, the change
of coordinates is up to order three, but the reduced-
order dynamics can be considered as up to the second
order, since the effect of cancelling the cubic terms
to the higher orders has not been taken into account
due to the third-order truncation of all asymptotic
developments. Also, most of the comparisons in the
remainder of the paper will be drawn between single-
mode reduced-order dynamics. In this simplified con-
text, Eq. (13) clearly shows that the cancellation of the
third-order non-resonant monomials has absolutely no
effect on this equation which is left unchanged. Conse-
quently, Eq. (13) is the reduced dynamics obtained with
a second-order normal form nonlinear mapping. The
only difference between second-order and third-order
nonlinear mapping is in Eq. (12), which describes how
the exact invariant manifold is approximated in phase
space, and one can analyse the effect of either second-
order or third-order nonlinear mapping in this respect.
In the remainder of the paper, a clear attention will
be devoted to these two specific truncations in order to
draw out a fair comparison with the quadratic manifold
approach.

We now turn to the definition of modal derivatives
and the associated nonlinear mapping: the so-called
quadratic manifold, before comparing the two meth-
ods in detail.

2.3 Modal derivatives

Modal derivatives have been first introduced by Idehlson
and Cardona to solve structural vibrations problems
with a nonlinear stiffness matrix [18]. They have been
used in recent years in the context of reduced-order
modelling [64], and the last developments propose to
use them in order to create a nonlinear mapping with a
quadratic manifold [19,44]. In this section, we derive
again the most important definitions, make the distinc-
tion between modal derivatives (MDs) and static modal
derivatives (SMDs) and introduce the quadratic mani-
fold approach.

2.3.1 Definition of modal derivatives and static modal
derivatives

The modal derivatives have been first introduced with
the aim of offering a framework taking into account
the dependence of mode shapes and eigenfrequencies
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on amplitude for nonlinear system. This is a common
point with nonlinear normal modes, which also recog-
nises this fact as a major outcome that needs to be
addressed correctly in the modelling. The introduc-
tion of the modal derivatives proposed in this section
is mostly heuristic and based on previous works. Let
us denote (ii (u) this amplitude-dependent eigenvector.
The already introduced eigenvector ¢;, solution of the
Sturm-Liouville problem, Eq. (5), represents the value
of (;S ;(w) when u = 0. The i jth modal derivative (MD)
is defined as the derivative of (;51' with respect to the
jth coordinate used for the reduced basis, denoted here
as R;. For the sake of clarity, X; is the modal coor-
dinates and R; the reduced coordinates, following the
notations introduced for the normal form approach. At
first order, one has X; = R;, but as we consider non-
linear change of coordinates, these relationships will
be enriched by higher-order terms. For the quadratic
manifold approach, this will be explained in the next
subsections, so that for the present definitions, one can
assume R; = X;. In that context, the ijth MD ©;;
is the derivative of (ii with respect to a displacement
enforced along the direction of the jth eigenvector ¢ ;
as introduced in [18,19,44,64] and writes:

L 04 (w)

y — .
IR luo

In order to derive an equation from which the MD can
be computed, one has to rewrite the eigenproblem given

by Eq. (5) assuming the known dependencies on the
amplitude, as:

<8F(u) B

(16)

ou

where the linear stiffness matrix is replaced by the
full nonlinear restoring force, and both eigenvalues and
eigenvectors are amplitude dependent. Note that, in this
contribution, the mass matrix is assumed to be indepen-
dent of the amplitude, since this is the selected frame-
work for this paper focusing on geometric nonlinearity.
However, further development could include a depen-
dence of the mass matrix on the amplitude in order to
extend the use of MDs to other cases. The nonlinear
eigenproblem of Eq. (17) must be complemented with
the nonlinear mass normalisation equation:

¢; (W) Mg, (w) = 1. (18)
Equations (17)—(18) can then be Taylor-expanded as

function of the amplitude, assuming moderate vibra-
tions in the vicinity of the position at rest defined by

cb%(u)M) $;(u) =0, (17)

u = 0. Assuming that the displacement u depends on
the coordinates introduced for the reduced basis, R; to
R,, each term can then be expanded along these new
coordinates. The full derivation of this Taylor expan-
sion is given in “Appendix E”.

The Taylor expansion of Egs. (17) and (18) in the
R; coordinates, up to first order, generates constant
terms that coincide with the linear eigenproblem and
mass normalisation. The next order terms, linear in
R;, allow deriving the following system, where the
two unknowns are the MD vector ©;; and the scalar

describing the variation of the squared eigenfrequency
2

with respect to amplitude, g%:
J
K-o’M -M¢;]|9y| _ [-2Go;¢
—¢"M 0 Sl [T 0 ’
J

19)

where the quadratic tensor G of the restoring force
introduced in Eq. (2) has been used. The detailed
proof for the derivation of this system is given in
“Appendix E”.

In most of the studies concerned with application
of modal derivatives to model order reduction, the
so-called static modal derivatives (SMDs) are used
instead. Let us denote as @ l(]S) the SMD of ©;;, obtained
by neglecting the terms related to the mass matrix
in (19), which then simplifies to:

KO\ = —2G¢;¢;. (20)

This simplification evidently highlights the fact that
MDs and SMDs are able to retrieve the quadratic cou-
pling generated by the nonlinear restoring force, since
being directly proportional to the tensor of coefficients
G. Equation (20) also shows that the computation of
SMDs is drastically reduced as compared to MDs, for
two main reasons. The first one is that given the usual
symmetry of the quadratic tensor G at hand in structural
problems, one has G¢ ;¢; = G¢; ¢, so that the SMDs
are symmetric @l@ = G)E.f). This involves that the
number of calculations for indexes i # j is then halved
in the case of SMDs as compared to MDs. The second
reason lies in the fact that although the sizes of the sys-
tems to solve are comparable (the size of system (19) is
N + 1 and the size of system (20) is N), the computa-
tion of a SMD can be done with a standard operation in
commercial FE software, whereas the computation of a
MD cannot. Indeed, the non-intrusive computation of a
SMD requires to solve a linear system Ku = f, where
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the applied force f is the right-hand side of Eq. (20) and
the resultant displacement u is the SMD. Solving such
linear system coincides with operating a simple linear
static analysis on the structure with imposed force and
unknown displacement. Conversely, the linear system
to compute a MD is the one in Eq. (19). The solution of
this system does not correspond to the standard oper-
ation one could easily perform in FE software. Con-
sequently, to compute the MD, one needs not only to
access the full stiffness and mass matrices but also to
export them in an external code to be able to solve the
linear system. When the structure is discretised with a
large number of dofs, such operation can be memory
and time-consuming when not infeasible.

2.3.2 Expression of MDs as function of the quadratic
coefficients from the modal basis

In this section, the relation between MDs and SMDs
and the coefficients of the quadratic tensor in modal
basis g are derived. This relation will help to draw
comparisons between the normal form method and the
quadratic manifold method that will be introduced in
the next section. For that purpose, the ijth MD in the
modal basis, denoted as 6;;, is introduced as

N
0, =®0;; = Zfﬁs@fj, (21)
s=1

following the linear change of basis from physical to
modal space, where the summation thus spans over all
the modes of the structure, being ® the full eigenvector
matrix. In the modal basis, the eigenvector ¢; coincides
with the ith vector basis e;, where the entries of e; are
all zero except 1 in position i, so that: ¢; = Pe;.

The system of Eq. (19) can be now written in modal
coordinates by premultiplying the first N rows by &7
and by substituting the values of ¢; and ©;; with their
values in modal coordinates. One finally obtains:

Q2 — 1 —ei:| { 0ij } { —2g;; }
T d0? [ = , (22)
|: —e; 0 R 0

where the right-hand side has been simplified using
the relationship g;; = ®'Go;¢ j» demonstrated in
Eq. (84a) of “Appendix C”.

System (22) is easier to understand when written by
term:

(@ — )b} = —2g;, for s #i, (23a)
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dw 2
BR = 2g”, for s =1, (23b)
Gl-lj =0. (23¢)

One can notice that the ijth modal derivatives are
then directly proportional to the ijth component of
the quadratic tensor in modal coordinates. This clearly
shows that the ijth MD is able to retrieve a strong
quadratic coupling occurring between slave mode s
and the master modes i and j. The value of the modal
derivative in physical coordinates can be now eas-
ily reconstructed from the preceding development and
reads:

2.
0 = qu ——. (24)

s;él
If one follows a similar procedure for the case of static
modal derivative, Eq. (20) is written in modal coordi-
nates as 920§].5) = —2g;; and the static modal deriva-
tive in physical coordinates is directly given as:

N _2g
;) = Zda L. (25)

In both cases, MDs and SMDs can be simply defined
as a linear combination of modes weighted by a fac-
tor proportional to gfj, the quadratic modal coupling
coefficient. In the case of modal derivative, the method
shows a divergent behaviour in case of 1:1 internal res-
onance between two eigenfrequencies, a feature that
will be further commented in Sect. 2.4.1. One can also
note that the weighting factors have larger values for
the modes, the eigenfrequencies of which are closer to
the eigenfrequency of the ith mode. On the other hand,
for static modal derivatives, the weighting factors are
simply proportional to the inverse of the squared eigen-
frequencies and thus should decrease for higher modes.
Note, however, that this fact can be severely compen-
sated by the values of the quadratic coefficients, which
scales according to the linear stiffness. Consequently,
as shown, for example, in [49,61] for thin and flat sym-
metric structures (beams and plates), the SMD is able
to recover the most important couplings with in-plane
modes.

As a conclusion, MDs and SMDs can be seen as
a displacement field that takes into account the con-
tribution of all quadratically coupled modes into one
equivalent vector. From this perspective, the use of a
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reduced basis composed of MDs is equivalent to using
a basis composed of all quadratically coupled modes,
with the supplementary condition that the quadratic
couplings makes appear new directions in phase space
that are independent of the already selected mode. If the
quadratic coupling is only dependent on modes already
present in the reduced basis, then the new vector will
not bring out new eigendirections.

2.3.3 Quadratic manifold

The quadratic manifold approach has been introduced
in [19,44] in order to extend the use of modal deriva-
tives in the context of model order reduction and pro-
pose a nonlinear mapping from initial to reduced coor-
dinates. The nonlinear mapping is quadratic in nature
and does not account for nonlinear internal resonance as
the normal form theory does. In this section, the deriva-
tion of reduced-order models using the quadratic man-
ifold is given, following the previous results obtained
in [19,44]. A particular attention is paid on writing
the differences one can await when using the quadratic
manifold with MDs and SMDs, in comparison with
the results provided by normal form theory in mind,
thus giving rise to new developments. The coordinates
describing the reduced-order models are denoted as R,
for all the methods in order to compare more directly
the equations. One has, however, to keep in mind that
the meaning of these coordinates is not the same for
each method.

Since the MDs are defined from a second-order Tay-
lor expansion of the nonlinear eigenvalue problem, it is
intuitive to use them in a quadratic nonlinear mapping.
If one operates a Taylor expansion of the approximate
solution u in the reduced coordinates R up to quadratic
order, one finds:

1

Ju(R)
IR;

0

uR) =u(0)+ >
i=l1

1 - [ 3%u(R) 3
- RiR; + O(RP),
+2_2_2(3Rj8&)\0 s+ ORP)

i=1j=1

(26)

where n is the number of master modes retained for
the ROMS, R = (Ry, ..., R,). By extending the defi-
nition of linear eigenvectors to the nonlinear ones, the
nonlinear eigenvector spans the tangent space of the
displacement with respect to the reduced coordinates,
so that:

Ju ~

— =¢.(R). 27

OR, é;(R) (27)
In Eq. (26), we can then substitute u(0) = 0 (the

position at rest is at the origin of the coordinates), and

R

3‘8';) = ¢, (28)
i lo

2

07u®) =0, (29)

However, this series of operations would lead to an
inconsistent formulation in the case of MDs due to
their asymmetry, as already outlined in [19]. In fact,
since @;; # O j;, itimplies that the Schwarz’s identity
3’u/dR; OR; # 9%u/d R;OR; is not fulfilled anymore.
To overcome this issue, and given the independence of
the quadratic mapping on the asymmetric part of each
MBD shown in [19], the correct strategy proposed in [19]
is to express both the mapping and its tangent space by
means of symmetrised MDs (:),-j = (0;; +9;))/2,
leading to:

n n n
uR)~ > $iR; + % > ) ORiR; =¢R
i=1

i=1 j=I

1-
+ E@RR, (30)

$;(R)~ ¢; + Y _ O;jR; = ¢; + OR. (31)
j=1

Note that these expressions are used in order to define
the reduced-order model, so the dimension n of R is
much smaller than the dimension N of u,n << N, since
only the master coordinates of the ROM are present in
R. Consequently, ¢ is the matrix of eigenvectors rel-
ative to the master coordinates and should be distin-
guished from the full matrix of eigenvectors @ used,
for example, in (21). Finally, @ is the third-order tensor
gathering the MDs (:)ij.

For future comparison with the normal form method,
itis useful to also define the quadratic mapping in modal
coordinates:

1-
X(R) ~ R + -0RR. (32)

and by components:

1 n n B
Xk%Rk—i—EZZGiI}R,-Rj. (33)
i=1 j=1
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2.3.4 Reduced-order model obtained with quadratic
manifold

The nonlinear mapping can then be used in order to
derive the reduced-order equations by directly apply-
ing Eq. (30) to the original equations of motion, Eq. (1),
and using a standard Galerkin projection. For that pur-
pose, one has to compute the derivatives of Eq. (30)
with respect to time and finally left-multiply Eq. (1) by

J)lT These derivations have already been proposed in
[19,44], and we refer the interested reader to these arti-
cles for details about the procedure. Here, we give the
reduced-order dynamics obtained once the projection
realised, as a function of the modal coupling coeffi-
cients g and h, a derivation that is not given in [19,44]
and will allow drawing out more direct comparisons
with the normal form approach.

The dynamics for each reduced coordinates R,
finally reads, for p = 1,..., N:

n 2
" 2 § : V4
Rp+wap+ ((g +79 ) RiRj

ij=1
+4§I-I]’- (RiR; + RiRj)+ él],,- (W?RiRj + Rik/’))

+ ) (<h;;k+z(g;; 3%, (34)

i, jk=1

+65, (glj+29*>>> RiR; Rk+z<[,k U)

(RiRj Ry + R;RjRy)) =0,

where the following notations have been introduced

for simplifying the expressions : g/ = g’5+g” . Note

that this formula simplifies in the case of a symmetrlc
quadratic tensor, which is generally the case in struc-
tural mechanics.

One can observe that the linear part is uncoupled,
resulting from the fact that the first term of the quadratic
manifold in Eq. (30) is the usual expansion onto the
eigenmodes, thus implying, at linear order, uncoupled
linear oscillators. The nonlinear terms can be compared
to those obtained when using the normal form approach
as nonlinear mapping, Eq. (9). In particular, one can
observe that the normal form approach completely can-
cels all quadratic terms, provided that no second-order
internal resonance is present, a key feature embedded
in the derivation which makes the distinction between
resonant and non-resonant terms. On the other hand,
quadratic terms are always present in (34). A second
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comment is on the presence of terms depending on
accelerations in (34), not present in the reduced-order
dynamics given by the normal form approach.

The restriction to a single master dof is provided,
so that one could draw out a term-by-term comparison
between the reduced-order dynamics provided by the
two methods. Assuming that only mode p is present as
reduced coordinates and thus R; = 0, for all i # p,
Eq. (34) simplifies to:

2
w
2] 2 14 P P

R> 405, (R, + RyR,) + 05, ()R> + RyR,)

3
hppp Ry, + Z (g,n op Ry (35)

wsz
s A s
+0pp (g pp T Y epp)
2. ..
3+ (9;,[,) (R2R, + R,,Rf,)) —0.

This equation can then be used for either MD or SMD,
so that one can contrast the results obtained by using
one of these two strategies (modal derivatives, be they
static or dynamic) with the nonlinear change of coor-
dinates provided by normal form theory, which is the
aim of the next section.

2.4 Comparison of the methods and slow/fast
approximation

This section aims at comparing the different nonlin-
ear mappings used to derive reduced-order models
on the different outcomes they provide: reduced-order
dynamics, and prediction of typical nonlinear features
such as hardening/softening behaviour, and depen-
dence of mode shapes on amplitude. For that purpose,
we restrict ourselves to a single master mode. More-
over, from now on, we introduce the symmetry prop-
erty of the quadratic tensor g, which results from the
fact that the internal force derives from a potential, thus
leading to g}, = g;; and g%, = g}; = glkj Note, how-
ever, that, due to our initial choice of fully populated
sums and tensors without assuming commutativity of
the product, the symmetry property may appear a bit
different from, for example, [34] when equal indexes
are present. Indeed, in [34] one can read, for example,
ggs = 2g,,,- This is the only consequence of the initial
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choice since in [34] one has gspp =0fors > p.Inour
case, the relationship reads gﬁx = g;p and gfp = g;p.

By using such symmetry property, we can also sim-
plify g;,’s = g;’,’s = g&)p»and substituting the value of the
modal derivative in modal space 0y, = —2g3,,/ (a)f, -
a)%,) when s # p and 951, = 01in Eq. (35), one obtains:

2 P p2 P p3
Ry + @y Ry + gpp Ry, + hpppR),

n 2 2
— Z( s )2 2 C()S B 26()p R3
o) 2 \ o —w2 P
s=1 s p s P (36)
S#p

; >

If the value of the SMD is used instead of the MD,
then the reduced-order dynamics writes:

2 . L
_Ta)z (RpRp+RpRp)) :O

2 . .
2 P 2 p2 2
RI’ +Cl)pRp—gppw—2 (a)pR[,-i-Rp-l-ZRpRp)
p

n 2 2
3 3
+hppp Ry = :(g;p> ) (Rp (37)
N

s=1

2 (2R, + R R2>> =0

w2 \"'pp PTp) ) T

s

For the explicit comparison, we rewrite the reduced-
order dynamics derived with the normal form approach,
Eq. (13), where the A},, and B}, terms have been
expanded:

n )
) 2 3 S
Ry + 3Ry +hbppRY = <g;,p) 5
s=1 s
(38)
2 2
O 20 s 2 g ) _g
cu%—4a)?7 p a)%—4a)%, pp '

Note that the remark on the order of the trunca-
tions given at the end of Sect. 2.2 may be better under-
stood from these single-mode reduced dynamics. Equa-
tion (38) is the ROM given by normal form, be the
calculation of the nonlinear change of coordinate trun-
cated at order two or at order three. Consequently, this
equation gives the third-order reduced dynamics pro-
duced by truncating the normal form at second order.
In the same line, Eqgs. (36) and (37) are the third-order
reduced-dynamics provided by the quadratic manifold
approach. Hence, comparing the predictions given by
these reduced dynamics is correct since the same order
of asymptotic developments is at hand. The only differ-
ence one can estimate in the analysis thus relies in the
nonlinear mapping, which can be pushed at third order

easily in the normal form approach since the calcula-
tion has already been proposed in the past. This means
that in the comparisons, the only difference will be on
the geometry of the manifold in phase space and the
reconstruction formula, but not on the reduced-order
dynamics.

In order to have a better view on the reduced-order
dynamics for each of the methods, the general non-
linear oscillator equation describing the dynamics on
the reduced subspace can be written under the general
form as:

-2 ..
R.p + a)?,Rp + ClR?, + Cz% + C3 Rz)sz
P P

RZR R,R?
+CaR) + Cs—L3 + Co—2
w

P @p

-0, (39)

with C to Cg being different coefficients, whose values
are summarised in Tables 1 and 2 for the three different
methods.

Asalready remarked, only the normal form approach
is able to cancel the quadratic nonlinearity and pro-
duce a parsimonious, cubic-order reduced dynamics,
depending on two separate coefficients only. Using
SMDs creates the larger number of coefficients, while
only four are needed for MDs. Most importantly, the
closeness of the results given by the three methods can
be underlined in the case where a slow/fast decompo-
sition can be assumed between the master mode p and
the slave modes s. This case is often encountered in
mechanical vibrations since one has often to deal with
a large number of modes with very high eigenfrequen-
cies. Let us assume that all the slave modes s are well
separated from the master mode, so that for all s one
has wg > w,. It is then very easy to verify on the
coefficients given in Tables 1 and 2 that those provided
by the normal form and the MD method tend to the
values given by the SMD approach. More specifically,
C4 and Cs from normal form exactly match those from
the SMD, so that the only difference between the two

Table 1 Table of coefficients of the reduced system given by the
three methods

a I C;
MD ghy 0 0
SMD —2g, ~2ghy —4gpp
NF 0 0 0
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Table 2 Table of coefficients of the reduced system given by the three methods
Cy Cs Ce
2 (a)2 — 2a)2> 2 )
2 s P 4 wl, 4 a)p
MD hppp = Zg;! (g;p) S o\ Zg=} (g;p) S o\ Z%} (gspp) 2
! (a)x — oy, ! (a)A — a)p) ’ (a)A — wp)
) 4o 24
SMD hﬁpp -2 (g;?p) ) 2= (gi:p) 1 I (g;)p) 1
A wS wS
2 (w2 - 2w2> 2
2 s 14 2 4w
P P
NF hppp = D s=1 (g;)p) (- 5 I (g;p) > 5 0
w? (a)s —4wp) w? (ws —4wp)

reduced-order dynamics lies in the additional terms C1,
C,, C3 and Cg for the SMD method. On the other hand,
using the slow/fast approximation for the coefficients
provided by the MD shows that C4, Cs and Cg tend
exactly to the values obtained with SMDs, the only
difference being in the summation, where the p term is
excluded in the MD approach, whereas it is not in the
SMD, as a direct consequence from Eq. (23). Indeed,
Eq. (23b) shows that for MD, the g,’,’,, term is taken
into account in the amplitude—frequency relationship,
and not in the reconstruction of the vector as given by
Eq. (24). On the other hand, for SMD, the g}, term
is taken into account in the vector defining the SMD,
Eq. (25), butnot in the frequency dependence on ampli-
tude. This important difference between the two meth-
ods will have consequences that are commented further
in the next sections, and the g l’; » Will be denoted further
as the self-quadratic term.

In order to better understand the observed differ-
ences on the reduced-order dynamics, a fair compari-
son has to be given not onto a term-by-term compari-
son, since the meaning of the reduced variables is not
the same, but on the general predictions given by each
reduction method on the most important nonlinear fea-
tures. The next sections are thus devoted to compar-
ing the prediction of the type of nonlinearity provided
by each method (i.e. the first term in the amplitude—
frequency relationship that dictates the hardening or
softening behaviour), as well as the mode shape depen-
dence on amplitude.

2.4.1 Hardening/softening behaviour

The generic reduced-order dynamics, Eq. (39), can be
solved with a perturbation method in order to derive the
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type of nonlinearity predicted by each method. Keeping
the general notation with the C; coefficients for the ease
of reading, the general solution up to second order in
amplitude reads:

R, = agcos [a),,t(l + Fag)]

Ci —Cy—C3
2 2
+ag (Tcos[Za)pt <1 +aOF>]
Ci+C—C
R ML s 3)+0<a8), (40)
2a)p

with ag being the amplitude and I" the general coeffi-
cient that dictates the hardening/softening behaviour.
Indeed, one can introduce the nonlinear frequency
oNL = wp(1 + Fa%). If I > 0, then the system is
hardening. The general expression for I" with all the
C; coefficients writes:

r= @ocf+10cmh+4cg—7cxg

24(1)‘[‘7
|
+c§—1lcmg)+-—7w3c¢+05—300.
8a)p

4D
One can note in particular that with the normal form
approach, one has C; = C, = C3 = 0 since the
method fully cancels the quadratic terms, so that there is
no second harmonic term in the reduced-order dynam-
ics and Eq. (40) reduces to its first term at order two.
However, since quadratic terms are present in the non-
linear change of coordinates, this simplification does
not imply that the second harmonic is not present in
the reconstructed displacements, as it will be shown in
the next section. Once again, these two last equations
show that normal form approach produces a parsimo-
nious representation of the reduced dynamics which is
generally easier to read and interpret.
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Replacing the values of the C; coefficients obtained
for each method (MD, SMD or NF for normal form),
one arrives at the prediction of the type of nonlinearity
provided by each reduced-order model as:

5 P \? 3
FMDZ—12 5 8pp. +
oy \ wp 8a)p

n g_y 2
hpp =2 <ﬂ> (1 +
Wy

s=1
S#EP

a)i(4 a)f — 3a)%,)
3(w? — a)%,)2 ’

(42a)

5 gh ? 3
FSMD=—12—2 Sl +t 5
wy \ @p Sa)p

n s 2 2
g 4w
hp _ 2 prp l 14
ppp Z ( s + 3(a)% _ 4w12,)
(42¢)

One can note that the first terms of the prediction are
the same, while the difference arises from the way the
slave (or neglected) coordinates are taken into account
in order to predict the type of nonlinearity. This fea-
ture is, however, key in order to give a correct predic-
tion since there is a strong need to take properly into
account the curvature of the manifolds in phase space;
otherwise, incorrect predictions are given [57].

In order to give more insights into Eq. (42), let us
first notice that in the summed terms, the first one is
always the same since the different expressions all start

with 1 + - - - . Let us isolate this term and introduce the
following notation :
g5,\°
Cio=2(222) . 43
e ( o (43)

One can notice that this correction term is the one
obtained by using static condensation, as already
shown, for example, in [48,61], and thus the subscript
SC. Denoting as Cyp, Csmp and Cnr the correction

factors given by each method (i.e. the term in the sum-
mation), one can then simply compares all these terms
to C- in order to have an expression depending only on
the eigenfrequencies. Assuming that there is only one
slave mode s in the summation in order to highlight the
contribution brought by each term, the following ratios
can be written:

4 p>—3/4

Cmp 407 =34 (44a)
Csc 3(p>—1)2
Csmp 41

14— 44b
Csc ~|—3/O2 (44b)
CNE 4 1
\Lig T S S 44
Csc +3,02—4 (44c)

where p = w; /w), has been introduced in order to high-
light their behaviour with respect to the fulfilment of the
slow/fast partition. These expressions clearly underline
the fact that each method refines the correction factor of
static condensation by an additional term. One can also
observe that the refinement of the Cgy, comes from the
inertia and velocity terms Cs and Cg, whereas the term
Cy is exactly the one from static condensation. Conse-
quently, using SMD without quadratic manifold could
lead to erroneous predictions since inertial and veloc-
ity corrections could be missed. This remark should be
particularly relevant in a case of geometric nonlinear-
ity involving inertia, as, for example, in the case of a
cantilever beam.

To better assess the quality of the predictions given
by the three methods, Eq. (44) can be Taylor-expanded
by using the slow/fast assumption w; > w, for the
slave modes s. This assumption allows introducing a
small parameter w,/w;s, or, equivalently, considering
the expansion under the assumption p — 00. One then
obtains:

Cwmp 41 34
~MD A 2T 45
Csc APy o
Csmp 41

— 1+, 45b
Csc * 3 p? (45)
Cne —1+41+§: i (45¢)
Csc 3 p? =3 P

These formulas show in particular that all the methods
predict the same first two terms in the expansion that
assumes slow/fast partition, and the limit for p — oo s
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the same for all methods, including static condensation,
since the ratios tends to 1 in this case. This means that a
formal equivalence in the prediction of the type of non-
linearity is obtained only in the limit case of ws > w),
for all the studied methods. Figure 1 illustrates this
convergence and shows that it is obtained rapidly, indi-
cating, in particular, that from the value w;/w, ~ 4,
all methods are almost converged in terms of type of
nonlinearity, thus quantifying more properly the value
from which the slow/fast partition is effective so that
one can use the methods based on modal derivatives
safely. In order to be a bit more quantitative, one can
remark that the relative difference between Cyp and
CNr is equal to 5% for p = 3.25 and 1% for p = 4.6,
so that the proposed bound w;/w, =~ 4 has not to be
understood as a strict one. Moreover, the error on I”
will be smaller than the error on the correction fac-
tor C, being I" composed of other terms that are not
affected by the reduction method. The conclusion is
that p € [3, 4] can be understood as a transition region,
and converged results thanks to slow/fast assumption
can be faithfully obtained over 4, but below 3 caution
has to be exercised.

Figure 1 shows also other interesting features on
the behaviour of the type of nonlinearity. Besides the

9 T
QM SMD
—— QM MD
T —— NF
SC
5 |-
C
3 |-
Csc
1 |
1k a
-3 I I I I
0 1 2 3 4
P
C C C
Fig. 1 Evolution of the ratios ﬁ, SMD and ﬂ, defined
sc Csc Csc

in Eq. (44), as a function of the parameter p = ws/w), from
which the behaviour of the type of nonlinearity defined by the
I" coefficients in Eq. (42) can be directly deduced. Dashed grey
line is the (constant) value predicted by static condensation. (All
curves are normalised with respect to this value.) Yellow curve:

Csmp . . o Cmp
predicted by static modal derivatives; orange curve: ——
Csc Csc

C
computed from modal derivatives; blue curve: C—NF given by
SC

normal form theory. (Color figure online)
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convergence of all curves in the limit p — oo, impor-
tant differences occur in the regions where the methods
have a singularity. The normal form approach displays
a singular behaviour in the vicinity of the 1:2 internal
resonance when wy; >~ 2w,. This fact is logical and
has already been commented in numerous prior publi-
cations. Indeed, when such a resonance exists, then a
strong coupling arises between the two modes, so that
reducing the dynamics to a single master mode has
no meaning anymore, and the minimal model should
be composed at least by these two internally resonant
modes. The divergence in the behaviour of Cng/Csc
reflects this fact, meaning that in this zone the defini-
tion of the type of nonlinearity is of no more use since
another dynamical regime takes place. Previous publi-
cations also clearly underline that the prediction given
by Inr in Eq. (42c¢) is correct [57], which has been
confirmed with comparisons to direct simulations of
the full-order model, and this prediction of the type of
nonlinearity has then been used for continuous struc-
tures such as cables and shells [6,38,41,55].

On the other hand, the prediction given by MD
displays a divergence at the 1:1 resonance, when the
slave and master modes have close eigenfrequencies,
ws > wp. This divergence does not rely on a firm the-
oretical result from dynamical systems. Indeed, even
though in the case a 1:1 internal resonance exists so
that the two modes need to be taken into account to
study the coupled dynamics, uncoupled solutions still
exist and the backbone curves of these uncoupled solu-
tions can be computed, thus preserving the meaning
of the I' coefficients defined in Eq. (42), see, e.g.
[13,31,56]. Thus, the divergence of Cyvp/Csc is inter-
preted as a failure of the method. Finally, for small
values of p, one can observe that the SMD method
shows a singular behaviour and will predict unreason-
ably stiff behaviour. On the other hand, MD method
gives a finite value, which is a bit different from the
correct one given by normal form approach. All these
results underline that MD and SMD can be used safely
only when the assumption wy > 4w, is fulfilled; other-
wise, unreliable predictions may be given by these two
methods.

2.4.2 Drift and mode shapes
A second comparison on the global outcomes of the

three method can be provided by contrasting the mode
shape dependence on amplitude. Indeed, assuming a
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single mode motion with Ry = O for all s # p (only
master mode p participates to the vibration), allows
recovering the amplitude dependence of the pth mode
shape. At small amplitude, the three methods recover
the usual eigenmode, but they then differ in the way
they are taking into account the cross-couplings with
slave modes. Let us denote as uyp, Usmp and unf the
physical displacement following single-mode motion
for each of the three methods. Using the previous for-
mula allows one to reconstruct

N s
wnp (1) = 6, Ry() = Y — L R0, (46)
s=1"°%

5= P
S#D

P
usMD (1) = 6, Ry (1) — 5 R2.(0)
14

N gs
=Y SR ()b (47)
w
s=1 9
S#P

2
unp(t) = ¢, Ry (1) — ¢,,gp” (Rz(r>+—R2(t>>
P

w2 2
_ Spp (@5 =205
Z T KO
Y 0% 4a)p

v#ﬁ

2
—ﬁ p(l)> bs. (48)

Comparing the mode shapes given by MD and SMD,
one can already underline that the summed term given
by MD reduces to that given by SMD if one considers
the slow/fast assumption with wy; > w,. However, a
difference persists in the two methods since with SMD
an added quadratic term, depending on mode p only,
is present (second term in (47)). This comes again
from the treatment of the self-quadratic g/ pp term in
Eq. (23), already underlined in Sect. 2.3.2. Indeed, the
g 1’; p term for the MD method is not present in the recon-
struction, but in the dependence of the nonlinear fre-
quency with amplitude instead, while the SMD method
distributes the influence of this g,’,’,7 term on the spa-
tial reconstruction, but not on the amplitude—frequency
relationship. This explains why the prediction of the
hardening/softening behaviour appears to be more gen-
eral for the MD method than for the SMD. Comparing
now with the normal form approach, one can see that

NF reduction gives rise to velocity-dependent terms in
these formula, a feature that is not present in the other
method, which is a direct consequence of the fact that
NF method takes into account both independent dis-
placement and velocity variables as it should be from
a dynamical system perspective.

Again, one can also observe that the summed term
in (48) reduces (at first significant order) to that pro-
vided by SMD when the slow/fast assumption is at
hand, showing that the SMD method provides the most
simplified expressions.

From the general expressions given in (46)—(48), one
can isolate the constant term (zeroth harmonic) which
is produced by the quadratic nonlinearity, in order to
compare more closely one term of this general expan-
sion. This constant term is known as a drift since it
corresponds to the fact that due to quadratic nonlinear-
ity, the oscillations are no more centred around zero,
and ithas already been compared for different reduction
methods, see, e.g. [35,57]. One can then simply replace
R, (1) by the express@on given by Eq. (40), while the
values of R,Z,(t) and Rf, (#) up to second order write:

2 ag 3
R2() =22 (1 + cosl2onwt]) + O (a()) (49)

2
R (0) =2y (1 = cos2onir]) + O (@). 60

where the nonlinear frequency wnL = wp(1 + aj 2r)
has been introduced. Isolating the constant term leads
to the following expressions for the drift d predicted by
each reduction method:

ay | 8 ~ S
dup == [ =276 =3 "o |. GD
P
S#Ep
a2 g g
dsmp 230 £ ¢p Z%d’s : (52)
s=1 wS
S#D

2 p
a 8pp 1 2wNL
dwp =9 [ 8PP [ _ 4 =
NE 2( wg<3+3 ,,)'/”’
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n

gS
) R
s=1 Ws p
S#p

(53)

One can observe that assuming slow/fast dynamics, the
drift predicted by MD reduces to that given by SMD.
On the other hand, one can also see that in order to
retrieve the drift predicted by SMD from dnr, one has
to assume that the deviation of the nonlinear frequency
onNL is small as compared to the linear frequency so
that onL >~ ). Hence, the prediction of the mode
shape dependence on amplitude given by SMD is reli-
able only in the case where the backbone curve does
not depart severely from the linear resonance, which is
a strong assumption.

In order to point out a last difference on the theo-
retical expressions which will have important conse-
quences in the next sections, let us also follow the first
harmonic of the solution in the reconstruction proce-
dure. Using Eq. (40) to define the harmonic content of
the master variable, and going back to the harmonic
content of the modal coordinates X; defined using
either the QM method, Eq. (33), or the normal form
approach, Egs. (11)—(12), one can easily follow the
first harmonic and retrieve its expression in the modal
coordinates. Since p is the master mode and at lowest
order X, = R, then the mostimportant contribution is
presentin X, as compared to other X;’s. Let us denote

as | X E,Hl) the first harmonic for the MD approach

MD
(and SMD and NF for the other two methods); these
expressions write:

[X;Hl)]MD = ag cos(wNL1) (1 + O (aé)) ,  (54a)

[Xé”l)] = ag cos(wnLt)
SMD

2
2 p
1_ag§<i)¢;> +0(af) |-

14
(54b)

[x§0] = agcosnn) (1+0@h). (540
NF

They underline the importance of the treatment of the
self-quadratic g 5 » term between MD and SMD method.

Indeed, whereas the amplitude ag defined from (40)
corresponds, for the MD and NF cases, to the ampli-
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tude of the first harmonic in X, this is not the case
for the QM derived from SMD. In that case, the ampli-
tude has an extra term implying the self-quadratic cou-
pling term. Importantly, this term appears as a differ-
ence so that the amplitude of the first harmonic can
tend to small values with increasing ag. Whereas all
the comparisons led in this section show that the meth-
ods tend to be equivalent under a slow/fast assumption,
this last expression highlights the fact that, for the SMD
method, the amplitude of the master mode can be very
different from the amplitude of the initial coordinate.
The consequence of this finding will be more clearly
illustrated in the next sections on examples and will be
key to understand why the SMD method can fail even
under the slow/fast assumption.

3 Comparison on two-degree-of-freedom systems

In this section, the comparisons drawn out on the theo-
retical expressions are illustrated on two-dof systems,
in order to highlight the main differences on simple
cases. Two different models are selected. The first one
is derived from the equations of motion of a beam
and is selected in order to mimic the nonlinearities
present in a flat symmetric system, where these simpli-
fying assumptions help in letting the methods based on
SMD work properly. The second example has impor-
tant quadratic couplings and better accounts from the
problems arising with curved structures such as arches
and shells.

3.1 A two-dof model representing a flat symmetric
structure

3.1.1 Presentation of the model

The particular nature of the nonlinear couplings in the
case of flat symmetric structures such as beams and
plates relies on the simplifying facts that flexural and
in-plane modes are linearly uncoupled and their nonlin-
ear couplings involve simple terms that can be easily
traced from the von Karmdn models. These simplifi-
cations have been used in numerous recent papers in
order to explain why a number of methods for pro-
ducing ROMs are able to predict very good results in
this case, see, e.g. [12,19,60,61]. In order to propose a
simple two-dof system mimicking these particular rela-
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tionships, the von Kdrméan model for slender beams is
used and simplified to two vibration modes, one flexural
and one longitudinal, in order to produce the simplified
system, from which the coefficients can be related to
meaningful quantities of the beam and in particular to
its slenderness.

A non-prestressed beam of length L is thus con-
sidered, with a uniform rectangular cross section of
area S = bh (h being the thickness and b the width)
and second moment of area I = bh>/12, made in an
homogeneous and isotropic material of Young’s modu-
lus E and density 6. Boundary conditions are clamped
atX =0and X = L.

The equations of motion for the transverse dis-
placement W (X, T') and the longitudinal displacement
U(X,T) (X and T being the dimensional space and
time variables), assuming von Karmdn theory, read
[12,36]:

/

W + EI W//// E U/ W/ + 1 W/3 _ O (55 )
5S 5 2 = a

.. E V2 / 1

U—SW+ww)=0. (55b)

A particular feature of Eq. (55) is that the longitudi-
nal displacements are only quadratically coupled with
the transverse, as shown in (55b). On the other hand,
the only nonlinear terms appearing on the equations
of motion for the flexural term W are: (i) a quadratic
coupling involving a product between one in-plane and
one transverse component, and a cubic term with only
transverse components, see Eq. (55a).

Following [12], the equations of motion can be
made non-dimensional so that the resulting system
depends only on two physically meaningful parame-
ters: the slendernessratioo = h /L, and the wavelength
B appearing naturally when solving the eigenvalue
problem. Indeed, focusing on the linear problem for
the transverse motion, the eigenvalue problem qﬁw =
w? %(b is solved by using a combination of sine, cosine,
hyperbolic sine and hyperbolic cosine functions of kx,
with k-dimensional wavelength such that k* = %wz
and B = kL. Assuming clamped boundary conditions,
the characteristic equation for 8, from which the eigen-
frequencies are deduced, reads: cos(8) cosh(f) = 1.
The reader is referred to “Appendix F” for the details
of this classical derivation.

Introducing the thickness 4 as characteristic length,
so that the non-dimensional displacements are as w =
W/h and u = U/h, normalising time using ¢t =
T(B?/L*>/ET/5S) and the space variable with the
beam length, x = X/L; Eq. (55) is rewritten as
follows:

1 12
w s + Fw,xxxx - ,34_0' (u,xw,x)’x
6 3
_5 —0, 56
g4 (w'x ),x (562)
12 12

Ut

- Wu,xx - 134_Uw,xw,xx =0. (56b)

In order to derive a minimal two-dof system from
these equations, we select the first flexural eigenmode
and the most important longitudinal mode coupled
to the first flexural. From previous studies, see, e.g.
[12,49,61], it is known that the fourth in-plane mode is
strongly coupled to the first flexural. Let us denote as g
the modal amplitude of the first transverse mode and
pa the modal amplitude of the fourth in-plane mode
(see “Appendix F” for the details). Using a standard
Galerkin projection (see, e.g. [12]), Eq. (56) can be
rewritten as

i} 2G ;
qitaqrt ——pagr+ Dgqj =0, (57a)
L @4m212 G ,

Pot gz pat 4 =0, (57b)

where D and G are the nonlinear coupling coefficients
arising from the Galerkin projection and involve inte-
gral on the length of products of derivatives of the mode
shape functions, see [12] for the general calculation
and “Appendix F” for the detailed expression of these
two coefficients. One can note, in particular, that due
to the choice of the non-dimensional time to arrive at
Eq. (56), the eigenfrequency of the first flexural mode
is 1, while the natural frequency of the fourth in-plane
(4m)%12
452
selected (involving w; = 1 for the fundamental mode),
the term in factor of p4 in Eq. (57a) can be easily inter-
preted as the square of the ratio p = w; /w1, recovering
the term introduced in Sect. 2.4.1. Thanks to its explicit
expression, p can now be directly related to the slen-
derness ratio:

mode reads w% = . Due to the normalisation
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~
]
3

1
p = ~ 1.95—, (58)
o

1
B> o
so that the final two-dof system that will be used for
the investigations reads:

X1+ X1+2GpX X2+ DX} =0, (59)
X2+ p?X2 4+ G pX? =0, (60)

where G = G B2 /(4m+/12) has been introduced for
the ease of reading. Also the notation for the variables
has been changed with X; = ¢ and X, = p4 for the
sake of simplicity. A particular feature of this system
is that the coupling between master and slave mode
is purely quadratic. Consequently, the potential third-
order tensors from the normal form approach are all
vanishing. In this case, the two nonlinear mappings are
thus exactly at the same order due to the very simplified
shape of the starting equations.

This system is now investigated in order to see how
the methods under study behave when reducing the sys-
tem to its first (flexural) mode using different nonlinear
mappings. The advantage of this formulation is that all
coefficients are related to a physical problem so that
some insights can be given to the results obtained with
this simplistic model with regard to continuous prob-
lems. In particular, Sect. 2.4 underlines that all meth-
ods show a convergence on some properties when a
slow/fast assumption is assumed, which has been quan-
tified precisely on the type of nonlinearity as occurring
for p > 4. Also, divergent behaviours have been under-
lined and explained for p >~ 1 (case of MD) and p >~ 2
(case of normal form). Consequently, the system will be
studied for three different values close to these points,
namely p = 1.25, p = 2.5 and p = 10. Note that a
beam is generally considered as slender if o < 1/20.
Thanks to Eq. (58), this means that p > 40. The con-
sequence of this remark is that in all slender beams
the slow/fast assumption is very well fulfilled, and our
study concerns specific cases occurring for very thick
beams. Regarding the nonlinear coefficients G and D,
they only depend on the modes selected in the expan-
sion. In our study, we will always consider the first
flexural and fourth axial, so that G and D are constants
since they only depend on the non-dimensional shape
functions of the selected modes. In the remainder of
the study, we have selected D = 2.67, G = 0.63.
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3.1.2 Results

The comparisons between the different methods are
drawn out on the geometry of the manifolds, as well
as on the dynamics onto these manifolds, described
by the frequency—amplitude relationship (backbone
curve). All the solutions are computed thanks to a
numerical continuation method using the asymptotic—
numerical method, implemented in the software MAN-
LAB, where the unknowns are represented thanks to
the harmonic balance method [11,15,29]. After a con-
vergence study, the number of harmonics retained in
the computations is 7. In each case, the master mode
is the fundamental one, X, and the slave mode, X>.
The dynamics onto the reduced subspaces is given by
Eq. (36) when using the MD approach, Eq. (37) if
one considers SMD instead, and Eq. (38) with the nor-
mal form method, with R; the master coordinates. For
the reduced models, continuation is performed on the
master coordinate in order to compute the frequency—
amplitude relationships. From these values, the non-
linear mappings, given either by Eq. (8) for the normal
form approach or by Eq. (33) for the QM method, allow
to retrieve the initial modal amplitude X and X»>. From
all these data, one can plot either the geometry of the
manifolds in phase space (X1, Y1, X2, ¥>), or the back-
bone curves.

Figure 2 shows the geometry of the manifolds
obtained for this first system, when one increases the
values of p so as to meet the slow/fast assumption. One
can remark that the reduced subspaces produced by the
quadratic manifold method do not show a dependence
on the velocity. Increasing the values of p itis observed
that the real manifold obtained from the full system
loses this velocity dependence so that this approxi-
mation is less and less wrong. On the other hand, the
manifold produced by normal form has two important
advantages: it is an invariant manifold of the full system
by construction, and it has this velocity dependence,
hence allowing for a correct prediction of the reduc-
tion subspace, whatever the value of p. As a matter of
fact the only limitation of the normal form approach
is that it relies on a Taylor expansion, so that for large
amplitudes, the solution departs from the exact man-
ifold. But in any case, the correct invariant subspace
is approximated. As already remarked, due to the fact
that only quadratic couplings are present between mas-
ter and slave coordinates, the manifolds shown in Fig. 2
for the normal form are obtained thanks to the second-
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(a) p=1.25.

Fig. 2 Comparison of manifolds in phase space for the first
example, and for three different values of p = wy/w;. The
exact NNM, represented in violet (full system solution: FS),
is compared to the reduction manifolds obtained by QM from

order expansion, the third-order terms being all equal
to zero.

Figure 2a shows also that the quadratic manifold
produced by MD encounters a problem near the 1:1
resonance, which is here underlined since p has been
selected close to 1. Comparison with a full-order solu-
tion clearly shows that this is a failure of the method. On
the other hand, Fig. 2c shows that when the slow/fast
assumption is verified, all methods converge to the
same reduced subspace, in line with the theoretical
results.

We now turn to the prediction given on the back-
bone curves. First of all, one can compare the values
of the I" coefficients dictating the type of nonlinearity.
Equation (42) has thus been rewritten for the present
two-dof system and now read, as a function of the ratio

p =/

3D G2(3p*—2)p?

Inip = — — , 61
MD = ¢ 12— 1)2 (61a)
3D G*(3p*+4)
I =— - —, 61b
sMD = —¢ 1,7 (61b)
3D G*(3p? —38)
INf=—— ———F—"— 61
NF = 17— 4 (6lc)

These values are represented in Fig. 3, which shows
important similarities with Fig. 1. Again the same diver-
gent behaviours are observed, and the convergence of
all methods for p > 4 is clearly observed. To be more
quantitative, the relative difference between Iyp and
INF 18 5% for p = 2.95 and 1% for p = 3.93. On the

(b) p=2.5.

(¢) p=10.

MDs (dark orange), SMDs (yellow) and normal form (blue). a
p = 125'b p = 2.5, c p = 10 with slow/fast assumption
fulfilled. (Color figure online)

2 QM SMD
—— QM MD
— NF

1) 1

K
0 |- .
-1 |
0 2 4 6

p

Fig. 3 Values of the coefficient I dictating the harden-
ing/softening behaviour for the first two-dof system. Compar-
ison of I'vip, I'smp and I'Np, given, respectively, by QM with
MDs, with SMDs, and normal form, Eq. (61), and for varying
p = wy/w ratio

other hand, the difference between I'syp and I'NF is
5% for p = 3.06, and 1% for p = 4.18, underlining
clearly that p € [3, 4] has to be understood as a tran-
sition zone. For very small values of p, the quadratic
manifold based on SMD will predict incorrect result
with a softening behaviour. Also, after its failure at
o = 1, the MD method will also produce an incorrect
prediction with a softening behaviour.

Figure 4 shows the backbone curves obtained from
the reduced-order dynamics and compared to that
obtained from the full system. The comparison is drawn
on the main modal amplitude X, which shows the
largest values (first row), but also on the slave coor-
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Fig. 4 First-mode 0.6
backbone curves as a
function of modal
amplitudes X (first row)
and X, (second row) and
for different values of

p = wy/w;. Comparisons

ampl(X1)

between the exact solution
(FS: full system, violet), w

that predicted by QM with (a) Case with p = 1.25
MDs (dark orange), SMDs

(yellow) and normal form 10-2

(NF, blue). (Color figure
online) 4+

ampl(X2)

(d) Case with p = 1.25

dinate X, (second row). The first case selected, just
after the 1:1 resonance with p = 1.25, shows, as envi-
sioned in Fig. 3, that the QM produced from MD can
be very wrong in this case and predict at first order a
softening behaviour. When p = 2.5, the three methods
predict a very similar behaviour and are almost undis-
tinguishable. One can note that for large amplitude, the
full system solution is less and less hardening. This is
probably a consequence of the vicinity of the 2:1 inter-
nal resonance. Since wy = 2.5w; and the behaviour is
hardening, the nonlinear frequency tends to approach
the 2:1 ratio at higher amplitudes, which could explain
this particular behaviour of the full system solution.
Finally, for p = 10, the three methods give the same
predictions which are fully aligned with the full system.

The conclusion on this first example with simple
nonlinearities is in the line of the theoretical results,
since all methods tend to perform well in the limit of
the slow/fast assumption, again estimated as a ratio of
4 between the eigenfrequencies of the master and slave
mode. On the other hand, when this assumption is not
fulfilled, the quadratic manifold is not reliable and can
produce incorrect predictions, in contrary to the normal
form approach, that gives a correct ROM up to the third
order, whatever the link between slave and master coor-
dinates. These results explain also why the application
of modal derivatives on slender structures that are flat
and symmetric produce accurate results. Indeed, slen-
derness is fulfilled when p is larger than 40, and our
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0.6 0.6

0.4

ampl(X1)
ampl(X1)
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(b) Case with p = 2.5 (C) Case with p = 10

1072 1072
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QM SMD
—— QM MD
— NF
— FS

2+ -

0 L 0 L/

1 1.1 1.2 1 1.1 1.2

ampl(X2)
ampl(X2)

w w
(e) Case with p =2.5 (f) Case with p = 10

numerical experiments show that the slow/fast assump-
tion can be considered as valid as soon as p > 4.

3.2 A two-dof model representative of a shell
structure

3.2.1 Equations of motion

In this section, a system composed of a mass connected
to two springs representing geometric nonlinearity is
selected. This system has been used in a number of
studies so that numerous results are already present in
the literature; the interested reader is referred to [57]
for the derivation of the equation of motions specify-
ing the behaviour of the springs, and to [9,42,53,57]
for different results already published on this example
system. The equations of motion read:

2
o w
Xi+otxi+ 5 (3)(]2 + X%) + X1 X,

2 2
+
Ly (4 x8) =0,
, (62)
= 2 ) 2 2 2

2 2
wy + w
+ = (x3+x3)=0.

As compared to the previous example, this system has
all quadratic nonlinear terms present in the equations of
motion, and all the nonlinear coefficients are expressed
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0.2

0.1, 192

QM SMD
QM MD
NFOrd2( Y
— s

0
r 0.1
0.2 03 02

% — s N

1

(a) Case with p = 1.25.

0.2 0.2
QM SMD

[ QM MO 0.2
NFOrd3| Y,

1

Qf
I NFOrd3| Y
LI

(d) Case with p = 1.25.

Fig. 5 Comparison of manifolds in phase space for the second
two-dof example, and for three different values of p = wy/w;.
The exact NNM, represented in violet (full system solution: FS),
is compared to the reduction manifolds obtained by QM from
MDs (dark orange), SMDs (yellow), and normal form up to the

directly from the two eigenvalues w; and wj, so that
the problem has only two parameters. Note that this
model is not derived from a continuous shell structure
like the previous example which was derived from the
von Kdrman beam equations; however, it is known that
curved structures display strong quadratic couplings
that are found in this system. Moreover, the results will
show that this model is sufficient to show important
departures between the three tested methods, which are
due to the way the quadratic terms are processed.

3.2.2 Results

As for the preceding example, comparisons are drawn
out on the geometry of the manifolds and the back-
bone curves. Numerical continuation is used to solve
out the different systems and compare their outcomes.
The eigenfrequency ratio p = wy/wy is also used and
the same values, namely 1.25, 2.5 and 10, are selected
to observe the differences between the methods when

(b) Case with p = 2.5.

(e) Case with p = 2.5.

0
02 01

Xy

(¢) Case with p = 10.

Xy

(f) Case with p = 10.

second order (blue manifold in the first line, plots a—c) and third
order (green manifolds, second line in plots d—f) are given. a—d
p = 1.25,b-e p = 2.5, cf p = 10 with slow/fast assumption
fulfilled. In all cases, w; = 1. (Color figure online)

tending to fulfil the slow/fast assumption. In the com-
putation, w; = 1 in all cases so that one simply has
wy = p.

Figure 5 shows the geometry of the manifolds in
phase space, as compared to the exact invariant man-
ifold defining the first NNM of the system. The com-
ment on the velocity dependence, already raised in the
previous example, still holds: While for small values
of p the quadratic manifolds are not able to catch the
correct curvature in this direction, for large values of
p the velocity dependence vanishes. Note that in all
the three figures, the manifold produced by the SMD
method has a smaller range in amplitude. This maximal
range used for the representation has been fixed from
the frequency—amplitude relationships (Fig. 7, when
the nonlinear frequency has decreased of ten per cent
and reaches the value 0.9—a softening behaviour is at
hand in the considered cases), so that all manifolds span
the same frequency range, but correspond to different
amplitudes. This underlines, in particular, that even if
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the correct manifold is approximated, which is the case
for p = 10, the amplitude—frequency relationship may
be not.

Since the only difference between second- and third-
order normal form can be appreciated from the non-
linear mapping and not the reduced dynamics, Fig. 5
illustrates the case. In the first line, the manifold pro-
duced by the second-order normal form (in blue) is
contrasted to the other methods, while the third-order
normal form is shown in the second line (in green).
One can observe that the effect of retaining the cubic
term is especially important for the smallest values of
p = 1.25, but then the differences between second and
third orders are barely visible. Interestingly, this exam-
ple also shows that the quadratic manifolds produced
by MD and SMD do not tend to the same geometries,
even under the assumption of slow/fast dynamics. This
is appreciated in Fig. 5, but is more clearly evidenced
in Fig. 6 where a section of the manifolds in space
(X1, X2) is shown, without the amplitude limit given
by the frequency, used in the 3D plot.

Unlike Fig. 5, Fig. 6 is directly obtained from the
manifolds expressions given by Eq. (33) for the QM
approach, and (11)—(12) for the normal form approach,
by simply prescribing the values of R; and compute
the resulting (X7, X») values. More specifically, let
us underline the main difference between the MD
and SMD method in this case. Substituting Eq. (33)
with (23), the reconstruction of (X, X») from the QM
method derived from MD reads:

X1 =Ry, (63a)

2 2
[0))
X, = —%RZ =———>2 R (63b)
w; — W 2(“’2_“’1)

On the other hand, using SMD in the QM leads to:

1
3
X =R —SIR =R - 2R, (64a)
on 2
2
g 1
Xy =—=LRi = —R}. (64b)
)

One can first notice that for this specific example, the
manifold produced with the SMD method does not
depend on the parameters (w1, w2). Consequently, the
cut of this manifold in (X, X») plane in Fig. 6a—c
for different values of p, is always the same. The sec-
ond comment is on the slow/fast approximation: even
though the value given for X, tends to be the same
under the slow/fast assumption w> > wi, this is not
the case for X . This is a major difference between the
two methods, so that a persistent error on the manifold
is done when using SMD, whereas MD tends to the
solution provided by the NF and full system when p
increases. The last interesting comment is on the fact
that the manifold produced by SMD shows a constant
folding point. Indeed, X | from Eq. (64a) cannot exceed
the value of 1/6 (achieved at Ry = 1/3) after which
the quadratic term in Eq. (64a) is larger than the linear
one.

This is a direct consequence of the different treat-
ment of the self-quadratic coupling term glll, already
underlined at the end of Sect. 2.4.2, leading to the fact
that even under the slow/fast assumption, the QM built

(a) Case with p =1.25

(b) Case with p = 2.5

(C) Case with p = 10

|

FS QM SMD

QM MD

NFOrd2 = = = NF()rd3‘

Fig. 6 First-mode invariant manifolds cut on the Y1 = 0 plane,
evaluated with the quadratic manifold method (QM) (either with
MD in dark orange and SMD in yellow) and normal form (NF)
approach, where the distinction between NF up to second order
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(blue line) and third order (dashed green line) is reported, and
compared to the numerical solution obtained with the full system
(FS). In all cases w; = 1. (Color figure online)
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on SMD can lead to erroneous results. This point is
further commented on the backbone curves compari-
son. First, Eq. (42) is written for this specific system,
leading to the following predictions, as a function of
the ratio p = wr/wy:

16p* —27p% + 12

Ivp = , 65
MD 602 — 172 (65)
I'smp = —1, (66)
2
p- =3
INg = — . 67
NE=y (67)

In line with the constant manifold found with SMD, the
method also predicts a constant type of nonlinearity,
independent of the variations of the eigenfrequencies
(w1, w2). Assuming slow/fast partition, p — oo, then
all three methods tend to predict the same I coefficient
dictating the hardening/softening behaviour. However,
as underlined at the end of Sect. 2.4.2, the amplitude of
the first harmonics for each method is different. Since
in this case gll1 # 0, a direct consequence of (54b)
is that the backbone curves for the SMD method will
show a saturation effect, the amplitude X| being unable
to overcome a maximum value. This phenomenon is
clearly visible in Fig. 7, depicting the backbone curves
obtained for the three selected values of p. The con-
stant value of I'spp has for direct consequence that the
backbone predicted by the SMD quadratic manifold
is almost unchanged with respect to variations of p.

Fig. 7 First-mode
backbone curves for the 0.3

second two-dof example g
with quadratic nonlinearity, = 0.2
as a function of modal E

0.1

amplitude X (first row),
and X (second row), and

|
for different values of %.9 0.95 1
p = wy/w;. Comparisons w
between the exact solution (a) Case with p = 1.25
(FS: full system, violet)
predicted by QM with MDs

10~ 2

(dark orange), SMDs
(yellow) and normal form 4
(NF, blue, NF third order,
dashed green). (Color figure
online)

ampl(X>)

|
0.9 0.95 1

When the slow/fast assumption is fulfilled for p = 10,
as shown in Fig. 7c, the backbone predicted by SMD
QM is in line with those predicted by the other methods
at small amplitude level. However, at higher amplitude
the SMD backbone moves away from the others and
saturates to a limit value for all cases, since the ampli-
tude is differently computed as shown in Eq. (54b).
On the other hand, the backbone predicted by the MD
method tends to the correct values under the slow/fast
approximation, while the normal form approach always
produces a correct prediction. More specifically, the
prediction for the master X| component given by the
normal form is the same if one considers a quadratic
or cubic normal form expansion, see Eq. (11). On the
other hand, the slave component X is affected by the
order and this is illustrated in Fig. 7d—f, where one
can observe that, as for the manifold approximation in
phase space, the third-order terms bring about a better
estimate.

4 Comparison on continuous structures
4.1 Presentation of the test cases

This section aims at drawing a comparison between the
different methods when applied on a continuous struc-
ture discretised with three-dimensional finite elements.
In order to investigate how the results obtained in the
previous section are confirmed in the general case, three
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beams are considered and shown in Fig. 8. They have
been selected in order to fulfil different assumptions
that have been highlighted on the two-dof examples in
order to achieve correct predictions from the ROMs.
The first case, as shown in Fig. 8a, is a slender flat
symmetric beam. The two other examples, as shown
in Fig. 8b and c, are arches: the first one is shallow,
while the third one is non-shallow. Adding curvature
has two important effects. First, flexural and in-plane
modes are no longer linearly uncoupled. Second, the
curvature renders the restoring force asymmetric and
an important quadratic nonlinearity appears between
the bending modes. This example illustrates the fact
that the slow/fast assumption is not enough to guaran-
tee that the method based on static modal derivatives
will converge. The curvature will be used in order to
play it on the slow/fast assumption as well as on the
values of the quadratic coupling terms.

In all three cases, the boundary conditions are
clamped; the material parameters are selected as homo-
geneous linear elastic with Young modulus E =
124 GPa, Poisson ratio v = 0.3 and density § =
4400 kg m/s?. In each cases, an equal thickness 4 and
width b are selected: & = b = 5 cm. For the flat
beam, the length is L = 0.7 m. The arches have been
built from a portion of a circle. For the shallow arch,
the radius of curvature is set as 250 cm, for an angu-
lar span of 27 /15, resulting in a curvilinear length of
20 /3 ~ 1.05 m. The height of the static deflection
at centre is 5.5 cm, i.e. almost equal to the thickness.
For the non-shallow arch, the radius of curvature is set
as 50 cm, for an angular span of 25 /3, resulting in the
same curvilinear length of 207 /3 2~ 1.05 m, but with a

static deflection of 25 cm, i.e. five times the thickness.
All beams are discretised with three-dimensional hex-
ahedral 20-node finite elements. The flat beam uses 60
elements (4 in the section and 15 in the length), result-
ing in a total number of 1287 dofs. The two arches have
96 solid elements (4 in the section and 24 in the length)
and 2097 dofs. A relative coarse mesh has been selected
in order to have a limited number of degrees of freedom
so that all the methods can be handled easily. Indeed, the
key point here is not to look for converged and refined
results on a large frequency range, but to compare the
different reduction methods on the same test examples.
Moreover, as already shown in [61], using 3D elements
leads to couplings with very high-frequency thickness
modes, so that truncations and convergence are difficult
to observe in general.

In the three cases, the nonlinear behaviour of the first
flexural mode in the curvature plane is investigated. The
mode shape is shown in Fig. 8. In the case of the flat
beam, it corresponds to the first mode and its eigenfre-
quency is 545.60 Hz. As already underlined in Sect. 3.1,
the most important coupling arises with the fourth in-
plane mode, whose eigenfrequency is 15.19 kHz, so
that the ratio p between the most important slave mode
and the master mode is in this case equal to 27.83.
Consequently, the slow/fast assumption and our crite-
rion p > 4 are perfectly fulfilled. This example can be
seen as an extension of the first two-dof example, with
the distinctive feature that now many more modes are
coupled to the first bending, all of them being of higher
frequencies than the fourth axial. Also, the nonlinear
coupling terms have in this case a simplified form, fol-
lowing the general discussion given in Sect. 3.1. In the

(a) Flat beam.

Fig. 8 Mesh and deformation along the mode under study for
three different test cases: a a flat beam, b a shallow arch and
¢ a non-shallow arch. For each test case, the mode under study
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(b) Shallow arch.

(¢) Non-shallow arch.

corresponds to the first flexural mode in the plane y — z where
the curvature is imposed if present



Comparison of nonlinear mappings for reduced-order

3359

case of the arches, for the shallow arch the first flexural
mode corresponds to the second mode of the structure
and its eigenfrequency is equal to 372.28 Hz, and for the
non-shallow arch, the first flexural mode corresponds to
the fourth mode of the structure and its eigenfrequency
is equal to 1003.99 Hz. Contrary to the case of flat sym-
metric structures, the curvature renders the restoring
force asymmetric and an important quadratic nonlin-
earity appears between the bending modes. Investigat-
ing the important couplings between the linear modes
of the curved beams shows that the first bending mode
is strongly coupled with the third one. While the ratio
between the first and third bending modes is 5.4 in the
case of the flat beam, it decreases when the curvature
increases. Consequently, for the case of the shallow
arch, this ratio is equal to 3.44 (eigenfrequency of third
bending equal to 1283.33 Hz), and 1.66 for the non-
shallow arch (eigenfrequency of third bending equal
to 1665.11 Hz). These two examples have thus been
built as an extension of the second two-dof example.
For the shallow arch, the slow/fast assumption is almost
fulfilled (3.44 is slightly smaller than the criterion we
proposed with a limit value at 4), but now important
quadratic couplings are present and in particular the
self-quadratic term gﬁp. Finally, the case of the non-
shallow arch allows testing a case where the slow/fast
assumption does not hold, and important self-quadratic
terms are present.

4.2 Amplitude—frequency relationships

The methods are compared on their ability to predict
the backbone curves. A reference solution is com-
puted thanks to a numerical continuation on all the
degrees of freedom of the structure, using a code with
parallel implementation of harmonic balance method
and pseudo-arc-length continuation algorithm [8]. In
this computation, a small amount of mass proportional
damping is added under the form {w,M so that a
frequency-response function (FRF) is computed, in the
vicinity of the eigenfrequency of the master mode (first
flexural). The values of ¢ are 0.18%, 0.27% and 0.1%
for the flat beam, shallow, and non-shallow arches,
respectively. The forcing is located in the central node
of each mesh in the y-direction in order to excite the
first flexural mode. The force amplitude is chosen in
order to have a displacement amplitude at resonance
comparable to the thickness so that its values are 5 kN,

1.5 kN and 2.5 kN for the flat beam, shallow and non-
shallow arches, respectively. It must be noticed that
in the case of curved structures the value of ampli-
tude of vibration equal to the thickness has not been
achieved and the reported FRFs excite a maximum
amplitude of approximately half of it. In fact, due to
the long computational time that the full model FRF
requires, approximately 1 day for each FREF, and due
to its high chances to undergo internal resonance with
higher modes, these values have been selected in order
to stay in the limit of one-mode approximation with-
out exciting more complex dynamics. However, with
this level of amplitudes, the nonlinearity is sufficiently
important so that its effect is clearly visible on the back-
bone curves.

The ROMS are built using QM or NNM approach,
and their backbone curves are computed in the same
manner than in the previous section, assuming a sin-
gle master mode. For the normal form approach, the
third-order coefficients have not been included in the
computation. Indeed, the third-order tensors require the
computation of huge number of coupling coefficients
from the modal basis expressions, which would need
for an important number of precomputation steps. This
choice has also been guided by the fact that compar-
ing the two methods at the same order of accuracy is
more meaningful. The FRF of the ROMS has not been
computed since taking into account the damping of the
slave modes is important to achieve good results. If the
normal form theory has been developed for that pur-
pose, see, e.g. [53] where the effect of a small amount
of damping of the slave modes on the FRF of the mas-
ter mode is reported, the inclusion of the damping for
the modal derivatives has not been derived theoretically
yet. Hence, it appears that a better comparison is given
on the backbone curves only, and the FRF of the full
model with a small amount of damping is used to under-
line whether the nonlinearity is correctly addressed by
the methods.

Figure 9 shows the numerical results obtained for the
three cases. The case of the flat beam is the one having
the most assumptions fulfilled (slow/fast separation and
no self-quadratic terms). Consequently, the three meth-
ods match very well and are all able to retrieve correctly
the nonlinearity of the full model with a very good
accuracy. In the case of the shallow arch, the slow/fast
assumption is almost fulfilled (since being a little bit
below the proposed criterion p > 4), and important
self-quadratic coupling appears due to the curvature.
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(a) Flat beam.

Fig.9 Comparison of backbone curves obtained from QM with
MDs (dark orange), SMDs (yellow) and normal form approach
(blue), for the three tested structures: a flat beam, b shallow
arch, ¢ non-shallow arch. Non-dimensional amplitude of flexu-
ral displacement (along y, non-dimensionalised with respect to
the thickness) of the central node of each beam as a function of
/w1 where w; refers to the eigenfrequency of the first flexural

The main consequence is that the QM built from SMD
is not able anymore to predict the correct type of nonlin-
earity. As already found for the second two-dof exam-
ple, it overpredicts the softening behaviour and makes
appear again the saturation phenomenon in the ampli-
tude of the backbone. On the other hand, both QMs
based on MD and normal form methods give a cor-
rect prediction. For the non-shallow arch, the slow/fast
assumption does not hold anymore. The consequence is
that the MD method does not predict the correct nonlin-
earity. This example again illustrates clearly that: (i) as
soon as important self-quadratic terms appear (case of
arches and shells), then the SMD method is not reliable
anymore, whatever the slow/fast assumption is fulfilled
or not; (ii) the MD can still give correct result but only
if the criterion p > 4 for the slow/fast assumption is
fulfilled. As soon as p gets under this value, then the
solution starts departing from the full-order model and
becomes unreliable when p < 2.

4.3 Nonlinear mode shapes

The different approximations made by the three meth-
ods are finally contrasted on the mode shape depen-
dence on amplitude, illustrating the equations given in
Sect. 2.4.2. Recalling Egs. (46)—(48), it is possible to
see that, for each method, the contributions to the non-
linear mode shape can be divided into (i) a deformation
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(b) Shallow arch.

(¢) Non-shallow arch.

mode studied shown in Fig. 8. The backbone curves are con-
trasted to the FRF obtained on the full system (FS, violet) with
numerical continuation and a small amount of damping, see text.
The vertical grey dashed lines represent the frequency at which
the saddle-node bifurcation of the forced response occurs. (Color
figure online)

along the master p mode and (ii) a deformation that
contains all the coupled modes but the pth. In order to
make the figures more illustrative, and since the ampli-
tude of the deformation along pth mode generally gives
the dominant contribution, it is decided to compare the
outcomes of the methods only on (ii) part of the solu-
tion. Also, since the normal form approach constructs
the solution both with displacements and velocities, to
draw a better comparison the focus will be on the time
step where the reduced variable R, () reaches its max-
imum and minimum values (i.e. a turning point such
that R, (1) = 0).

Under these assumptions, let us define as ut the
component of the nonlinear mode shape u that is
orthogonal to ¢,. From Egs. (46)—(48), it reads, for
the three different methods:

N s
1oy 2 8pp
uyp () = — Rp(f*)gm%, (68a)
S#Ep
N gs
udyp () = — Rﬁ(r*)Z%d)s, (68b)
s=1 9
SEp
N s 2 2
1% 2, % &pp (@5 — 2
) =— R*(t it gt E— ,
UNF( ) p( ); 0)3 wz —460% ¢S
S#Ep
(68¢)
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Fig. 10 Comparisons of the additional terms perturbing the lin-
ear mode shape solutions (deformation orthogonal to ¢ ,) for the
case of the flat beam, computed at the saddle-node bifurcation
point marked in Fig. 9a, fixing the frequency at which they have

where #* is the time instant where R, is either maxi-
mum or minimum.

In order to compare to the full-order solution, the
deformation must be first filtered out from its compo-
nent along the pth mode. One can thus define u#s for
the full system as:

¢ purs (1)
iy
Finally, given the quadratic nature of the deforma-
tion computed from the reduction methods based on

second-order expansions (and clearly underlined by the
dependence in Rf, in Eq. (68)), the third-order compo-

Ui (1) = ups(t) — (69)

bp-

nent should be also filtered out from “1%5 for a closer
comparison. In order to cancel the odd harmonics of

the full-order solution, we thus define uf;s’sy " as the
symmetric part of “?s with respect to amplitude:
- 1 : i
]J:_S,A)m — 5 (u}J?_S(tmdx) + u]J?_S(tmm)) ) (70)

This value will be used as reference and compared to
the prediction of the ROMS given by Eq. (68).

Figure 10 shows the comparison between the u*
defined by Eq. (70) for the full-order system and those
produced by the reduced-order models, Eq. (68), for
the case of the flat beam. Importantly enough, since
the nonlinear couplings are with in-plane modes, the
contributions of the ut along the axial z direction are
shown in Fig. 8, since the most important contributions
are along this direction. As it could be awaited from
the previous analyses, Fig. 10 clearly shows that the
three ROMs are all able to recover the correct spatial
dependence of the contributions of coupled modes to
the fundamental flexural NNM. Also, this contribution
is mostly conveyed by the fourth in-plane mode, being

10
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(¢) Modal Derivatives. (d) Static MD.

been computed. a Full model solution, representation of the axial

. L.sy .
component of displacement quU ™ e, of the centre line nodes,

b normal form: uﬁF(t*).ez, ¢ modal derivative: u]\LAD(I*).eZ, d
static modal derivative uéMD (t*).e;

the most importantly coupled to the fundamental flexu-
ral mode. Note that the amplitude used to construct this
figure is the one corresponding to the upper saddle-node
bifurcation point in the FRF of the full-order system, as
shown by the grey vertical line in Fig. 9a. At that point,
the backbones and the FRF meet so that it can be used
safely for a correct comparison. It also corresponds to
an amplitude of one time the thickness for the mode
shape.

In the case of the shallow arch, some differences are
appearing due to the self-quadratic coupling term, cre-
ating a deficiency in the prediction given by the SMD.
This is underlined in the nonlinear mode shape depen-
dence in Fig. 11, where in this case, since the most
important coupling is between bending modes, the con-
tributions of the different u' are represented along the
transverse y direction. The amplitude used for the fig-
ure is illustrated in Fig. 9b with a grey line and still
corresponds to the upper saddle-node bifurcation point
in the FRF of the full-order system. One can observe in
Fig. 11 that, in the line of the results found on the non-
linear amplitude—frequency relationships, normal form
and MD methods are able to retrieve the correct spatial
dependence for the contribution of the slave modes. On
the other hand, the treatment of the self-quadratic term
by the SMD approach prevents the correct prediction
of this spatial dependence.

The case of the non-shallow arch is shown in Fig. 12,
for an amplitude of motion marked by the grey line in
Fig. 9c. Following the observation on the frequency,
one can notice that only the normal form approach is
able to retrieve the correct spatial dependence. On the
other hand, SMD method fails because of the incorrect
treatment of the self-quadratic term, while QM con-
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Fig. 12 Comparisons of the additional terms perturbing the lin-
ear mode shape solutions (deformation orthogonal to ¢ ,) for the
case of the non-shallow arch, computed at the saddle-node bifur-
cation point marked in Fig. 9c, fixing the frequency at which
they have been computed. a full model solution, representation

of the displacement ué‘s‘sy " of the centre line in the y — z plane;

structed from MD does not produce the correct result
since the slow/fast assumption is not fulfilled anymore.

5 Conclusion

In this contribution, a detailed comparison of different
methods proposed in the recent years in order to define
nonlinear mappings with the aim of providing accu-
rate reduced-order models for geometrically nonlinear
structures, has been made. The quadratic manifold pro-
posed from the definitions of modal derivatives has thus
been contrasted to the normal form theory, related to
the definition of nonlinear normal modes as invariant
manifolds in phase space. While the quadratic manifold
only contains the displacements as unknowns, the nor-
mal form approach takes into account displacements
and velocities, thus giving a more complete link to the
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(¢) Modal Derivatives. (d) Static MD.

vertical axis ulfs'sy " e, (transverse direction) and horizontal axis
ués’sy m.eZ (axial direction), b normal form: uIJ\I-F(t*), ¢ Modal
derivative: uyy,(1*). d Static modal derivative ugyp, (1*). Grey
lines: position of the centre line of the beam at rest. Solution
amplified of factor 50

geometry in phase space. Secondly, the quadratic man-
ifold is defined up to the second order, while current
expressions of normal form are up to order three and
can be continued to higher orders easily. Thirdly, nor-
mal form theory relies of firm mathematical theorems,
ensuring a clean conceptual framework, while modal
derivatives appear as an ad hoc, yet efficient, method
used in the vibration community.

The main outcomes of this article are the following.
First, the theoretical derivations of the quadratic man-
ifold using either MD or SMD have been fully made
explicit. These calculations have highlighted the fact
that both methods do not handle the quadratic terms
in the same manner, especially the self-quadratic cou-
pling terms arising between the master coordinates.
This difference has been found to have important conse-
quences on the global predictions of the methods. Sec-
ondly, detailed comparisons between the three methods
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have been fully analysed on the mathematical expres-
sions: nonlinear change of coordinates, reduced-order
dynamics, and main predictive outcomes of the meth-
ods such as type of nonlinearity, drift and mode shape
dependence on amplitude. To illustrate the results, two
two-dof systems have been used as starting example,
and the results found from these have been extended to
a continuous structure: a clamped—clamped beam with
varying curvatures.

A main result of our investigations is that the results
predicted by the QM approach with MDs converge to
those provided by the normal form approach, only in
the case where a slow/fast assumption between mas-
ter and slave coordinates holds. This result is fully in
the line of general theorems provided in [17,60] and
thus further illustrates the general findings given in
these papers where a more general framework includ-
ing damping is given, together with an exact result that
do not rely on asymptotic expansion. A first quantifi-
cation of the limit value for the slow/fast assumption
to hold has been provided, based on the predicted val-
ues for the type of nonlinearity, showing that a small
gap is needed: w; > 4w, thus justifying a posteriori
the good results found by previously published papers
using this method. However, the different treatment of
the quadratic nonlinearity (and more specifically the
self-quadratic coupling term) between MD and SMD
leads to the fact that even with a slow/fast assump-
tion, the QM built from SMD can lead to erroneous
predictions, as soon as an important self-quadratic cou-
pling term is present. This result has important implica-
tions when one wants to build ROMs for slender curved
structures such as arches and shells. This specific fea-
ture has been clearly highlighted on the two-dof system
and found in the more general case of a non shallow
arch. On the other hand, the robustness of the normal
form approach has been underlined in each case.

These results argue for the use of the tools from
dynamical system theory to derive safe and robust
ROMS: invariant manifold, normal form theory and
spectral submanifold. A limitation could be the use of
these methods in the context of FE models where the
need of computing, possibly in a non-intrusive man-
ner, the nonlinear coefficients might be a difficult task,
see, e.g. all the literature related to the STEP method
(stiffness evaluation procedure, see, e.g. [12,33,34]).
However, recent developments show that the coeffi-
cients can be directly computed, for the case of spectral
submanifold [60], or for the case of normal form in a

non-intrusive manner [62], so that this limitation does
not hold anymore.
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Appendix A: Definition of dot products for tensors

The products between quadratic nonlinear tensors G
and g and the displacement vectors u and X, in physical
and modal basis, respectively, are defined as follows:

N N
GHUZZZGiijui, (71a)

i=1 j=1

N N
gXX:ZZginin’ (71b)
i=1 j=1

where G;; and g;; are the N-dimensional vector of coef-
ficients Glpj and g{; for p = 1... N. Note that in the
course of this paper, the summation is kept complete so
that all the terms in Egs. (71a)—(71b) are present. This
is a choice of representation, the other choice (often
realised in literature) consisting in symmetrising the
tensor, given the fact that products u ju; can commute.
In this case, a quadratic tensor is made symmetric such
that for example G;; = 0 when j < i, so that the
summations can be written for j > i only. Here, we
consider full tensors of coefficients without using their
potential symmetry.
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Similarly, the cubic nonlinear tensors H and h,
with current terms Hlf;.k and hf}k, contract to an N-
dimensional vector when multiplied with three dis-
placement vectors. The cubic terms thus explicitly
write, in indicial components, with u and X the two
associated displacement vectors:

N N N

Huuu = Z Z Z H;jcupuju;, (72a)
i=1 j=1 k=1
N N N

hXXX = "> "> hij XX, X;., (72b)
i=1 j=1k=1

where again H;;; is the N-dimensional vector with
entries Hi’]’. o for p = 1,..., N. The innermost prod-
uct defined above coincides with a matrix product per-
formed on the last index of the tensors; a more extensive
definition of this notation is provided:

N
(Gu); =ZGijuj,

(73a)
j=1
N
(Hu);j =Y Hjjru, (73b)
k=1
N N
(Huu); = " Hijeujuy. (73¢)
j=1k=1

Same definition holds for the equivalent products in
modal basis.

Appendix B: Normal form coefficients

In this appendix, the nonlinear coefficients of the map-
ping given by the normal form theory are given in detail.
For the sake of brevity, only the coefficients appear-
ing in the simplified case where a single master mode
p is selected in the reduced model, are recalled. The
interested reader can refer to [53,57] for most com-
plete expressions covering all the cases, including also
damping We begin with the second-order coefficients,

b, and y;, coefficients, with p the master mode

pp’ pp
and s a slave mode :

(74a)

@ Springer

(74b)

(74¢)

The third-order nonlinear mapping coefficients are
equal to zero in the specific case when s = p. Their
full expressions for s # p read:

Fop = (Aiwp + h(fvpp) (7w§7< ) + 2;591717 ( ?7)
a)g — a)%, a)s — 9a)p
(75a)
_ 6 ( pop T hppp) + Bpp (3‘*’% - w%)
uj)pp B <a)g — w%) (a)s — 9a)%,) - (P
_ 6 (Aiwp + hfvpp) + Bopp (3‘”37 - ‘%2)
Kppp = <w3 B w%> (w% - 9w%) . (75¢)
. 3 (A;,pp + h‘;,pp) (3(0 —w ) + ZB;,W (a)%a)z)
ppp (wsz — w%) (ws — 9a)p)
(754d)
where
Appp Z 281 al’l” (76a)
ppp Z 2gplbpp’ (76b)

with g, being the vector of quadratic coupling between
the master mode p and a generic mode/ of the structure.

Appendix C: Linear change of coordinates from
physical to modal basis

The nonlinear force vector in physical basis reads:

F(u) = Ku + Guu + Huuu. a7

The nonlinear force vector in modal basis is in the form:
f(X) = °X + gXX + hXXX, (78)

where the assumption of mass normalised eigenvectors
is used to retrieve the squared eigenfrequencies on the
diagonal of the matrix Q2.

5
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The transformation from physical to modal basis
uses the full linear eigenvector matrix ® and reads:

£f(X) = &' F(®X). (79)
Expanding the right-hand side (RHS) term, it reads:

f(X) = 'K X + 7 G X &X
+®"H &X ®X ®X. (80)

The relation between linear stiffness matrix in physical
and modal coordinates can easily be found by compar-
ing the linear terms in Eqgs. (78) and (80), allowing one
to retrieve the classical formula:

Q2 = ¢"Ko. (81)

To relate the quadratic and cubic tensors in physical
basis to those in modal basis, it is necessary to expand
the term ®X into the sum of all eigenvectors multiplied
by their modal amplitudes:

N
X = qu,»x,-, (82)

and substitute this sum into Eq. (80). By doing so, one
obtains:

o' G X #X
N N
= ®'G ) ¢iXi ) ¢,X
i=1 j=1
N N
=> > o"Geip; XX, (83a)

i=1 j=1
& H &X X &X

N
Z«», D #iXi
k=1

N N
=222 ©'Heid b XiX;Xu. (83b)

i=1 j=1k=I

where this simplification comes from the rearrange-
ment of summations made in order to isolate the modal
amplitudes. Finally, comparing the RHS of Eq. (83)
with the definition of products given in Egs. (71b)
and (72b) of “Appendix A” leads to:

gij = ‘I’TG¢i¢j, (84a)
hijx = ®"Hei ¢ dr. (84b)

These two equations allow expressing the quadratic
and cubic coefficients of the modal basis from those
computed in the physical basis. Please note that the
obtained formula directly depends on the choice of the
representation used for the coefficients. Since we have
selected to keep full-order tensors of coefficients with-
out exploiting the symmetries arising from the fact that
the usual product is commutative, the obtained formula
are as in (84a)—(84b). If one chooses to use symmetric
tensors for the coefficients, then, for the quadratic term,
the relationship would haveread g;; = 207Geo; ¢ j and

gji =0.

Appendix D: First- and second-order derivatives of
the nonlinear force vector

Given the definition of the nonlinear force tensor in
physical basis, one can show that:

oF OF"
(_> E ,S+Z(G’ + Glu;j

ou ol o

N
+ 2D (Hi+ Hig + Hiyuju

N
; .

=

j=

2Ghu

:K:+ sjlj

-

~
I
-

M=
M=

+ 3 H’jkujuk,

S

I
—-
=
Il
—

J

where this simplification is derived from the symmetry
of the quadratic and cubic tensors [34]. In compact
form, we can write:

oF (u)
ou
and similarly, for the second-order derivatives:

(32F )’ _AFT
dudu/, dusdup
N
+ Z (Hsrpk + H;;sk + H;ks

+ Hvkp + Hl:vp + H]:pg‘)uk

=20, +ZZ 6 H],uk

j=1k=I

= K + 2Gu + 3Huu, (85)

(G’ +G’ $)
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and in compact form:

92F (u)
Judu

= 2G + 6Hu. (86)

Appendix E: Derivation of modal derivatives

In this appendix, we derive the Taylor expansion of
the nonlinear eigenproblem defined by Eq. (17) and
recalled here for the sake of completeness:

<8F(u)
ou

— cb?(u)M) ¢;(w) =0, 87)

Assuming small motions in the vicinity of the position
at rest, this nonlinear eigenproblem can be expanded
up to second order as:

(82(“) — @} (u)M) $:(u)
u

oF -
(et
u=0 (88)

+Z<3R ((aFfl") ~,-2(u)M)<7>i(U)>)

+ O(RP),

where the second term has been expanded along the
coordinates R; used for the reduced basis, and the
expansion has been written up to O(IR|?) terms, or
equivalently O(Jul?) terms. As the constant term of
the expansion, one retrieves the linear eigensystem of
Eq. (5), since the Jacobian of the nonlinear force vector
at u(R = 0) coincides with the linear stiffness matrix
K:

dF (u)
u  |,—

R
u=0

=K. (89)

Consequently, the first term of the expansion allows
recovering the ith eigenvalue w; as well as the ith eigen-
vector ¢;.

To verify Eq. (17) up to first order, not only the con-
stant term, but also all the linear terms in R;,Vj =
1,..., N must be zero. By expanding the jth term,
one obtains the condition:

9 (0F(u) 07 R
(5 (), "5, M)
d¢; (R)
+ (K- /M) ——=| =0. (90)
(K - o) oR; |o
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In this equation, the sought modal derivatives are the

% and the other unknown of the system is
J
0
3@ (R)
IR;

vector

the value

. Moreover, by noticing that:

0
9 <8F(u) (0 <8F(u) 8u>
(w50 G5
_ (9°F(u) _
- ( du 8u) ‘0%7 On

one can write Eq. (90) as:

3%F (u) 3@} (R) ‘
(au 3“)‘0¢j¢i_ 9R; g
d¢; (R)
+ (K- /M) —- =0. (92)
( @ ) 8Rj 0

The first term can be further simplified by recalling the
definition of the nonlinear force vector and the value of
the second derivatives of it given in Eq. (86), leading
to:

266 da}(R) M¢
o oR; o
3¢; (R
+ (K - a)l-zM) iRy 93)
oR; |
This is now an undetermined system of equation in the
i ~2
unknowns a'g"R(?) and ac;iR(;{) . To solve this system,

the additional equation of mass normalisation must be
introduced.

Following a similar approach, i.e. expanding in Tay-
lor series the nonlinear mass normalisation equation,
one obtains:

$: (R MG R) — 1 = ($:(R) M, (R))

—1+ Z( (B M¢Z(R)))

+O(RP). 04)

0

0

The constant term is verified by the linear eigenvectors
¢;, whereas the linear terms must be equal to zero. The
linear term in R; becomes the required complement to
Eq. (93). By expanding the derivatives in R}, it reads:

a¢; R)|" 3¢; (R

¢:(R) Mg + /MR $:(R)
In the usual case of symmetrlc mass matrix, the LHS
only reduces to one of its terms as they are equal. In

0. (95)
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light of this, the system that permits to evaluate the
modal derivatives reads:

9¢; (R)
K- oM —Mé, ok, 0 | [2Go;e
—¢'M 0 LZALTN 0 '
! aR; 10
(96)

Appendix F: Derivation of the two-dof system from
von Karman beam equations

In this appendix, we give the detailed calculation for
obtaining all the coefficients of the two-dof model used
in Sect. 3.1, from the von Karman beam model. As
described in Sect. 3.1.1, we only refer to the coupling
between the first flexural mode and the fourth axial
mode of a clamped—clamped beam. The eigenfunctions
and eigenvalues of these two modes can be found solv-
ing the linear eigenproblem for, respectively, flexural
and longitudinal vibrations.

Recalling Eq. (55) and focusing only on their linear
part read:

"

W(X,T)+ f—;w (X, T)=0, (97a)
UX,T)— gU”(X, T)=0. (97b)

Equation (97a) can be solved assuming:

WX, T)= QTP (X), (98)
where @(X) has to respect the clamped—clamped
boundary conditions, namely @(0) = &(L) =

@’(0) = <D’(L) = 0. The first three conditions
are respected by the eigenfunction @ (X) of arbitrary
amplitude A:

D (X) = A(coskX — coshkX)(sinkL — sinh kL)
—A(sinkX — sinhkX)(coskL — coshkL),
99)

whereas this condition gives rise to the wavelength
equation:

coskL coshkL = 1. (100)

The first value of k > 0 that verifies the transcendental

Eq. (100) is the dimensional wavelength k; of the first

flexural mode. Its eigenfrequency is then obtained by

solving Eq. (97a) and reads:
2 EL ,

w 1f

= — k. 101
1= 55k (10D

As for the fourth longitudinal mode, a similar
approach is followed. Imposing the separation of vari-
ables on U:

UX, T)=P(TV¥(X), (102)

and imposing the clamped—clamped boundary condi-
tions ¥(0) = ¥ (L) = 0, one can find the eigen-
function that has now a simpler form being Eq. (97b)
a second-order differential equation in X. The first
boundary condition is verified by:

Y (X) = Bsink X, (103)
and the second one by the wavelength equation:
sinkL = 0. (104)

The dimensional wavelength of the fourth axial mode
is fourth value of ¥ > 0 that respects Eq. (104) equal
to k4 = 4mr /L. The eigenfrequency of the fourth axial
mode is then obtained from Eq. (97b) and reads:
E (47)?

wi, = E(L—Z)' (105)

Before operating the reduction that will produce
the two-dof system of ODEzs, it is convenient to make
Eq. (97) non-dimensional with the following identities:

X =xL,
T =1tTy,
W = wh,
U = uh,
Q =qh,
P = ph,

and by introducing the additional quantities:

c=+E/S,
B=kL,
o=h/L,

To = 1w = V12L2/(ch?),

where the rectangular section assumption is used in this
equation to simplify 7/S = h?/12. It is now possible
to rewrite Eq. (55) with respect to the new variables
X,t, w,uas:

h 1 12
F w s+ Ew,xxxx - ,34_0 (u,xw,x)’x
0
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(106a)

h 12 12
T_02 Uyt — W”,m - %w,xw,xx =0, (106b)

which coincides with Eq. (56) multiplied by the
nonzero factor h/ TOZ.

This system of equations can be reduced to a system
of ODEs using the equations for w and u now in their
non-dimensional form:

w(x, 1) = q1()P15(x), (107)
u(x, 1) = pa(t)W¥aq(x), (108)
with:

@17 (x) = aj(cos Bx — cosh Bx)(sin B — sinh B)
— (sin Bx — sinh Bx)(cos B — cosh B)

Wy, (x) = ag sindmx,

by projecting Eq. (106a) on the shape function @1 s and
Eq. (106b) on the shape function ¥y,.
The Galerkin projection of Eq. (106) leads to:

2
G +4q1 = —Gqi pa+ Dgi =0, (109a)
12(47)2 1,
Par + W}M — ;qu =0, (109b)
with the coefficients G, D, C being equal to:
6 Jy@(W.®,) dx
G=—-—— 1 : , (110)
B Jo ®2dx
1
12 v (D, D dx
oo 2 (50 (@00 i
B fo w2dx
1 3
6 P (P, dx
D = - foE—X)x . (112)
B Jo P2dx

If the arbitrary amplitudes « and a4 are chosen to
have mass normalised eigenfunctions:

1
o] :/ ®2dx=1,
0

1
a4:/ llfzdle,
0

@ Springer

the quadratic coupling coefficients are symmetric G =
C = 1.23, the cubic coefficientis D = 2.67 and Eq. 57
is finally retrieved.
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