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A perturbation method for evaluating nonlinear normal
modes of a piecewise linear two-degrees-of-freedom system

Fabrizio Vestroni - Angelo Luongo -
Achille Paolone

Abstract The classical Lindstedt—Poincaré method is
adapted to analyze the nonlinear normal modes of
a piecewise linear system. A simple two degrees-of-
freedom, representing a beam with a breathing crack
is considered. The fundamental branches of the two
modes and their stability are drawn by varying the
severity of the crack, i.e., the level of nonlinearity. Re-
sults fumished by the asymptotic method give insight
into the mechanical behavior of the system and agree
well with numerical results; the existence of super-
abundant modes is proven. The unstable regions and
the bifurcated branches are followed by a numerical
procedure based on the Poincaré map.

Keywords Nonlinear normal modes -
Piecewise-linear systems - Perturbation methods -
Damaged systems - Cracked beams

1 Introduction

The linear dynamics of multi-degree-of-freedom (or
continuous) systems are governed by their natural fre-
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quencies and modes. The concept of normal mode
was generalized to nonlinear systems by Rosemberg
[1-3], however, the original definition has been modi-
fied over the years. Shaw and Pierre [4—6] extended the
concept of nonlinear normal modes (NNMs) to sys-
tems affected by damping and gyroscopic forces, but
limited their analysis to solutions close to the linear
ones. The issue has been extensively covered by many
researchers [7-11]. Most of the results are devoted to
analyzing the modification of the linear modes with
the oscillation amplitude, and are generally tackled via
asymptotic methods (see [12] for an overview, and [13,
14] for a multiple scale analysis).

For weak nonlinear motions, NNMs are close to
linear modes and of the equal number. They consti-
tute a base in which computationally efficient reduced-
order models are built-up. However, for strong nonlin-
ear motions, the occurrence of superabundant modes
is observed, generated by bifurcation mechanisms [3,
15-18]. The interest in the existence of such modes is
related to the existence of extra-peaks in the frequency
response function, leading to new attractive phenom-
ena, such as unexpected resonances, localization, and
energy transfer [17, 19, 20]. While the Rosemberg ap-
proach is able to identify these bifurcated solutions to
the authors” knowledge, the applicability of asymp-
totic methods has not been investigated yet.

The occurrence of novel modes is notably governed
by the amount of the nonlinear part of the equation
of motion [16]. Superabundant modes have been ob-
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served in smooth systems only under particular cir-
cumstances [8, 15]. They are more likely to appear in
nonsmooth systems [21, 22], as those possessing dis-
continuous restoring forces [23-27].

The aim of this paper is to investigate the dynamics
of systems expected to exhibit superabundant modes.
An important example of piecewise smooth system
(PSS) is considered, as a beam with a breathing crack
by taking advantage of related works present in litera-
ture [23, 28-30]. For this system, the phase-space con-
sists of two regions separated by a surface at which the
vector field is continuous while the Jacobian is discon-
tinuous. As major novelty of the approach followed
here, the Lindstedt—Poincaré method is applied un-
der the hypothesis the discontinuity is small. In other
words, the nondifferentiable part (nonsmoothness) of
the equation of motion is assumed as a perturbation
of a generating linear (i.e., smooth) system. In spite
of this apparently strong limitation, numerical results
show that the asymptotic solution truncated at the sec-
ond order works well also for considerably large dis-
continuities. Although the asymptotic analysis is lim-
ited to the fundamental solutions and their stability,
it clarifies the main peculiar aspects of the nonlinear
modal characteristics of the PSS considered. It also
furnishes a frame for a global analysis, performed by a
numerical approach based on the Poincaré map, used
here only to describe the bifurcated NNMs.

Fig. 1 (a) Mechanical
model and Lagrangian
parameters; (b) piecewise
linear moment;

(c) piecewise constant
rotational stiffness;

(d) configuration space

2 Two-degrees-of-freedom model

In order to illustrate the method, a simple two-degrees-
of-freedom model is considered, coarsely modeling a
flexible cracked beam. It consists of a double pendu-
lum (Fig. 1a) with two lumped masses, m; (i =1, 2),
located at the endpoints of two massless rigid rods.
A linear rotational spring of constant k; connects the
first rod to the ground, while a piecewise linear rota-
tional spring connects the two rods. The model is only
a small refinement of that studied in [23]. By assum-
ing the rotations g1 and ¢, as Lagrangian coordinates
(Fig. 1a), the constitutive law of the internal nonlinear
rotational spring reads:

k(1 =e)n ifn>0,
Mz_{kzn ifn<0 )
or, equivalently:
My =ka(1—eHnl)n ©)

where M, is the internal piecewise linear moment
(Fig. 1b), k3 is the undamaged stiffness, ¢ is the dam-
age parameter, equal to the relative jump in the piece-
wise constant rotational stiffness (Fig. 1c), H is the
Heaviside function and 7 is the relative rotation be-
tween the two bars, i.e., n = g2 — ¢1. Since

n=a’q 3)

witha= (-1, 1)7 and q=(q1, qz)T, a is a vector in
the configuration space {g;} (i = 1, 2), normal to the

A
M, Y
/
"ﬂr
(b)
y N
stiffness 49 n=0
>
ky(1- €) n=0
EEEEE— open crack
11' > 91
a n <0
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Fig.2 Isoenergetic curves of the undamaged (U ), reduced stiff-
ness (RS) and piecewise (P) system

straight line for the origin that separates states in which
the crack is open from states in which it is closed
(Fig. 1d).

Using the notations of Fig. 1, the following dimen-
sional equations of motion are found:

(my +m)liG1 +malibhis + [ky + ko (1 — e H[nl) g
—ka(1 —eH[nl)g2 =0, @
malibgi +mal3igs — ka(1 — e Hnl)gqu

+ k(1 —eH[nl)g2=0

where dots denote differentiation with respect to
time . By letting L =11 + [, and M = m 4+ m3, and
introducing the following dimensionless quantities:

the equations of motion (4) are rewritten in nondimen-
sional form:

Mg + (Ko — eH[n]K2)q =0 (6)

where dots now denote differentiation with respect to
the dimensionless time 7 := (k; /ML2)1/2 t, and:

M= l? mzil l~2
malil a3 |

l+k —k
Ko—| 2 T )
—ko ko

~ 1 -1
K2=k2|:_1 11|.

3 Asymptotic solution: the Lindstedt-Poincare
method

Equations (6) are solved asymptotically for small val-
ues of the damage parameter, ¢ << 1. The undamaged
(¢ =0) system admits 2 eigenpairs (wy, uy), (wy, uy)
so that

Kouy — @>Mu, =0, a=x,y. 8)
The modal matrix of the undamaged system is used

to perform a transformation to normal coordinates.
Putting q = xu, + yu,, (6) become

5c'—|—w)2cx —¢eHIn] (cxxx—i—cxyy) =0, 0
)
y+ wgy —¢eH[n] (nyx + ny)’) =0

where ¢y 1= unguﬂ, (a0, B) = (x, y).

The modifications of individual modes are studied
separately; the nonlinear normal mode of the damaged
(¢ # 0) system, close to the linear eigenvector uy is
sought. Consequently, the x is referred to as an active
coordinate, while the y is called a passive coordinate;
to obtain the other nonlinear normal mode, x and y
must be interchanged. The Lindstedt—Poincare tech-
nique is applied to the nonlinear, nonsmooth equations
of motion, by letting:
0=, 2=ow(l+ep+e*ua+--)  (10)
where §2, is the unknown nonlinear frequency and
wi’s are frequency corrections to be determined. The
modal coordinates are expanded in series of &:

()= () C) e
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Since n = n(e), the Heaviside function appearing in
the equation of motion admits the generalized power
series:

H[n(e)] = Hinol + 8lnol(em + &*m +---)
1
+ 58 Inol(e%n + ) (12)

where § is the Dirac function and n; = a’ (u,x; +
uy,y;) (j =0,1,...). Previous expansions and the
chain rule lead to the following perturbation equations:

£l {a)§ (o + x0) =0,

o w2 (¥ 4 x1) = H[nolcxxxo — 203 1 o,
| w251+ A2y1) = Hnoleyxxo,

w2 (¥ + x2)
= H[nol(caxX1 + cxyy1) — 0 Qua + pu3)io
2. — 2p1 2% + 8[nolnicxxXo,
| @22+ A%y0)
= H[nol(cyxX1 + cyyy1) — 210251
+ 8[nolnicyxxo

13)

where A = wy /w,. These equations must be integrated
together with the 2 -periodicity conditions on the 6-
scale:

E(—m) =& (),  &(—m)=§(n),

14
E=x,y, i=0,1,2,.... (14

The £-order equation admits the periodic (generating)
solution:

xo=asinf, 0e€l[-m, ] (15)

where a is the amplitude and the inessential initial
phase has been taken equal to zero, since the system
is autonomous. By normalizing the u, eigenvector in
such a way that a’u, > 0, it follows that 79 > 0 when
0 €(0,m), no <0 when 8 € (—m, 0) and ng =0 when
0 = (—m, 0, m); therefore, in the higher-order pertur-
bation equations:

H{nol=WI[0, 7] (16)

where W[0, 7] = H[0] — H[0 — m]. Moreover, up-to
the ¢2-order, neither § nor its derivatives furnish con-
tribution to the perturbation solution, according to de-
finition of the Dirac function. A brief sketch on how

to deal, at higher orders, with perturbation equations
containing such a generalized function is given in Ap-
pendix A.

The £2- and &3-order equations govern the motion
of a linear smooth system (namely, the undamaged
one), subjected to a nonsmooth or discontinuous exci-
tation. They are of the following type:

2, |FY®), 0€(0,mn]
03 (% 1) = {F;(e), 0 el—m.0),
G ), 0¢€(,n] (an
2 3. 2 ) — i k] , T, _
a)x(y,+k yl)_{Gi(G), 0 €[—7.0), i=1,2

where Fl.jE (0) and G?E(G) are smooth laws. By denot-
ing by §i+ (0) and &7 () (§ = x,y), the relevant re-
sponses, continuity requires that:

£ (0)=£Y0), £ (0=£T0), i=12 (18)
and periodicity calls for:
£ (—m) =T (), & (—m)=&" (),

i=1,2. (19)

All these prescriptions will be referred to in the fol-
lowing as “boundary conditions”.

3.1 First-order solution

Substitution of (15) into (13,) leads to:

) acuSinb 4 2guysing, 6 € [0, 7],
X1 +x1= @y
2au1 sinf, 0el[—m0],
acyy sinf (20)
.. 2 ,VX2 ) 9 e [07 77:]7
Vyi+2ryr = @y
0, 0 e[—m,0].

The right-hand members of (20), F1(6) and G1(0) are
plotted in the upper part of Fig. 3 for the sample sys-
tem described in Sect. 4, and for the first and sec-
ond modes. The graphs differ only in a scaling fac-
tor, showing that nonlinearities are higher in the sec-
ond mode. Under the assumption that no internal res-
onance occurs, namely A # 1, the following solution
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Fig. 3 Nonsmooth excitations of the first-order perturbation equations (20) and relevant responses; (a) first mode; (b) second mode

is found:
AT cosO + BIJr sinf — (Z)"z + 1)ab cos,
0 €[0, ],
X1 =
! Al cost + B sinf — pya6 cosb,
0 e[—m,0], @1
. ¢ sinf
C; cos(A0) + D sin(r0) + %
0 €[0, ],
yi=
C| cos(A8) + Dy sin(A6),
0 €[—m, 0],

where A’s, B’s, C’s and D’s are arbitrary constants. It
is worth noting that such constants must be introduced
to satisfy the boundary conditions, in contrast to the
usual applications of the Lindstedt—Poincaré method
for smooth systems, where the C’s and D;’s con-
stants must be ignored, in order to avoid the destruc-
tion of the 2m-periodicity by the incommensurable
frequency A. The x-coordinate is considered first. By
requiring:

x1 (0) =x{7(0),

x; (=m) =x] (),

.« — _ -+
1 O=50. (22)
X (=m)=x{"(7)

the following system in the Aft, Bft constants is

found:

+
10 -1 07 (A
o1 o —1]|]B28f
1 0 -1 O AT
01 0 -1\,

0
1 Cxx +le;24
T 202 | 7 (e +4mi07) | 23)
Cxx + 102

The matrix is singular, since the associate homoge-
neous problem of the undamaged case admits the non-
trivial independent solutions, AT = A7 and Bl+ =
B, , corresponding to free motions in the x-mode
(this, indeed, satisfies 2 -periodicity and continuity).
Therefore, for solvability, the known term must be in
the range of the matrix. The two conditions of orthog-
onality to the eigensolutions of the transpose problem
degenerate in a unique (solvability) condition, from
which the first frequency correction w1 is drawn:

= (24)
a))C

Two out of four constants AT, Bli, however, remain

indeterminate and can be chosen through somewhat

arbitrary normalization conditions. Here the following

normalization:

xiF () =0, i) =0 (25)

is adopted, from which:

ACxx

—_B =X
17 402

(26)
is obtained. The responses (21) are plotted in the bot-
tom part of Fig. 3.

As an alternative to the procedure illustrated, and
similarly to the classical Lindstedt—Poincare approach
to the smooth systems, one can recognize the need to
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remove the resonance between the 2 -periodic piece-
wise forcing and the x-mode, of the same period. We
avoid the usual locution “removing secular terms”,
which in contrast, do appear in the xli(é‘) laws, and
which do not diverge to infinity, since they are de-
fined in the finite intervals [—m, 0], [0, ]. According
to this procedure, the following orthogonality condi-
tions must hold:

- -
(%—l—hmsin@)cz/ sin® 6 do
a)x 0
0
+ 24’1 sin6 / sin0df =0 27
-7

thus, suppressing the forcing fundamental harmonic
on the x-mode. If this approach is followed, the peri-
odicity conditions on x(f) are automatically satisfied,
as a consequence of the periodicity of the forcing and
removing resonance, so that only continuity must be
enforced.

Moving to the passive y-coordinate, the boundary
conditions are imposed by requiring:

¥ (0) = y;F(0),
y; (=) =y (),

o« — _'JF
o=, 28)
3T (=) = ¥ ()

and the following system in the C ft Dli constants is
found:

1 0 -1 0
0 A 0 -\
c(mA) s(mTA) —c(m)) s(mTA)
—As(@A) Ac(mwA) —As(mA) —Aic(mA)
cf 0
D;r acyy -1
= 29
ler | T2 =n| o (29)
1

Dy

where ¢ and s denote cosine and sine functions, re-
spectively. Differently from the active variable, the
matrix is nonsingular. In fact, the undamaged sys-
tem does not admit 27 -periodic motions in the y-
coordinate, since A # 1. Forcing terms, however, make
the y-response 27 -periodic, if the previous equations
are satisfied. By solving them, a unique solution is

found:
_ acyycot(mwr/2)
Cf=Cl=—"—5—5.
20(1 = A w?
I ace, (30)
1 P72 = A2’

3.2 Second-order solution

The &2-order perturbation equations can be dealt with
as previously illustrated. Taking into account equa-
tions (26)—(30), substitution of (15) and (21) into (133)
leads to:

ﬁ[cxxxl + cxy 1
— w3 R + Do — 2pi i,
0 €l0, 7],

L [—wi Qua + u)io — 2m @3],

6 €[—m,0],

w2 (¥ + x2) =

(€29

CxyX1 + Cyyy1 — 2105 V1,
0 €0, ],
—2u iy,

a)f(yz + )»2)’2) =
0 €[—m,0].

By requiring that the r.h.m. of (31;) be orthogonal
to the generating solution, we have the following:

b
—2/11(1))2(/ X18inf do
—7T

b/
+ ot (2u2 + ui)a f sin” 6 d

-7

T
—i—/ (cxxX1 + cxyy1)sind do = 0. (32)
0

By substituting x1(6) in the integral and performing
time integrations, the second-order frequency correc-
tion is obtained as:

A2 = D[2c2, + ¢, (A2 = D] + dcyy cot(Tr/2)

Mo = .
8TA(2 — Dot

(33)
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Fig. 4 Nonsmooth excitations of the second-order perturbation equations (31) and relevant responses; (a) first mode; (b) second mode

Finally, using previous results and solving (31), with
the relevant boundary conditions, we find that:

A; cosf + B;‘ sinf —i—)?;, 0 [0, ],
2= A5 cosf + B, sinf +%,, 0¢e[-m0],
C cos(A0) + D sin(A0) + 37, (34)
0 €0, 7],
7] €5 cos(@0) + Dy sin(u0) + 35
0 e[—mx,0],

where A>’s, B>’s, C2’s and D;’s constants are reported
in Appendix B together with the particular solutions
X2’s and 3,’s. The forcing functions in (31) and the
responses (34) are plotted in Fig. 4.

By summarizing and returning to the true time ¢,
the x-NNM at the g2-order, reads:

q(t) = uy |:a sin §2,¢ + 8<A:1t cos 2,1 + BllL sin §2, ¢

ACxx
F QQXICOS .Qxl)
+ 82(14;: cos 2,1 + B2ﬂE sin §2, ¢
T 25 (821, .Qyt))}

+uy [8 <C?E cos §2yt + Df sin §2yt

acyy H[$2,t]

in 2.t
w%(kz—l) sin x)

+&%(C5 cos 2yt + D5 sin 2,1t

F §5 (21, Qyt))} (35)

where:
Qazwa(l—i—em—l—szuz), a=x,y (36)

are the nonlinear frequencies and the upper sign must
be taken when ¢ € [0, 7/£2,] and the lower when ¢ €
[—m/82,,0]. It should be noted that both frequencies,
the active w, and the passive wy, are modified by the
same factor, which depends on the damage intensity ¢
and is independent of a, as expected for a piecewise
oscillator and in accordance with [28, 29].

3.3 Stability analysis

The stability of the periodic solution so far determined
is analyzed through Floquet’s theory. By denoting by
qs (1) = q,(t + 21/ §2,) the steady-state periodic solu-
tion and by q(¢) its perturbation, with ||q|| < |lqs]l,

q(1) =qs(1) +q@) (37)
is posed in the equation of motion. Since
H[a"q]=[a"q,] +[a"q,Ja" G+ (38)
the variational equation, linearized in q(¢), reads

Mq + (Ko — eH[a” q,]K2)g =0 39)

having taken into account that S[aTqS]qS does not
furnish contribution to the solution. The variational
equation is an o.d.e. with periodic coefficients vary-
ing with a nonsmooth law. According to Floquet’ the-
ory, the stability of q,(#) is governed by the charac-
teristic multipliers y of the monodromy matrix, i.e.,
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the matrix of a fundamental system of solutions eval-
uated at r = 27 /S2,, obtained by imposing linearly
independent initial conditions g;(0) = §;;, c;,' 0 =0
and §;(0) =0, §; (0) = 8;; (j = 1,2), with §;; the Kro-
necher symbol. If all the magnitude of the charac-
teristic multipliers y; (k = 1,...,4) are smaller than
one the periodic solution is asymptotically stable, if
the magnitude of only one characteristic multipliers
vk 1s larger than one, it is unstable. Here, the mon-
odromy matrix has been obtained by numerically in-
tegrating the variational equation. Analytical solutions
have been left for future investigations.

4 Numerical solution of nonlinear normal modes

To verify the approximation of the perturbative solu-
tion and investigate the global dynamics of some cases
of the piecewise system, a computational approach has
been developed. In searching the periodic solutions, it
is convenient to rewrite the system (6) in the phase
space:

X =A(X; )X, x(0) =xo (40)
where X = (q, c])T. Periodic solutions X(z; xo) of pe-
riod T are found as roots of the following equations:
x(T;x9) —x0 =0, AX; e)x0- (x—x0) =0 (41)
where the last condition fixes the phase along the or-
bit and represents the Poincaré phase condition. From
a computational point of view, the procedure valid
for generic autonomous systems can be simplified for
piecewise linear systems. Because of the conservative
character of the latter, it is possible to limit the re-
search of the initial conditions xg in the configura-
tion space along the isoenergetic curves C(e) = {q |
1/2q"K(q; ) q = H}. Moreover, since for each solu-
tion X(7; Xo) of (40) the similarity properties hold [28],
namely:

X(t; axg) = ax(t; Xg) 42)

it is possible to restrict the initial conditions to one
isoenergy curve only, e.g., Ho. This circumstance re-
moves the arbitrariness of the initial phase, so that
the independent parameters are only two, namely a
configuration parameter and the period 7. In Fig. 2,
the isoenergetic curve Hy is shown. This curve is of

smooth type, since in correspondence of the discon-
tinuity boundary n = 0 (dashed line in Fig. 2), the
two curves relative to the damaged and the undam-
aged system joint with the same tangent because of
continuity of the restoring bilinear force. Computa-
tional efficiency is improved when the periodicity gap
A(T,xg) :=x(T; x9) — Xq is projected onto the tan-
gent to the level set Hy (w; vector in Fig. 2) and on
the direction of the Hamiltonian vector field A(x; ¢)x
(w7 vector in Fig. 2).

5 Numerical investigation

A parametric analysis of the NNMs of a sample sys-
tem is performed for different values of the damage
parameter ¢. The undamaged system is characterized
by the following values of parameters riz; = 0.5, [; =
0.5, lg,' = 1. The linear frequencies and the associated
eigenvectors normalized to the mass matrix are respec-
tively:

wy =1.171, wy = 6.828,
. (1.082) . (—2.613) (43)
T \1.530 ) YT \3.695 )

The nonlinear frequencies furnished by the e2-order
asymptotic expression (36) are plotted in Fig. 5 ver-
sus the damage parameter, here extended up to the ex-
tremum value ¢ = 1. As expected, both frequencies
monotonically decrease with ¢. These analytical re-
sults were compared with results obtained following
the numerical procedure based on the Poincaré map
approach. The percentage errors between the numeri-
cal and &- or g2-order perturbation frequencies are re-
ported in Table 1 for both modes. Although the accu-
racy of the perturbation solution naturally deteriorates
for increasing ¢, it is still good for large values of the
parameter. It is noted that for any values of ¢, the ap-
proximation of the first frequency is better than that
of the second frequency. Moreover, the second-order
approximation remarkably reduces the error.

A comparison between perturbative and numerical
time-histories of the normal coordinates was then per-
formed. Figure 6 shows the first-order, second-order,
and numerical laws x(0) and y(6) when & = 0.25 for
both modes. The x(6) law is well approximated al-
ready by the first-order perturbation solution, whereas
the y(0) law is well averaged approximated by the per-
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Fig. 5 Variation of the (a) first- and (b) second-order perturbation frequencies versus damage parameter ¢
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Fig. 6 Time-histories of the normal coordinates when ¢ = 0.25; (a) first-mode, (b) second-mode; dashed line e-order, dotted line

g2-order, solid line numerical

Table 1 Percentage error Ay between numerical and kth-order
perturbation frequencies

e 1st mode 2nd mode

A% Ar% A% Ar%
0.25 0.25 0.03 0.84 0.16
0.30 0.50 0.18 1.29 0.28
0.50 1.65 0.76 4.45 1.43

turbation solution. In particular, the approximation im-
proves with the order of the asymptotic expansion.

The x(0) and y(0) laws are the parametric equa-
tions of a curve, which represents the projection on
the configuration space of the modal line belong-
ing to the phase space. The modal lines associated
with the e-order time-histories of Fig. 6 are plot-
ted in Fig. 7. It is observed that the perturbation
method furnishes two slightly different curves for
each half-cycle (two-way modal lines), instead of a
unique open curve, since in the two intervals [—z, 0]
and [0, ], they are described by different paramet-
ric laws. However, since the curves are very close
to each other, it is possible to refer to only one of
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Fig. 7 Two-wise e-order modal lines in the normal coordinate space when ¢ = 0.25; (a) first-mode, (b) second-mode

0.02

0.2

-1 0 1

(b)

Fig. 8 Modal lines in the normal coordinates space when ¢ = 0.25; (a) first-mode, (b) second-mode; dashed line e-order, dotted line

g2-order, solid line numerical

(a) (b)

Fig. 9 Modal lines in the configuration-space for the
first-mode; (a) ¢ = 0.25; (b) ¢ = 0.50; dashed line e-order, dot-
ted line &%-order, solid line numerical

them. The associated modal lines, where the y-scale
is magnified with respect to the x-scale, are plotted in
Fig. 8.

Due to nonlinearities, the linear x-mode line is
slightly bent in the first mode, and remarkably shifted
in the second mode. Both effects are fairly well cap-
tured by the perturbation method. When the curves
are plotted (in the same scale) in Lagrangian coordi-
nates, they assume the shapes shown in Figs. 9a and
10a, while in Figs. 9b and 10b, the curves are drawn
for ¢ =0.50. Comparison among the first and second
modal curves highlights some differences, namely:
(a) the first modal curves are slightly bent in sev-
eral waves, while the second modal curves are nearly
straight; (b) the second modal curves undergo a more
marked drift than the first modal curves, with differ-
ences increasing with ¢; (c) the shape of the first modal
curve depends on ¢, while the second is independent of
it. The perturbation solution throws light on such be-
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Fig. 10 Modal lines in the configuration-space for the sec-
ond-mode; (a) ¢ = 0.25; (b) ¢ = 0.50; dashed line e-order, dot-
ted line &%-order, solid line numerical

haviors. First of all, the occurrence of drift is explained
by the e-order perturbation equations, from which it
emerges that the forcing term (see (20,)) consists of
an intermittent signal having constant sign (Figs. 4
and 5). Moreover, since nonlinear forces consist of
self-equilibrated couples acting at hinge 2 (namely, the
gap of the internal moment), nonlinearities in the u,-
mode are stronger than those in the u,-mode due to
larger relative rotations. This circumstance entails that
the contribution of uy, to the first NNM is greater than
the contribution of u, to the second NNM, thus ex-
plaining why the latter remains almost linear. In ad-
dition, the perturbation solution (see (35)) shows that
the passive mode participates in the NNM with two
contributions: a forced motion at the basic frequency,
and a free motion at the (slightly modified) proper fre-
quency, which is higher than the basic frequency in the
first NNM and smaller than the basic frequency in the
second NNM as is evidenced in Fig. 6, thus explaining
the presence (or absence) of waves in the modal lines.

Stability analysis of NNMs is then performed.
Asymptotic analysis of the first mode shows that
(Fig. 5a): at ¢ >~ 0.28 a flip critical condition arises,
i.e., two eigenvalues y; (i = 1,2) of the monodromy
matrix leave the unit circle at Re(y;) = —1;ate ~0.31,
they return to the unit circle always with Re(y;) = —1;
at ¢ >~ 0.64 another critical condition occurs, in par-
ticular, two eigenvalues leave the unit circle with
Re(y;) = 1 (divergence bifurcation). Consequently, in
the intervals A and C of Fig. 5a, the first NNM is sta-

Fig. 11 Superabundant normal modes when ¢ = 0.3

ble, while in the intervals B and D are unstable. The
second mode is found to be stable in the whole range
of the parameter ¢. The stability analysis was repeated
following the numerical Poincaré map approach. It
confirmed that the second mode is always stable while
it was found that at ¢ >~ 0.72 (i.e., at a slightly dif-
ferent value of the perturbation result), the first mode
encounters a turning point and is unstable in the in-
terval [0.28-0.31] coincident to that evidenced by the
perturbation solution. In particular in the B region,
additional substantially different solutions of period
approximately double those of the first mode were fur-
nished by the numerical analysis; it was demonstrated
that in this region the system exhibits superabundant
modes. Their shape is markedly different from the ba-
sic shape and they are shown in Fig. 11, when ¢ = 0.3.

6 Conclusions

A piecewise two degrees-of-freedom system, repre-
sentative of a cracked beam was analyzed. It belongs
to the class of nonsmooth systems that are candidates
to exhibit a number of nonlinear normal modes greater
than the degrees of freedom. An analytical solution, up
to e2-order, was obtained by an enhanced Lindstedt—
Poincaré method, which makes it possible to give a
closed form expression to the modification of frequen-
cies and mode shapes. Differently from the classical
approach, valid for smooth systems, the complemen-
tary solution of the passive coordinate equations must



390

F. Vestroni et al.

here be taken into account, in order to satisfy con-
tinuity and periodicity of motion. As a result, both
passive and active frequencies, modified by the same
damage-dependent factor, contribute to the motion al-
though they are incommensurable. Moreover, secular
terms appear in the solution that do not diverge in the
finite period of motion. Results of the stability analy-
sis show that while the second mode is always sta-
ble, the first mode is unstable for some values of the
damage parameter. Numerical results, obtained by a
Poincaré map approach, confirm the perturbation re-
sults and also show the existence of superabundant
normal modes which arise in the unstable interval of
the first mode.
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Appendix A: Higher-order solutions involving the
Dirac function

Although the perturbation solution, here developed
up-to g2-order, does not involve the Dirac function,
nor its derivatives, it is worth discussing how to deal
with higher-order perturbation equations, where such
a generalized function in contrast appears. The equa-
tions to solve have the following form:

¥+ wx = 8[eg sinO]F(0) + 8 [egsinO1G (H)
+-- 4+ R(O), (44)
x(—r ) =x(x"), (=) =x(@")

where, by accounting for (15), ng = epsin, eg > 0,
has been posed. Moreover, F'(0), G(6), and R(0) are
27 -periodic known functions, with R(6) collecting all
the no-§ terms. All these functions are generally dis-
continuous at 0 = km, k =0,+1,+£2,..., ie., they
are of the type plotted in Fig. 4. Derivatives of § higher
than first also appear, but & " is sufficient to illustrate
the procedure. It should be noted that since the forcing
S-terms represent a train of (generalized) impulses ap-
plied at 6 = kmr, the periodicity conditions, (19), must
be changed as in (44,); in contrast, no continuity is
enforced at 0 = 0 (see 18), since (44) holds in the
(—00, +00) interval.

By using the Duhamel integral, and writing the
response to the unitary impulse as h(0) := H(0) X
sin(wf)/w, the general solution to (44), for 6 €
[—7t, +7 1], reads

x(0) = Acos(wb) + B sin(wb) + xg(6)
0
+l/ S[egsin@1F(t)H[O — 1]
w J_ +
X sin(a)(9 - T)) dt
0
+l/ 8/[eosin9]G(r)H[9—T]
+

wJ-x

X sin(a)(9 — r)) dt 45)

where xg(0) is the answer to R(f), and A and B are
arbitrary constants to be determined via the periodic-
ity conditions along the lines already discussed (see
Sect. 3.1). By using known properties of the Dirac
function, it is found that

+00 +o0
/ 3[sin@] f(0) do = Z fkm),

- k=—o00

N (46)
+00 o0
/ 8'[sin01f(0)do =~ Y (=) f(km)

- k=—00

where the second integral has been obtained via inte-
gration by parts. With (46), the general solution (45)
becomes:

x(0) = Acos(wf) + B sin(wh) + xg(0)
+ L{H[@]F(oﬂt)sm(we)
weq
+ H[O — 7] F (nF) sin(w(0 — 7))}

+ L{H[e](G(oﬂt)wcos(a)e)

0)8(2)
— G'(0%) sin(wd))
+ H[0 — 7)(G (7)) wcos(w(® — 7))
— G'(7*)sin(w(® — 1))} (47

Equation (47) expresses a component of motion x(6)
as the sum of the answers to prescribed jumps of veloc-
ities, proportional to F(km), and jumps of displace-
ments, proportional to G (k). Both kinds of jumps
are approximations of changes of state really occur-
ring in short-time intervals A6y = O (¢) (see Fig. 12).
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Fig. 12 Perturbation of
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These intervals both follow (A6; > 0) or precede
(A6r < 0) the instants 6 = km, at which jumps have
been lumped, as consequence of having expanded
H[n(e)] by the series (12). The sign of A6 depends
on the sign of the perturbation An(km), hence, by the
sign of its leading part ny(kw) (namely, Afy > 0 if
n1(0) <0, Aby > 0if n1(7) > 0, and vice versa).
This interpretation of the mechanical phenom-
enon permits resolving the mathematical ambiguities
present in (47), due to the discontinuity of F and G
functions. Accordingly, the F- and G-values at 0"

_an(3(? = Deg, +8cy)

(and 1) will be taken if A6y > 0 (and A9; > 0) and
the values at 0~ (and 7 ~) will be taken if A6y <O
(and A6y < 0).

Appendix B: Solution to the second-order
perturbative equations

The constants appearing in (34) assume the following
expressions:

+ pr—

| e (48)
g = 4B, 24 T i, —402 - 9)c)

327A(2 — 120!
__a(6cot(F)cy + a2 = DG = e, +863,)
2 32)\(12 — l)za)zl1 ’
3 (49)
_ a(8 cot(%)c)%y + 7002 = D(Q+1)02 - l)c)%x +4C)25y))

> - k)

3270002 — 1) 2w}
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t
7%( 2 )CxxCay af sinA6.
8(A2 — Dot )
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acsc?(B)(2m (A2 — 1) cos(mA)cxxh? + sin(A) (A2 + T)exx — 8cyy)A — 2w (A% — 1)%)%
¢ = 323 — )20}
(50)
L aQr(F — Decot(mA)ceh? + (A2 4+ Dexr — 8eyy)h + 27 (A2 — 1) Csc(nk)cy})cxy
2 16003 — 1)2w?
2/TA
- acse”(5) 2 3 2 2
Cy = —m@n(k — Dcos(mA)cixA” — 2w (A" — 1)(2A7Crx — Cyy)A
+ sin(w ) (2(52% = Deyy — A2 (A2 + Texx)) ey, 1)
D a(—cxx At + 27 (A2 — D cot(mr)cxxh — Tegr A2 + 10cyy A% + 27 (A2 — 1) ese(r ) cyyh — 2cw)cxy
;=
16X3(A2 — 1) 20}
The particular solutions present in the same equations are
2 A2 = (A2 = 1)c2, +2¢2) — 4cot(T)c?
)2;‘ — nchacos + l 27 4sing
32w 167232 — 1)2w}
cot(Z2)e2, 2. 2
+ %acosw + %asinw + nc"z af sinf
20(A2 — 1)2wf 20(A2 = 1)2wf 160
A2 — D(O? = D2, +2c2) — dcot(B)c? 2
_ xy 2 46 cos6 — —_ 462 sing, (52)
8rA(A2 — )20} w?
7 dcot(B)c2, + A2 — (W2 = D2, +2c2)
X, =— 4ac050— 7 asinf
32w 167A(A2 — 1)2w
deot(Er)e2 4+ a2 — (A2 = 1)c2, +2¢2) 2 2
27Xy > =7 Y 46 cosh — ncxz afsinf — Cxx4 ab?sin@, (53)
8rA(As — D w) 16w, 32w
o = TeaxCry oy (A% = 5)cxx +4cyy)eny asing 4+ cot(BE) (A2 cxx — 2¢yy)exy W eosif
2402 - ot 402 — 12! 162322 — Do}
()\zcxx - chy)cxy . _ CxxCxy 46 cosf — ()chxx 2cvy)cxy ab cos A
1623(A2 — Doy 432 — Dof 8A2(A2 — Dof
cot(Z2)Y(A2cyy — 2Cyy)C
() exy = 265y )cry af sin A6, (54)
8A2(k2 — Dot
cot zx CxxC ,
y, = L”Xjacosw - L” sinA0 + ﬂa@cosw
16(A3 — V] 16(A3 — V) w] 8(A2 — Dot
(55)
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