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Abstract

This paper deals with the stability and the dynamics of a harmonically excited elastic-perfectly plastic oscillator. The
hysteretical system is written as a non-smooth forced autonomous system. It is shown that the dimension of the phase
space can be reduced using adapted variables. Free vibrations of such a system are then considered for the damped system.
The extended direct method of Liapounov is applied to this non-smooth mechanical system and the asymptotic stability of
the origin is proven in the new phase space. The forced vibration of such an oscillator is treated by numerical approach, by
using the time locating techniques. The stability of the limit cycles is analytically investigated with a perturbation
approach. The boundary between elastoplastic shakedown and alternating plasticity is given in closed form. It is shown
that this boundary corresponds to a bifurcation boundary for the undamped system (period-doubling bifurcation). Finally,
the equivalent damping of this hysteretic system is characterized from dynamical properties.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The problem of designing reliable civil engineering structures to resist to strong earthquake ground motions
leads naturally to the investigation of the dynamic behaviour of structures beyond the yield limit. The
elastoplastic behaviour is probably one of the most commonly used constitutive laws of inelasticity in the
nonlinear range. For fundamental analysis and understanding of the dynamics of such inelastic structures, a
single-degree-of-freedom system is often considered. As a consequence, dynamics of an elastoplastic single-
degree-of-freedom system may constitute a generic structural case that is very useful in the analysis of more
complex structures. This paper is devoted to the stability and the dynamics of a harmonically excited elastic-
perfectly plastic oscillator. It can be recalled that perfect plasticity only means that the yield force (or
maximum force in the elastic domain) remains constant during the plastic flow. Of course, perfect plasticity is
a particular case of hardening plasticity (in this case, the yield force may evolve during the plastic flow) and
consequently the literature dealing with hardening plastic oscillators also includes perfect plastic oscillators
(see Ref. [1] for the synthesis of main constitutive laws). It could be quite surprising that a specific paper would
be focused nowadays on an apparently so simple system. The motivations are first to analyse the dynamics of
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such an oscillator from a new point of view, using a very common technique in the field of non-smooth
dynamics [2]. Secondly, the paper presents some fundamental phenomena associated to the theory of
shakedown of elastoplastic structures. Shakedown can be defined as the capability for the oscillator to
converge towards a stationary elastic regime (stationary regime without plastic phases). This property is
very important for the structural system to be guaranteed, in order to achieve reliable engineering design
(the reader should refer to [3] for an extensive description of this problem in quasi-static analysis). Finally,
the connection between equivalent damping and dynamical properties of the elastoplastic system will
be discussed.

There have been numerous studies on the forced response of eclastoplastic oscillators using a bilinear
hysteretic model (also called linear kinematic hardening rule). Jacobsen [4] and Tanabashi [5] are
among the earlier investigators studying the forced vibration response of yielding oscillators to simple
pulses and square waves. Caughey [6] was the first to obtain an approximation of the steady-state response of
the undamped bilinear hysteretic oscillator subjected to harmonic pulsation. Caughey [6] uses the method
of slowly varying parameters to approximate the response and he investigates the stability of the postulated
periodic evolutions. One of the main results of Caughey’s reference study is that the steady-state response
of this oscillator was stable for all the involved parameters. Jennings [7] or Iwan [8] generalized the
results of Caughey [6] by considering more complex hysteretic models and by adding some damping.
The first considers Ramberg-Osgood’s model whereas the second studies a particular hysteretic model
called the double bilinear hysteretic model. More recently, Capecchi [9] studied the Bouc’s hysteresis
model. It is not the purpose of this paper to enumerate all hysteresis models and their dynamics
properties.

The important point is that most of these studies use mainly approximate analytical techniques such as
averaging method [6-8], harmonic balance method [10] or by combining Fourier transform and harmonic
balance technique [9]. The latter is probably one of the most efficient. However, the accuracy of the results
depends, like all harmonic balance techniques, on the number of harmonics included. These problems become
more prominent if the response contains sharp spikes (i.e. due to the sharp change in the restoring force at the
elastic—plastic boundary) when a large number of harmonics need to be retained (Chatterjee et al. [11]). In the
present paper, it is shown that the dynamics of the elastoplastic oscillator is a forced piecewise linear system.
The dynamics is computed using the time locating techniques, as initiated by Masri [12] for impact dampers.
The stability analysis is carried out by using a perturbation approach, first applied to impact dampers (Masri
and Caughey [13]). Due to the non-smooth nonlinearities, the stability of the periodic solution is determined
by investigating the asymptotic behaviour of perturbations to the steady state periodic solution, as the usual
method involving the classical Floquet theory is not applicable to such a non-smooth system. This method
also called the method of error propagation [11] needs the accurate knowledge of the number of junctions to
be encountered during one period. This method was also applied by Miller and Butler [14] or Capecchi [15] to
the undamped elastoplastic oscillator. The damped elastoplastic oscillator was studied by Masri [16] who
investigates the exact steady-state motion by using the piece-wise linear properties of the non-smooth
dynamical system. Masri [16] extended the pioneering work of Iwan [17] who also determined the exact steady-
state motion of the undamped system. Coman [18,19] questioned the boundedness of trajectories of the
damped elastoplastic oscillator. Dynamics of the damped forced elastoplastic oscillator has been recently
considered by Liu and Huang [20] who have obtained a closed-form solution of the exact steady-state motion
[20]. Moreover, they have shown for a specific range of parameters that this steady-state motion is not unique.
We will discuss this result later in the paper. It is interesting to notice that dynamics of elasto-plastic
oscillators, dynamics of friction oscillators or dynamics of impact dampers are finally closely connected by
similar analysis techniques, due to their non-smooth nature. Recent contributions to the stability analysis of
these periodically forced piecewise linear oscillators are those of Wiercigroch [21], Awrejcewicz and Lamarque
[2], Ji and Leung [22] or Luo and Chen [23].

In this paper, the presented perturbation method is applied to the harmonically excited elastic-perfectly
plastic oscillator. In the first part, the dynamic hysteretic system is written as a non-smooth forced
autonomous system. It is shown that the dimension of the phase space can be reduced using adapted variables.
Free vibrations of such a system are then considered and the asymptotic stability of the origin in the new
phase space is shown. However, this fixed point depends on the initial conditions in the initial phase space.
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The forced vibration of such an oscillator is treated by numerical approach, by using the time locating
technique. The stability of the limit cycles obtained for a certain range of structural parameters (damping,
force intensity and excitation frequency) is then analytically investigated. A bifurcation boundary is
highlighted in the space of structural parameter and connected to the shakedown-alternating plasticity
boundary (Challamel [24]).

2. Equations of motion

Let us consider the simple system shown in Fig. 1. A mass M is attached to a viscous elasto-plastic spring.
The inelastic system is externally excited by a harmonic force F(f) defined by the intensity Fj, and angular
frequency Q. ¢ is the time and a superposed dot represents a time differentiation. This oscillator is
characterized by the displacement U, displacement rate U, and a plastic internal variable, chosen as the plastic
displacement U,. The plastic incremental law is illustrated in Fig. 2. This is a simple elastoplastic perfect law,
which depends on two parameters, i.e., the elastic stiffness K, and the maximum force F*. Uy is the elastic
displacement, limit of the initial virgin state (Uy = F*/Kj). The damping coefficient is denoted by C.

Two dynamic states can be distinguished. These two states correspond to a reversible state E (or elastic
state) and an irreversible state P (or plastic state), associated with plastic displacement evolution. This plastic
state P can be decomposed into two states P and P~ , depending on the sign of the elastic displacement
U—U,. The equation of motion of the damped elasto- plastlc oscillator can be written as

Estate: MU+ CU + Ko(U — U,) = F(1); U, =0,
P state: MU + CU+ F™ = F(o); U,=10,

P state: MU+ CU—F* =F(t); U,=U with F(t) = F cos Qt. (1)
K, F*
F,cos(Q1)
v.uU,)

Fig. 1. Description of the elastic-perfectly plastic oscillator.

F
Ft |- — >
O/
o -
< < F

Fig. 2. Plastic incremental law for the inelastic spring.
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Each state is defined from a partition of the phase space (U, U, U,):

Estate: (U - Uy|<Uy) or [((U-U, =Uy) and (U(U - U,)<0)],
P state (U-U,=Uy) and U=>0,
P state: (U—U,=-Uy) and U<O. )

This is clearly a piecewise linear oscillator and a non-smooth system (as in Shaw and Holmes [25]).
The dimensionless phase variables are introduced as follows:

u u u,
Jtp) = | | 3
(u u uP) (Uy UY Uy) ( )
The time constant of the dynamical system is introduced as
M
== 4
o @
New temporal derivatives can be calculated with respect to the dimensionless time parameter
t
T=—. (5)

t*

It means that the dot now represents a time differentiation with respect to dimensionless variable <.
The equations of motion can now be formulated using the dimensionless variables:

E state : i+ 2ctt+ (u —uy,) = fy cos wt, 1, =0,

At .. . . .
P state: ii+2cu+1=f,cos wr, wu,=1u,

P~ state: i+ 2ci— 1 =focoswt, 1,=1u
WitthZFo/F+, (JJ:Q\/M/K(), g:C/2\/MK0. (6)
¢ is the damping ratio (positive parameter). The three states are now governed by

Estate: (lu—uyl<1) or [(lu—uyl=1) and (i(u— u,)<0)],

P state (u—u,=1) and u=0,

P state: (u—u,=—1) and u<0. (7)
The dimension of the phase space can be reduced using the elastic displacement variable
U=uU—Up. (®)

The new phase space is then reduced to (v,u). This is an important property of this perfectly plastic
oscillator. Such a reduction of the dimension of the phase space would not be possible for the kinematic
hardening plastic oscillator for instance. This property significantly simplifies the calculations for the
investigations of the steady-state motion and for the stability analysis. It can be remarked that the elastic
displacement is nothing else than the constitutive force for the dimensionless dynamical system. This reduced
phase space was also used by Capecchi [15] or Coman [18]. Thus, the new equivalent dynamical system is now
given by

Estate : i+ 2cii4v=f, cos w1, =1,

P state : ii+2ci+1=f,cosmwt, =0

b}

P state i+2cu—1=f,cos wr, ©=0. 9)
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Correspondingly, the three states in the (v, %) phase space are

Estate: (jo]<1) or [(Jvy=1) and (w<0)],
P’ state: (v=1) and =0,

P state: (v=—1) and u<0. (10)

These two systems Egs. (9) and (10) can be merged into one non-smooth system by using non-smooth
functions (as suggested by Chicurel-Uziel [26] for piecewise linear springs):

.. . 1 if x>0,

it =—2cu—v+f, cos wr, - Lo 0

b= [l — v) — h(l + 0)] + ih(1 — o)y VAR =47 b =0, (1)
0 if x<O.

Here, h is the Heaviside step function. The non-smooth character of such a system is no longer ambiguous
with this unified presentation.

3. Free vibrations

For f, =0, i.e. for free vibration, the dynamic system is an autonomous system with a two-dimensional
phase space associated with the coordinates (v, ). This conversion from the inelastic system (and hysteretical
system) to an autonomous system was soon noticed by adding internal variables (see Savi and Pacheco [27] or
more recently Challamel and Pijaudier-Cabot [28] for damage systems or Challamel and Pijaudier-Cabot
[29] for plastic softening systems). The asymptotic stability of the origin point will be shown with two
different methods, first by solving the evolution problem, and secondly by using the extended direct method
of Liapounov. We have to mention that the application of the extended direct method of Liapounov
(for non-smooth systems) to elastoplastic systems, has not been reported in the literature, to the authors
knowledge.

3.1. Evolution problem

The initial time is arbitrarily chosen to vanish (7o = 0). It may be assumed that the perturbation first leads to
an elastic regime such as

v42c0+0v=0,
u=10v with v(tg =0) =10y, ti(tg=0)=11p = vp. (12)

The dynamic response is simply obtained by

v(t) = (vo cos( 1- gzﬂ:) + % sin(\/l - g21>> exp(—¢1),
-G

u(t) = (i{o cos( I gzr) - % sin(\/l - g%)) exp(—¢1). (13)

For sufficiently small perturbations, the motion remains elastic and the origin is asymptotically stable
as for classically damped linear oscillators. However, for sufficiently large perturbations, a plastic phase is
initiated:

31> 0/|o(zy)| = 1. (14)
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It can be shown that the sign of v during this plastic phase depends on the initial perturbation ). Equation
of motion in the plastic regime is given by

i+ 2ctu+v=0,
[v] =1 with v(t)) = vy, (t)) =, (15)
whose solution is
v(t) = vy,
u(t) = L‘t+vi exp(—2¢(t — 11)) vi (16)
= 1 1 2 p S 1 1 2%

It is easy to show that |d#(t)| decreases during this plastic phase, and vanishes at time 7,:

{ .
u(rz)—0:>T2—T1+2 ln<1+2g%>. (17)
1

At time 1,, the system goes into an elastic phase and remains in this stage.

v(t) = <1)2 cos(\/l —c2(r — rz)> u\;& i (\/ 1 —c2(r — rz))> exp(—c(t — 12)),

i(7) = <u2 cos(VI =t~ ) - ”L 2 i (\/m(f—fz))>exp(—gf—fz))

with v(1) = v, = vy, u(ty) =1, = 0. (18)

It means that in both cases (with or without intermediate plastic phase), the origin is asymptotically stable
for the damped system ¢ >0. This is well illustrated in Fig. 3, obtained with a perturbation leading to a plastic
transitory phase. This simulation also shows the potential wall analogy for this elastoplastic system. The

trajectory that comes from the elastic phase faces the plastic potential wall and dissipates energy until the
displacement rate vanishes.

-2 -

Fig. 3. Free vibrations—asymptotic stability of the origin point (v, ) = (0,0).
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3.2. Direct method of Liapounov

It has to be specified that the direct method of Liapounov was initially developed by Liapounov for smooth
systems (see for instance La Salle and Lefschetz [30]). Extension of such methodology to non-smooth systems
is a recent topic since the pioneer work of Filippov [31] (Shevitz and Paden [32]; Wu and Sepehri [33];
Bourgeot and Brogliato [34]). For the non-smooth system depicted in Eq. (11), a smooth Liapounov function
can be chosen as

V(i v) = 3t + 0%, (19)

The direct method of Liapounov is based on the calculation of the time derivative of V. Nevertheless, this
derivative does not exist in the classical sense at the intersection of the elastic and the plastic states (it only
exists almost everywhere). It is possible to show that

; . . K[la|[h(1 — v) — h(1 + v)] + wh(1 — |v|
dV(v,u) c ¥ where ¥ — 67V,aiV [zl ( ) — h( )] ( )] . 20)
dt ov’ Ou K[—2¢ct1 — v]
K is called Filippov’s set. This set can be calculated for the Heaviside function
1 if x>0,
K[h(x)] = H(x) with H(x) =< [0;1] if x=0, 21
0 if x<0.
17 can then be simplified as
V= —2ci® + of|il (H(1 = v) — H(1 + v)) + a(H(1 — [v]) — 1)]. 22)
The final result is obtained:
E state : 17 = —2ci* <0,
Pstate: V = —2¢i® — 2]l H(0)<0. (23)

V' is a positive and definite function. Each element of ¥ is negative or zero. Then, the origin (0,0) is stable
in the sense of Liapounov (for instance Ref. [32]). Morcover, the non-smooth version of LaSalle’s theorem
leads to the asymptotic stability in this case. The largest invariance set defined by the vanishing of ¥ can be
calculated as

=0, (24)

V' vanishes on the i = 0 axis. Other than the trivial solution (v, ) = (0,0), there is no further solution of
Eq. (11) (with f;; = 0) for which ¥ vanishes identically. Thus, the trivial solution is asymptotically stable and
the domain of attraction is the whole phase space. These results on the asymptotical stability of the origin, are
confirmed by the works of Judge and Pratap [35] who treat the more general case of the damped plastic
hardening oscillator.

4. Forced vibrations—analysis

4.1. Equations

As for general piecewise linear oscillators, solutions of the periodically forced oscillator Eq. (9) are known
explicitly for each state. The initial conditions at the beginning of each state are written by

(v(ty), () = (v, ;). (25)
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The solution to the E state can be calculated as

— w2 . ; .
cos( =2 — Ti)) <Ui —f0<1 w?) cos(wt;) + 206 sm(wr,)) N sin( T~ 2 - Ti))

(1-— w2)2 + 4w2c?

v(t) =
Ui + ny —¢(1+ @?) cos(wt)) + (1 — ? — 2¢?) sin(wt;)
0
Vi-¢ V1 —g2<(1 —w2)2+4w2g2>
i (1 — @?) cos(wt) + 2w¢ sin(wr)
X e S( i) +f0 e 25 > ,
(1 —w?)" +4¢w
—2w*ccos(wt;) + (1 — w?) sin(wr;)
2t — ) o - —(r— 1
cos(\/l At r,)) <u, +f0< 0 w2)2 G + sm( 1-¢%(z r,))
u(t) =

v; + i;C cos(wt)) (2w*c* + 1 — w?) + sin(wt) (ws (1 + w?))

+
Vi-¢? So V1=¢? ((1 —?) + 4(02;-2)

2w¢ cos(wr) — (1 — w?) sin(wt)

—c(t—1;)
X € +w 26
fO (1 _ (1)2)2 +4C2602 ( )
The solution to the P state can be calculated as
v(t) = v; = %1,
. .U 2¢ cos(wt) + 0 SIN(WT)\ 5oy, Ui 2¢ cos(wrt) + w sin(wt)
= 4+ ct—m) _ L . 27
() <u + 2 Jo 4c2 + w? ¢ 2c +/o 4¢2 + w? @7)

Piecing together these known solutions is not directly possible however, since the time of flight in each
region (each state) cannot be found in closed-form solution for the forced oscillator. The method of locating
events is used in the integration process (see Ref. [25] for instance). For the initial conditions specified, the
computer solves the crossing time 7, ; using a simple Newton—Raphson method. The nonlinear equation to be
solved is given by Eq. (26) when the initial state is elastic:

]v(r,»+1)| =1, (28)
whereas the nonlinear equation to be solved is given by Eq. (27) when the initial state is plastic:
u(tiy1) = 0. (29)

The new time 7,4 is used for the equation of motion in the new region encountered. This method is
considerably more accurate than usual numerical solutions of ordinary differential equations, the only
approximation being made on the calculation of the crossing time.

4.2. Numerical results—shape of the limit cycles

The numerical analysis is performed for strictly positive damping ratios. All trajectories tend towards
periodic orbits, which can be viewed as “limit cycles” in the (v, 1) space. These ““limit cycles” do not depend on
initial conditions. In reality, the periodic orbits are completely characterized in the (v,1, 1) space. Numerical
simulations show that these periodic orbits are asymptotically stable for all perturbations. In this sense, the
behaviour of the damped elastoplastic oscillator is much simpler than the one of the undamped which does not
possess this fundamental property. All these limit cycles are symmetrical cycles (central symmetry with respect
to the origin point), as characterized for instance by Luo [36] for other dynamical systems. As a consequence
of this symmetry, no incremental collapse can be found for the stable periodic orbits of this damped oscillator
(see Ref. [24] for the undamped system). The period of these limit cycles is equal to 27/w. It is interesting to
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2 1

-2 -

Fig. 4. Elastoplastic shakedown—(uvy, ttp) = (0,0); ¢ = 0.1; w = 0.5; f, = 0.6.

2 -

Fig. 5. Alternating plasticity—(vo, ) = (0,0); c = 0.1; 0 = 0.5; f, = 1.

denote that this periodicity result is no more valid for a bilinear elastic oscillator, where the period of the limit
cycles has been observed to be different in some cases [37]. The shape of the limit cycles depends on the values
of the structural parameters (f'y, », ¢). Shakedown (elastic stationary evolutions) is described by a smooth limit
cycle whereas alternating plasticity is depicted by non-smooth cycles. It means that these two basic phenomena
can be differentiated by simple geometrical arguments in the phase space. These two phenomena are
illustrated by Fig. 4 (elastoplastic shakedown) and Fig. 5 (alternating plasticity). In both cases, the limit cycles
are asymptotically stable and initial conditions do not affect the shape of the limit cycles (see Figs. 6 and 7).
However, in both cases, the mean value of the total displacement u strongly depends on initial conditions
(Fig. 8). As a consequence, it is confirmed that the initial phase space (u,u,,1) cannot be associated with
“limit cycles” and is probably not the best choice to analyse the nonlinear dynamics of the plastic system.



N. Challamel, G. Gilles | Journal of Sound and Vibration 301 (2007) 608—634 617

2 1

u

2 -

Fig. 6. Elastoplastic shakedown—convergence towards the limit cycle for different initial conditions; ¢ = 0.1; @ = 0.5; f, = 0.6.

24

Fig. 7. Alternating plasticity—convergence towards the limit cycle for different initial conditions; ¢ = 0.1; w = 0.5; f, = 1.

The equation of the limit cycle in the shakedown area is obtained from Eq. (26) by considering only the
stationary term

(1 — @?) cos(wt) + 2w¢ sin(wr)

v(t) =
( ) fO (1 _ 602)2 +4Q20)2
_ 2w¢ cos(wt) — (1 — w?) sin(wt)
(1) = of s (30)
(1 —w?)" +4¢’w
This is a centred ellipse whose equation is given by
2 2
U——i—%:l with a = o and b = aw. 3D

2
a V=) + 4028
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1

2.5

.5 J

Fig. 8. Influence of initial conditions on the total displacement u; ¢ = 0.1; @ = 0.5; f, = 1; up = 0.

2.5

alternating plasticity

0.5 A shakedown

shakedown

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2

Fig. 9. Boundary between elastoplastic shakedown and incremental collapse in the space (o, fp); {€{0,0.1,0.2,0.3}.

The equation of the limit cycle at the boundary between shakedown and alternating plasticity is obtained
when the ellipse parameter « is equal to 1 in Eq. (31), i.e.

mﬂ:¢ﬂ—dﬁ+%&% (32)

In this case, the equation of the ellipse which is tangent to the axis |v| = 1 is reduced to

ﬁ+%=L (33)
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This boundary between shakedown and alternating plasticity was already investigated by Liu and Huang
[20]. In the case of the undamped system (see also Refs. [14,24]), Eq. (32) can be simplified by

fo=11—0| (34)

The boundary equation (32) is graphically represented in Fig. 9.

2 -

Fig. 10. Convergence towards the non-standard (1, 4)-periodic orbit; (v, it9) = (0,0); ¢ = 0.001; @ = 0.05; f{, = 1.1.

B B

4 -

Fig. 11. Non-standard (1,2)-limit cycle; ¢ = 0.1; w = 0.1; f(, = 2.
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4.3. Numerical results—stability analysis

The periodic alternating plasticity motion can be classified, as for instance by Awrejcewicz and Lamarque
[2] for mechanical systems with impacts. We will call (n, k)-periodic solution of period nT with k plastic phases

a 4

i
W

-2 S

4 -

Fig. 12. (1,4)-limit cycle; ¢ = 0.1; @ = 0.11; f, = 2.

-2 -

'

Fig. 13. (1, 6)-limit cycle; ¢ = 0.02; w = 0.025; f{, = 2.
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per cycle, where T = 2n/w is the period of the external excitation. Within this classification, most of the
simulations exhibit stable (1, 2)-periodic solutions. This is the case for the simulation of Fig. 5. Non-standard
1-periodic solutions can also be observed for small values of the angular frequency w (see Fig. 10). “Non-
standard” here means that higher harmonics are involved during the stationary evolution. The superharmonic

0.75

X 7
TR
S

-1 -

30 4

u

; 10 ~

210 - :

-30 -

Fig. 15. Non-standard (1, 2)-limit cycle; ¢ = 0.02; w = 0.005; f, = 2.
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resonances occur when the angular frequency is close to %, %, %, ... This phenomenon was first mentioned in
Ref. [14] or Ref. [15] for the undamped system, or in Ref. [20] for the same damped system. Superharmonic
resonance is closely related to the appearance of stable (1,4)-periodic solutions or other periodic orbits
with more than two plastic phases. The process of the genesis of such orbits is much more clearly explained
by considering Figs. 11 and 12. A slight perturbation of the angular frequency w from 0.1 to 0.11 (other
structural parameters ¢ and f, are kept constant) shows the route from (1, 2)-periodic solution to (1, 4)-
periodic solution. The loop generated by the higher harmonics leads to the (1, 4)-periodic solution in this case.
The number of plastic phases can be greater than two, as shown for instance by the (1, 6) periodic solution
of Fig. 13. Higher harmonics play a crucial role for small values of the angular frequency w, as in the case of
Fig. 14 (w = 0.005). The same figure with a change of scale (Fig. 15) indicates that the oscillator behaves like
a rigid plastic oscillator in this range, with large values of the displacement rate #. The general trend of
the maximum value of the displacement rate # as w approaches zero is towards an infinite response,
although the motion remains periodic for f, greater than 1. This characteristic value (f, = 1) belongs to the
boundary between shakedown and alternating plasticity. It corresponds to the static value of the
shakedown boundary (Fo = F*). The case of the undamped elastoplastic oscillator has been already treated
in Ref. [24]. A bifurcation boundary separates the alternating plasticity and the shakedown area. This
phenomenon will be confirmed later in the paper by considering negative damping ratio values. Elastoplastic
shakedown is associated with the dependence on initial conditions for the undamped system. However, most
of the presented studies are only based on numerical simulations. The following part is focused on the
characterization of these periodic solutions according to their stability properties.

5. Forced vibrations—closed-form solution of some steady-state vibrations

The existence and uniqueness of a periodic and symmetrical (1, 2) solution is treated in this part. It is clear
however, that these solutions are only a family of solutions of the global system. For instance, unsymmetrical
solutions cannot be covered by this fundamental assumption. In the same way, a periodic (1,4) solution
cannot be obtained (even if it has been numerically observed for small pulsation values). The time at the
beginning of an elastic phase is searched for the stationary periodic (1, 2) solution (this time can be evaluated
with a constant of nm/w as the stationary motion is symmetrical). The methodology is based on the
fact that the duration in each phase (one elastic phase and one plastic phase) is exactly equal to half a period of
the cycle:

72(10) — T0 = ga (35)

where 7y is the time at the beginning of the elastic phase following the plastic phase P, 7, is the time at the end
of this elastic phase and 15 is the time at the end of the plastic phase P (see Fig. 16). The most general method
needs the resolution of a nonlinear system of three functions, defined by Egs. (26) and (27):

E state : v(tg, 1) = 1; 1ty = u(rg, 1),
At . .
P state: u(ty,t2,1) =0,

T
T2—T0=5. (36)

This system can simply be reduced to two nonlinear functions:

Estate: v(to,t1)=1; i = ito,71),

}3+ state : L't(v:m:o + %,iq) =0, (37
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Fig. 16. Definition of the time-parameters of the limit cycle.

which can be expressed by

(1- cz)z)2 + 42?2

— 2 i
cos( T— () — To)) « <_] _f0<1 w?) cos(wto) + 2wg sm(wro)) n sin( T2 — To))

Ly —¢(1 + w?) cos(wtg) + o (1 — w? — 2¢%) sin(wto)

0

-e VI=2((1 = 02y +4022)

(1 — @?) cos(wty) 4 205 sin(wt))
(1 — ) + 422 -

. 1 26 cos(wt)) + o sin(@t1)\ oz i(n/w)—z 1
(u1(T09T1)+2—g—f0 4g2+w2 e (0 / 1)_2_g
25 cos(wtp) +  sin(wty)

1’

% e*C(Tl*T()) +f0

0 42 4+ w? 0
with
[ —2w?c cos(wty) + o (1 — w?) sin(wry) ,
cos(\/l -t — 7:0))/0 0 5 ( ) )+ sm(\/l -t — 7:0))
(1 —w?)" +4w?c?
i =

1 N cos(wto) (20*c* + 1 — ?) + sin(wrp) (we (1 + ?))
' VI—¢2 ((1 — 02 + 40)2g2)

2w¢ cos(wt)) — (1 — w?) sin(wt))

1—¢2

—c(t1—10)
X € + o (38)
/o (1 — 02 + 4c2?
It is possible to write the complex system Eq. (38) as
A cos(wtg) + B sin(wrg) = C
D cos(wrg) + E sin(wtg) = F (39)



624 N. Challamel, G. Gilles | Journal of Sound and Vibration 301 (2007) 608—634

where the coefficients 121, E, C‘, b, Eand F depend on the structural parameters (w, ¢, f;) but also on the time
variable y = 71 — 1o (see Appendix A). As remarked by Liu and Huang [20], this system can be merged into

one single nonlinear equation of y:
(D AF) + (CE - BF) = (Ak - BD)’.

The time 7, follows from the computation of the trigonometrical equation

A A A A

cos(mty) CE -

T0)) = =~ %= =~ =~»

YT AE - BD
—CDh+ AF Na

sin(wr) = — 2 AF e AE— Bb 2o,

AE — BD

(40)

(41)

The solutions y (y = wy) of Eq. (40) are plotted in Fig. 17 for ¢ = 0.02 and f,, = 2. The results are the
same as the ones of Liu and Huang [20]. However, the interpretation of this curve is quite different from

2.5¢

%.4 035 03 025 02 015 01 005 0
1t @

05———________________________________—j

0.4 0.35 0.3 0.25 0.2 0.15 0.1 0.05 0
[0)

Fig. 17. Roots of y versus w; y = wy; ¢ = 0.02; fo = 2 (comparison with the necessary condition of Liu and Huang [20]).

2
=

Fig. 18. Selection of admissible values of t;.
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Fig. 19. Bifurcation diagram; ¢ = 0.02; f, = 2.

the conclusion of [20]. Eq. (40) contains the time solution of the symmetrical (1,2) orbit but all solutions of
Eq. (40) are not necessarily solution of the dynamical problem. In other words, Eq. (40) is only a necessary
condition to be fulfilled but not a sufficient condition. One also has to verify the inequalities:

Estate: V1 e [to,11], [o(r)|<1 and P state: Vr € [t1,12], i7)=0. (42)

It can be shown in this case that there is at most only one solution for parameters chosen in Fig. 17. Other
solutions violate the conditions of Eq. (42), as shown by Fig. 18 for instance. In fact, there is exactly one
solution for w greater than 0.05 and the parameters chosen for Fig. 17. This solution is the smallest one of the
solutions of Eq. (40). The bifurcation diagram of Fig. 19 numerically confirms this analytical conclusion, and
also highlights symmetrical (1,4) and (1, 6) orbits for w lesser than 0.05.

6. Stability analysis of the symmetrical (1,2) periodic orbit

The stability analysis of the symmetrical (1,2) periodic orbit is based on a perturbation technique
introduced by Masri and Caughey (1966) [13]:

Atp Aty Aty
Avg — Av, — Av, with Avy = Aitg = Avy = Avy = A = 0. (43)
Ait() Ail] AL.!Z

The matrix A and B can be introduced for the propagation of errors:

Aty Ay A A Aty Aty By By B Aty
Avy | = | 41 A Aas Avg and Avy | = | Boy By By Avy . (44)
Ay Az Az Az Aiig A By By By Aty

Eqgs. (43) and (44) lead to the scalar equation:

Aty = RAty with R = A1 By + A3 Bi3. (45)

The value of R determines the stability of the solution [13]. The symmetric (1, 2) solution is asymptotically
stable if the modulus of R is less than unity. If the modulus of R is greater than one, the solution is unstable.
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Fig. 20. |R|<1; Asymptotic stability of the symmetrical (1,2) orbit; ¢ = 0.02; fo = 2.

A bifurcation may occur when the modulus takes the value of unity. The coefficients that appear in the
calculation of R are given in Appendix B. R can be finally simplified in

R = e—<(—n1+Cn/w) l— cos(\/ 1 —c%(r — ro)) + \/1%—& sin(\/ 1 —c%(r — 1:0))1 ) (46)

In the case of the undamped system, this coefficient is reduced to
|R(c = 0)| = |cos(t1 — 19)| < 1. 47)

Generally, |R| is strictly less than unity (t| # 1o + nr). This new result (obtained from a rigorous proof for
this non-smooth mechanical system) means that the symmetrical (1, 2) periodic orbit (when it exists) is always
asymptotically stable for the undamped system. It can be numerically checked that Eq. (46) leads to the same
conclusion for the damped system. The variation of R with respect to w is given in Fig. 20 which confirms the
asymptotic stability property.

7. Equivalent damping ratio and negative damping

There is a specific and large literature devoted to the determination of an equivalent damping ratio ([38—40]
or [41]). The numerous ways to get frequency and amplitude matching are the resonant amplitude method,
dynamic stiffness method, dynamic mass method ... (see the recent paper [41]). The equivalent damping ratio
may be defined such that the associated linear damped system and the initial hysteretic one have the same
frequency response curves [41]. All these methods are fitting methods that approximate the equivalent
damping ratio from the unknown response of the elastoplastic oscillator. Another point of view consists in
determining the equivalent damping ratio directly from the values of the structural parameters (f, , ¢). In the
alternating plasticity region, the dissipation could be quantified by adding negative damping such that the
dynamical system bifurcates from its 1-periodic orbit. For the undamped system (¢ = 0), a possible dynamical
definition of this parameter would be

Find ¢oq =0 for f( > |1 - w2| such that the I-periodic orbit of the dynamical
system (9) associated to the damping ratio — ¢, is no more stable. (48)

As a consequence, the resolution of problem (48) needs to solve system (9) with a negative damping ratio.
We present some fundamental results for this particular system. However, it is not the purpose of the paper to
investigate all the complexities of such quite artificial systems, even if negative damping may arise from
aerodynamic forces [42]. Very interesting phenomena such as the grazing bifurcation have been observed.
Fig. 21 represents a typical example of a phase portrait and Fig. 22, obtained with the same parameters, shows
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Fig. 21. Quasi-periodic orbits for negative damping values; ¢ = —0.05; w = 2; f, = 0.5; phase portraits with (vo, 21y) = (0, 0).

-2

G
S0

Fig. 22. Quasi-periodic orbits for negative damping values; ¢ = —0.05; w = 2; fo = 0.5; Poincaré map with (vo, itp) = (0,0); T = 0[2n/w].

the quasi-periodic nature of the dynamics in this range using a Poincaré map. Unsymmetrical limit cycles have
also been detected (Fig. 23). This unsymmetrical motion (similar to results of Luo [43] for other mechanical
systems) is associated to incremental collapse for this elastoplastic oscillator. Divergence evolution can also be
noticed for this negative damped system (Fig. 24). The period-doubling bifurcation has also been observed at
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Fig. 23. Unsymmetrical limit cycle; ¢ = —0.1; w = 0.45; f, = 0.6.

207

15 ~

\

\<

-10 ~

-15 A

1
38
1
g
(3]

=20 -

Fig. 24. Divergence evolution; ¢ = —0.1; o = 0.25; fy = 2 with (vo, t1p) = (0, 0).

the boundary along the elastoplastic shakedown region (Fig. 25). It has to be mentioned that Shaw [42]
obtained very similar results for the dynamic response of a system with dry friction, and with negative viscous
damping. The period-doubling bifurcation detected via the Poincaré map is illustrated in Fig. 26. Finally, the
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Fig. 25. Stable (2,2) periodic orbit; ¢ = —0.01; w = 2; fo = 2 with (v, it9) = (0, 0).
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Fig. 26. Period-doubling bifurcation; ¢ = —0.05; v = 2; t = 0271/ w].

stability boundary of the period-1 orbit is represented in a multiparameter space (¢, f) for constant angular
frequency w (Fig. 27). It can be observed that the boundary of the stability domain is singular. The point
which delimitates elastoplastic shakedown and alternating collapse for the undamped system plays a crucial
role in this two-dimensional space. The boundary between elastoplastic shakedown and alternating plasticity
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Fig. 27. Stability boundary of the period-1 orbit and its singularities; w = 2.

corresponds to a bifurcation boundary for the undamped system (period-doubling bifurcation). Moreover, it
is numerically observed that equation of the boundary of the elastoplastic shakedown—alternating plasticity
domains (see Eq. (32)) seems also to be valid in the case of negative damping values when a period doubling
bifurcation occurs (see the stability domain of Fig. 27 for negative damping values):

fo=/(1 -0 + 4022, (49)
Eq. (49) leads to the identification of the equivalent damping ratio:
f3—(—o?) ‘
S =\ for fo=|1 — o?|. (50)

This very simple evaluation also coincides with the positive damping to be added to the undamped
elastoplastic oscillator, for a given set of parameters (f ), ) in the alternating plasticity domain, in order to lie
on the boundary of the elastoplastic shakedown domain. However, it appears clearly that Eq. (49)
(represented by broken lines in Fig. 27) is no longer valid in the case of the (1, 2)—(3, 4) bifurcation (Fig. 27).
Eq. (50) may be generalized to a damped system (with ¢ damped ratio):

13— (1 — o2y

i for /2> (1 — ?)” + 40, (51)

C+§eq=

8. Conclusions

This paper is devoted to the stability and the dynamics of a harmonically excited damped elastic-perfectly
plastic oscillator. The hysteretical system is written as a non-smooth forced system. It is shown that the
dimension of the phase space can be reduced using adapted variables. Free vibrations of such a system are
then considered for the damped system, which is a non-smooth autonomous system. The direct method of
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Liapounov extended to non-smooth systems [32-34] can be applied. The asymptotic stability of the origin is
proven in the new phase space. It can be remarked that the non-smooth character of most inelastic behaviours
needs the use of some specific tools to investigate the Liapounov stability of inelastic systems. The application
of the extended direct method of Liapounov to plastic systems has not been reported in the literature to the
authors knowledge.

The forced vibrations of such an oscillator are treated by numerical approach, by using the time locating
techniques. The stability of the limit cycles is analytically investigated with a perturbation approach. It has
been rigorously proven that the limit cycles are asymptotically stable in case of alternating plasticity. The
boundary between elastoplastic shakedown and alternating plasticity is given in closed form. It is shown that
this boundary corresponds to a bifurcation boundary for the undamped system (period-doubling bifurcation).
This result confirms previous results numerically reported by Challamel [24]. Finally, the equivalent damping
of this hysteretic system is characterised from dynamical properties.

This study may be enriched by integrating plastic hardening (isotropic, kinematic or mixed hardening), as
studied by Savi and Pacheco [27]. Plastic softening can also be introduced, as considered by Challamel and
Pijaudier-Cabot [29] for the free inelastic oscillator. In this case, divergence evolutions can be observed,
depending on initial conditions. Damage systems can be also classified as piece-wise linear oscillators (see for
instance Challamel and Pijaudier-Cabot [28]). The coupling between plasticity and damage could be also
interesting to investigate. However, we have in mind that in any cases (hardening plasticity, softening
plasticity, damage or coupled systems), the dimension of the phase space could not be reduced to a map as for
the perfect-plastic system. Theoretical results on stability will certainly be more difficult to obtain.

Appendix A. Time characteristics of the symmetric (1,2) solutions
System (A.1) characterizes the time parameters of the symmetrical (1,2) periodical solution:

A cos(wty) + B sin(wg) = C,

. . . A.l
D cos(wtg) + E sin(wtg) = F and y =1, — 10. (A1)
The constants of system (A.l) denoted by A, B, C, D, E and F are given below:
- _ S T _
: —(1—w?)e™ cos(\/l — ) - ——(1+ e sm(\/l — g2y>
R o ) V=& )
(I — 0?)" + do’¢ +(1 = w?) cos(wy) + 2wg sin(wy)
- w(l—wz—Zgz) = .
. —2wce™ cos( 1 - gzﬁ) +———e sm( 1 - gZy)
B = fO V 1 — g2 s (A3)

_2)2 22
(1 - )" + 4w’ — (1 — @?) sin(wF) + 2w¢ cos(wP)

C=1+e¢¥ cos( 1-— gzy) +\/% e sin(\/l - g2y), (A4)

o
(1 - coz)2 + 4?22

__Jo
46 + »?

- 5 20+ 1 —w® 5
_2w2ge—s((2n/cu)—y) COS( 1_g2y) + WG+ ) e—s((Zn/m)—y) sm( 1_g2y>

Vi =

+202ce= X (@/0)-3) cos(wy) — o(l —w?) e 2(/2)5) sin(wy)

D=

{2g + (2¢ cos(wy) + w sin(wy))e’zg((“/ @)=y )} +

., (A5
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- So - (v)) e 25((@/®)-T)
E= 21t [a) + (@ cos(wy) — 2¢ sin(wy))e } +

fo
(1- a)z)2 + 4?2

= c(1 2 =
w(l _ wZ)e—Q(Qn/m)—y) COS( 1 — g2;) + ws(l + ('02 ) e—;((Zn/w)—y) sin( 1 — sz)
—202¢e™ () sin(wy) — w(1 — w?)e2(#9) cos(wy)

sin( 1 - gzy)

Vi 2

. —2¢((x/)—7) —(n/w)-7)
F= 2 (1 e ) e

This system leads to the solution of Liu and Huang [20].
Appendix B. Determination of the coefficients for the stability analysis

The first coefficient to be determined is A;; defined by
A‘L’] = A11A‘L'0.

In the elastic regime, evolution of v is given by Eq. (26) which can be written as

v(tg, T) = e [Al cos<\/1 —c2(t — ro)> + B sin(\/ 1 —¢¥(r— To))} + Cy cos wt + D sin wt

Aic+ Cio sin oty — Do cos w1y

with 4, = —1 — C; cos wty — Dy sin wtg, By =

1 — w? 2cw
, D= .
(1 — 02)* + 422 Jo (1 — 0?2) + 4?2

A perturbation approach is used:

Ci=/f

v(t9,71) = 1,

v(to + Atg, 71 + A1) = v(t0, T1) + AT

av(‘fo,‘fl) + A‘E] Gv(ro,rl) -1
a’L'() a’fl

The second equation of (B.3) leads to the determination of

0v(to,71)/070

A= = S mfon

Ay, is finally calculated as

1 - .
All = —+f0 cos wio e7>(T1*TO) Sln(\/ 1-— QZ(TI - TO))’
1:11 \/ 1— C;z

where 1; is the displacement rate at the end of the elastic phase. #; can be expressed by

i = e =) [(—gAl +BiVI1— ;2) cos(\/ 1 —c%(z; — 10)>
+(—g31 — A1/ 1 — g2) sin(\/l — ¢t — ro))} — Ciow sin wt; + Diow cos w1y.

It is easy moreover to expand this term:

A = aul(TO,Tl)ATO +aul(T0,Tl)AT1
a‘L'() 611
The term A3z, can be deduced:
iy (1o, 71) ity (10, 71)

Az = + Ay

a‘f() 67:1

(A.6)

(A.7)

(B.1)

(B.2)

(B.3)

(B.4)

(B.5)

(B.6)

(B.7)

(B.8)
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The terms of Eq. (B.8) are detailed below:

011 (7o, 71)

= —1—2cu; +f, cos wr (B.9)
67:]

and

Oin(zo, 71) _ (14 £, cos wry)e 1= COS(\/T:C‘(TI - TO))

610

\/_ sm(\/l — 2t — TO)) . (B.10)

The same reasoning can be applied to the determination of B;; and B;3, obtained from the function
(i1, 1, 12):

.o 9e(tr— . 1
(11,71, 72) = Boe 2(m=m) + C, cos wty + Dy sin wty — —

2
with Cy = f,— 2 —f By = iy +— — €y cos wr, — Dy sin ot (B.11)
2= 00\)2"‘4’;2, 0" 5 , 1 2+427 2 — Uj 2@ 2 1 2 1- .
The perturbation approach leads to
By = _61'.12(1"‘1,'51,72)/8'51 and  Bps = _ab.lz(lfl,fl,fz)/@ul . (B.12)
Oip (i, 71, 72) /012 Oin(iny, 71, 72) /012
These terms are calculated as following:
e—2s(ra—11) d e—26(ra—11)
Bhy=——F+———(142cu — By=—-—"—. B.13
"4/, cos CUTO( + 20t —fy cos om) - an BT T4/, cos wrg (B-13)
Some simplification occurs by noticing that
B, = —Blgm. (B.14)
T1

R is then simplified by

R= B, aul(aro,fl) o—<(r0—11+(2n/0) —cos( 1= 2ty — To))

To

\/_ sm(\/l — 2, — 1-0)) (B.15)
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