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ABSTRACT. We investigate the linear hardening phenomena with a method that is not standard in the literature,
i.e. with a hemivariational method. As a result, we do not introduce any flow rules, and the number of assumptions
is reduced to the generalized variational principle with proper definition of a new set of kinematic descriptors and,
as a function of them, with a new definition of the energy functional. The variational framework guarantees the
rationality of the deduction. Analytical derivation of the force displacement hysteretic loop is also derived and, finally,
the dissipation energy is furnished with respect to either the final value of the dissipation energy potential or the
corresponding area of the hysteretic loop.
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1. INTRODUCTION

Linear hardening behavior of a class of materials is well-known in the literature [7, 21], and
the methods for its study are also explored in many aspects [74, 75]. However, we will exam-
ine the possibility of a new approach with some advantages. The first is that the number of
assumptions is reduced, and the second is that analytical solutions [18, 78] are derived with
no use of flow rules. We need to say that elastic models can be derived in different ways,
i.e. by assuming the balance of forces, of moments and therefore of the corresponding Par-
tial Differential Equations (PDEs) and Boundary Conditions (BCs) as first principles or by as-
suming an energetic approach, where the assumptions are based on an action principle, and
the PDEs and BCs are derived as a consequence of these first assumptions [8, 27, 23, 36, 32].
In standard continuum elastic models, fundamental problems arise, see e.g. [19, 49, 50], as
well as the necessity of higher order gradient generalization [4, 35, 1] also for the dynamic
case [33, 57]. These kinds of generalizations are particularly important for materials with
microstructures, made e.g. with additive manufacturing techniques [10, 11, 12], for fiber-
reinforced composites [13, 29, 46, 52, 51, 69], for composite structure [34], and for biological
applications [43, 44, 76, 61, 2]. Thus, variational approaches have been developed also for mi-
crostructural materials [26, 28]. Also thermomechanical problems [53, 56, 70, 72] can be used
via a purely variational procedure [40]. Besides, the use of 3D printers has improved the inves-
tigation of metamaterials, made with a microstructure that can be designed, as pantographic
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materials [15, 24, 25, 31, 80], where higher order gradient is essential for the modelling. Higher
order gradient elastic theories are therefore suitable for those materials with microstructure.
However, the number of constitutive parameters of a general higher order gradient theory is
so large that the problem of their identification is an open one, and deserves specific techniques
[38, 37]. In order to avoid the identification of a large number of parameters, one can use the
same strategy of Cauchy and Navier [14, 62] for homogeneous linear and isotropic materials
aimed to solve the elastic granular micromechanic problem [9] for anisotropic [30] and gener-
alized continuous [45, 47, 64, 63, 81, 82]. Granular micromechanic is ideal for concrete [16, 17]
and for any materials with a strengthening microstructure [20] with the necessity to model the
bond behavior [48]. Variational principles for elastic materials are therefore standard. For the
dissipative case, e.g. for the viscoelastic case [41, 42, 54], the variational strategy must be gen-
eralized [71, 5, 65]. For damage [83, 77, 79] and plasticity [3] such a strategy is also different.
Variational approaches in plasticity are not new [39, 22, 55]. The aim of this work is to use
a hemivariational procedure, conceived for granular micromechanics [59, 58, 60, 66, 67], for a
one degree of freedom problem with linear hardening behavior. Such a one degree of freedom
model can be used into two ways to construct a continuum model with the same linear harden-
ing behavior. The first is to build a discrete mode and use standard homogenization technique
[68, 73]. The second is to use granular micromechanics [66]. As an outlook of this work, we
will consider the fatigue problem [6].

2. FORMULATION OF THE PROBLEM
2.1. Definition of the Action functional and plastic kinematic descriptors. The action A
tri
(2.1) A= [{U+W U} dt
tin

is a functional of the fundamental kinematical quantities u, A, and A, i.e. of the functions, 4,
5\t and 5\0,

2.2) A=A (u M, Xc) .
i, \¢, and ), are all functions of time ¢ (where t;, is the initial time and ¢y; is the final time),
(2.3) u=a(t), A=A, A=),  VtE[tin,tsi],

and called, respectively, the displacement and plastic multipliers in tension and compression.
The plastic multipliers are also called, respectively, the tension and the compression plastic dis-
placement accumulations. The reason for these names is as follows. The elastic displacement
Uel

(2.4) Uel = U — Upy,

is defined as the difference between the total displacement v and the plastic displacement u,;,
that is defined as the difference between the tension and compression plastic accumulations,
i.e. between the two plastic multipliers, viz.,

(2.5) Upt = At — Ac.

The values U, W, and U®*t are the elastic, the dissipation, and the external energies which are
functionals of the fundamental kinematical fields,

U=u (a,it,ﬁc) L W=w (Xt,ic) LUt =yt (q).
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The explicit form of the functionals &/, W and U*** is prescribed constitutively. Here we restrict
to the condition that the dissipation energy functionals depend only upon the plastic multipli-
ers and the external energy functional ¢/*** only upon the total displacement.

2.2. Kinematic and thermodynamic restrictions of motion.

2.2.1. Boundary conditions in time. An initial datum on plastic multipliers must be assumed at
t="tin,

(26) >\t0 = 5\1‘, (t = tin) ) )\CO = 5\c (t = tvn) )
as well as initial and final displacements,
(27) Ui, = fL (tm) , Uf,; = fL (tfi) 5

both at the initial ¢ = ¢;,, and at the final ¢ = t4; instants of times. Conditions (2.7) can also be
omitted in the present quasi-static formulation but they should be taken into account when the
kinetic energy in (2.1) is considered.

2.2.2. Definition of motion. A motion is defined as a family, fulfilling (2.6) and (2.7), of displace-

ments u = @ (t) and of plastic multipliers A, = A, (t) and A, = A. (¢) for those discrete values of
times defined as follows,

t =t; = t;, +iAt, Vi=0,...,N, tin = to, tfi:tN:to—l-NAt.

The increments, across two successive instants of times, of displacement

(28) Au = ﬁ (ti+1) — ’a (tz) 5
and of plastic multipliers
(2.9) AN =N (tiv1) = N (B), Ahe = Ao (tig1) — Ae (£2)

at time t = ¢; are defined in (2.8) and (2.9).

2.2.3. Admissible variation of motion. The set AM, is that of kinematically admissible displace-
ments (2.3), fulfilling the (2.7) in the non-quasi-static case and any kinematical restrictions
imposed by the problem, e.g., by the external constraints, at time ¢. The set AV; is that of their
admissible variations,

u € AM;, ou € AV,.

Two examples are as follows. The first is for a force-control problem, where the displacement
u is not prescribed, the variation 4 is arbitrary, and we have
AV, =R, Vt € (tin,tsi)

for any values of time, in the non-quasi-static case different from the initial and the final ones
because of (2.7). The second is for a displacement-control problem, where the displacement is
prescribed, and the only admissible value for its variation 64 is zero, i.e. & = 0; as a conse-
quence the set of admissible variations

AV, = {0}, Yt € [tin, tfi]

is composed only of the zero value. The kinematical quantities A; and A. are assumed to be
irreversible and therefore can not reduce their values. Thus, their admissible variations are all
the positive numbers, viz.,

(2.10) S\ € RY, §A\. e RY.

The kinematical irreversibility of the plastic multipliers justifies the relation of their names
with the accumulation of tension and compression plastic displacements. It is worth noting
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that the plastic displacement defined in (2.5) is not irreversible. The irreversibility conditions
on the two plastic multipliers that are assumed in (2.10), induce the necessity to generalize the
variational principle into a hemivariational principle, that is discussed in the next subsection.

2.3. The hemivariational principle. The variation 6.4 of the action functional (2.2) is defined
with respect to the variations of the kinematic descriptors (2.3),

2.11) 0A = A+ 60, A + 05, Ac + 03 ) — A (1,3, c)

and its increment AA is defined with respect to those increments defined in (2.8) and (2.9), that
yields

2.12) AA=A (u + Al A+ Al Ao + Axc) Y (u e, Xc) .

The hemivariational principle is formulated as follows: The following variational inequality
holds

(2.13) AA <A
for the solution (2.3) and for any admissible variations
(2.14) Voéu € AV;, Yo\ € RY, VoA, €RF.

Finally, the only thermodynamic restriction, among the positive definiteness of the elastic en-
ergy functional i, involves the dissipation energy, that is assumed to be a non-decreasing func-
tion of time,

(2.15) AW (Xt, XC) -Ww (Xt + A A+ AS\C) W (Xt, XC) >0.

3. THE CASE OF AN ELASTO-PLASTIC LINEAR KINEMATIC HARDENING SPRING

3.1. Definition of the energy functionals. The elastic energy is assumed to be quadratic with
respect to the elastic displacement u,; defined in (2.4) and proportional to the elastic stiffness
kel ’ ie. y

P 1 1 1
(3.16) U=u (u A Ac) = Skau? = Fka (u— up)? = Shet (=X + Ae).

The dissipation energy is defined with the following incomplete quadratic form of the irre-
versible plastic kinematic descriptors,

1
(3.17) W =0\ +A) + 5h (A — Ae)?,

where ¢ is the initial plastic yielding point, and h is the hardening parameter. Positive defini-
tion of the numbers of the three constitutive coefficients of the model, i.e.,
ker > 0, o >0, h >0,

guarantees not only the positive definiteness of the elastic energy functional ¢/ but also the
assumed thermodynamic restriction (2.15).
The external energy

(3.18) Ut =Y (i) = Fu,
is defined with the external force F, that is a function of time,

(3.19) F=F(t).
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Thus, the action functional is given by the insertion of (3.16), (3.17) and (3.18) into (2.1)
tyi
1 1
(3.20) A= / [2/%1 (w—=Ai+A)> 40 A+ Ae) + ih (At — Ae)® — Fu| dt,

tin

and its variation is,
thi
0A = /{[k:e, (u—XM+ ) — F] du
tin
ket (= A+ Ae) + 0+ B (A = A)] GAs + [ker (u— A+ Ac) +0 = h (A = A)] 6Ac}dt,
or, in compact form,
tri

(3.21) 0A = /{[kel (u —up) — F] 04+ [ke; + R [()\t — Aiy) St + (Ae — Aey) 55\6} }dt,
tin

where )\, and )., are the plastic yielding tension and the plastic yielding compression, respec-
tively, i.e.,

kgu—o

22 = e 7

(3 ) )‘ty )‘c + kel I h )
kau+ o

3.23 Aoy = A\p — ——.
( ) Y 1 kel + h

The increment AA of the action functional (2.12) is derived from (3.21),
tri
024) Ad= [{lkur(w= N A0) = F) At [k -+ B [ (0 = d) Ak + (= Aoy) A3 .
tin
3.2. Euler-Lagrange equations for the linear kinematic hardening spring. The variational
inequality (2.13) is valid for any admissible variations in (2.14). Let us define an arbitrary
function of time f € AV, belonging to the admissible displacement variations AV; and calculate
the variational inequality (2.13) with the following admissible variation
(90,9, 0A.) = (£, 80,84 )
and then with another admissible variation that is similar to the previous one but with opposite
f, ie.,
(60,05, 08.) = (=£. 40, A4,
both for arbitrary f € AV;. Thus, we obtain two inequalities, that imply the following Euler-
Lagrange equation

(3.25) ket (u— A+ X)) = F] f=0, Vf e AV,

that, by assuming no restrictions on f € AV;, we easily derive the standard form of the elasto-
plastic linear kinematic hardening spring response,

(3.26) ker (u— A +Ac) = ket (u — Upl) =F



Analytical results for a linear hardening elasto-plastic spring investigated via a hemivariational formulation 55

Thus, let us calculate the variational inequality (2.13) by assuming the following particular
admissible variation evaluated on the corresponding increment of the solution but doubling
that of the tension plastic multiplier,

(3.27) (5@,5%5&6) - (Aa,QAXt,AS\C) ,

and then with another admissible variation that is similar to the previous one but keeping the
plastic multiplier in tension at zero,

(3.28) (5@, 6&,5&) - (Aa,o,mc) .

It is easy to derive that the two obtained inequalities imply another Euler-Lagrange equation
for the plastic multiplier in tension in the form of the following KKT condition,

In the same way we obtain the other plastic KKT conditions,
(3.30) [Ae — Aey] AXe = 0.

It is worth to be noted that the variations (3.27) and (3.28) are both admissible because the
increments on the solutions are always non-negative as it is prescribed in (2.14). Besides, a
variation 6\; = —AM\,, for the same reason, is not admissible.

3.3. A resume of the governing equations. The governing equations of the present linear
hardening spring are given by the coupling effects of eqns. (3.26), (3.29) and (3.30) with the
insertion, respectively, of (2.5), (3.22) and (3.23),

kaqu—o B
(3.31) [)\t — A — ]w] AN =0,
kau+ o
32 — — | AN, =
(3 3 ) |:Ac At + kel + h :l )\c 07
(3.33) kep(u—M+ ) = F.

The explicit method consists of the following numerical strategy once the displacement history
u is prescribed for all the time steps. From (3.31), we evaluate )\; by assuming the other mul-
tiplier A. at the previous time step. Thus, from (3.32), we evaluate A. by assuming the other
multiplier A\; at the previous time step. Finally, we calculate the reaction F' from (3.33) and
repeat this scheme for every time steps.

4. THE CYCLING LOADING OF THE ELASTO-PLASTIC LINEAR KINEMATIC HARDENING SPRING

4.1. The cyclic loading history. The cyclic loading history is prescribed in terms of the dis-
placement field and graphically represented in Fig. 1. The period of oscillation of the imposed
displacement is 4¢. The oscillation range is 2@, where @ is assumed to be larger than o /k,;.

We investigate, in the following six subsections of Section 4, the six phases of the loading
history. We will call these stages of the loading history as follows: elastic reversible one, plastic
irreversible one, elastic reversible two, plastic irreversible two, elastic reversible three, and
plastic irreversible three. We will later justify the names of these phases. It is worth noting here
that in the elastic phases, the dissipation energy is constant with respect to time, and in the
plastic phases, the dissipation energy is an increasing function with respect to time. Besides,
on the one hand, during the elastic phases, an eventual unloading process follows the loading
path (reversibility of the process), and on the other hand, during the plastic phases, an eventual
unloading process follows another path (irreversibility of the process).
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FIGURE 1. The cyclic loading history in terms of the imposed displacement u
vs the time ¢. Each period is divided into six phases. Three phases (red-thick
lines) are denoted elastic and three (green-dashed lines) are denoted plastic.

ot t
kou

FIGURE 2. Elastic reversible phase one of the loading history in terms of the
imposed displacement u vs time ¢.

4.2. Elastic reversible phase one. At the beginning of the loading history (i.e. at ¢ = ¢;, = 0)
the displacement and both the plastic multipliers are null

(4.34) u(t=1tin =0)=A(t=tin =0) =X\ (t =t;» =0)=0.

Besides, the displacement v is imposed to evolve according to Fig. 1, and it is therefore limited,
in the elastic reversible phase one, to be

o ot
4.35 — vt € [0, —
(4.35) U< €| ’kem]’

lower than the ratio o/ke; as remarked in Fig. 2. Besides, the plastic yielding tension and
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compression are at the beginning from (3.22), (3.23) and (4.34) both negative,

g g

Aey (t =t = 0) = —
kez+h<0’ u ( 0) kei + h

On the one hand, from (3.23) and because u is an increasing function of time for this elastic
reversible phase one (see Fig. 2), the plastic yielding compression )., is a decreasing function
of time, which guarantees that it is constrained to be negative for all the times in this initial part
of the loading history,

< 0.

(4.36) Ay (t = tin = 0) = —

k‘el’ll g %
<0, = Ayt <0, vt e |0, —].
kel +h Y ( ) [ k‘elu}
Thus, the KKT condition (3.30) is satisfied only by setting to zero the increment A\, and there-

fore also the values of the plastic multiplier in compression A. for all the times in this initial
part of the loading history,

W>0, = Ay=—

Sl

437 A () =0, Vtelo,
(4:37) (H)=0 € =

On the other hand, from (3.22) and because u is an increasing function of time for this elastic
reversible phase one (see Fig. 2), the plastic yielding tension )\, is an increasing function of
time. However, from (3.22), (4.35) and (4.37), it remains negative for all times in this initial part
of the loading history,
kaqu—0  kqu—o ot
Aty () = Ae = 0, vt e [0, —].
W=t T T vk <0
Thus, also the KKT condition (3.29) is satisfied only setting to zero the increment A); and
therefore also the values of the plastic multiplier in tension for all the times in this initial part
of the loading history,

i]
koau ’
The conditions (4.37) and (4.38) justify to call elastic this first part of the loading history. The
spring response has been derived from (3.26), (4.37) and (4.38), and takes the following simple

form

(4.38) A () =0, Vtelo,

t
(4.39) kqu=F, Vtelo, ko'f],

el

that is also represented in Fig. 3.

If, in an arbitrary moment of this elastic reversible phase we change the sign of the load-
ing velocity 4 then the KKT conditions (3.29) and (3.30) will be both satisfied with the same
constant values of plastic multipliers (4.37) and (4.38) and therefore the response is the same
calculated in (4.39) and graphically reported in Fig. 3. This reversible behavior justifies the
name “reversible” of this phase of the loading history.

4.3. The plastic irreversible phase one. In the second part of the loading history, the displace-
ment v is imposed to evolve according to Fig. 1, and it is therefore limited, in the plastic
irreversible phase one, to be

o ot -

— U vt e |[——,1

for <u<u, E[kezﬁ ]

as represented in Fig. 4. Thus, the yielding compression from (3.23) is still a decreasing function
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FIGURE 3. Elastic reversible phase one response. We plot the reaction force ¥
vs the imposed displacement w.

o
kel

ot t
kot

FIGURE 4. The plastic irreversible phase one of the loading history in terms of
the imposed displacement u vs time ¢.

of time, and therefore, it remains negative,

ot
4.40 Aey <0, vVt € [—,t].
(4.40) ’ =]
This means that the KKT condition (3.30) can be satisfied only setting to zero the increment
A, and therefore also the values of the plastic multiplier in compression for all the times in
this part of the loading history,

ot

(4.41) e () =0, vt e [——, 1.

kelu
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tr k.o k. h
F = el + el

Koy + R ky+ht

FIGURE 5. Plastic irreversible phase one response is highlighted with the
green-dashed line. We plot the reaction force F' vs the imposed displacement
u.

Besides, the yielding tension from (3.22) and (4.41) becomes positive,

kelu — 0
ket +h
and the KKT condition (3.29) is satisfied in terms of the plastic multiplier in tension by

ot -
ivt]v

Aty - k u

>0, vt e |

kau — o ot

4.42 M) =Xy = ——— te[—t].
( ) t() ty kel‘i‘h’ V E[k‘e[ﬂaj
The spring response, according to (3.26), (4.41) and (4.42), is as follows,
kgu — o ot
k @)+ () =k —— | =F te[——,t
=20+ 0 (0) =k (0= KT R e [T
that means
hu+o ke hke ot
44 F = = ¥
(4.43) kez<kel+h> o T VtE[kelHJ,
that is a spring with a residual (with no displacement u = 0) force equal to
kel
b + 0
and a stiffness
hke
4.44
(444) "

59

that is the equivalent stiffness of the series of two springs, one with stiffness k.; and one with
stiffness h. The response is therefore represented in Fig. 5. As a matter of fact, from (4.42) the

final value of the plastic multiplier in tension is

kgt — o
4.4 ME=1)=2"_ "~
( 5) t( 3 ol h >0
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and from (4.43), the final value of the reaction force is

- — o+ hu
(4.46) F(tii)iFikelkel—&—h'
In this phase, the dissipation energy is derived by the insertion of (4.41) and (4.42) into (3.17).
If, in an arbitrary moment t = f at u = u (t= tN) = u of this plastic irreversible phase, we
change the sign of the loading velocity , then the KKT conditions (3.29) and (3.30) would both
be satisfied setting to zero the increments A\, and A)., and therefore, the value of the plastic
multiplier in compression would be still the same of that already calculated in (4.41)

Ae(t) =X =0,  Vt>1,
and that in tension would be from (4.42)

< kali— _
Mt):%:ﬁ, vt > 1,

and therefore the response would be
keﬂj — O
ket +h

that is different from that calculated in (4.43). In particular, the tangent stiffness would be &,
and not the series reported in (4.44). This irreversible behavior justifies the name “irreversible”
of this phase of the loading history.

kel(u—XtJrXc):kel(u— ):F, vt > 1,

4.4. The elastic reversible phase two. In the third part of the loading history, the displacement
u is imposed to evolve according to Fig. 1. Thus, it changes the sign of its time derivative 4,
and therefore, the spring is in an unloading phase. Besides, in this elastic reversible phase two,
it is limited to be

- t
—a-2L <u<a, Vte E,HQI:J,

4.47
( ) kel elU

2

and it is graphically represented in Fig. 6. Thus, the yielding tension is from (3.22) a decreasing
function of time, and therefore, it is always lower than the final value \; (¢t = ¢) of the plastic
multiplier in tension calculated in (4.45), that is the last one taken during the previous plastic
irreversible one part of the loading history,

T _ ot
44 A M(t=t) = —— telt,t+2 .
( 8) ty< t( 3 kel“‘h’ Véf, + k‘elﬂ]
The KKT condition (3.29) is satisfied only setting to zero the increment A),, and therefore, also
keeping constant the values of the plastic multiplier in tension for all the times in this part of
the loading history,

kot — o _ ot
4.49 A () = ——— Vte [t t+2 .
( ) t( ) kel +h ’ € rv + kelﬂ]
Besides, the yielding compression is from (3.23) an increasing function of time,
kgt —o  kqu+o ke (u—u)— 20 _ ot
4.50 Acy = - = 0, Vteft,t+2—],
( ) Y kel +h kel +h kel +h < c r * kelu]

but it remains negative in the prescribed range (4.47) of the present third phase of the loading
history so that we still have that the KKT condition (3.30) can be satisfied only by setting to
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AU

FIGURE 6. The elastic reversible phase two of the loading history in terms of
the imposed displacement u vs time ¢.

zero the increment A)., and therefore, also the values of the plastic multiplier in compression
for all the times in this part of the loading history,
_ ot
(4.51) Ae (t) =0, Vi e[t t+2—].
kelu

The spring response is, according to (3.26), (4.49) and (4.51), as follows,

) _F—F(), Ve ﬁ,ﬂgk"ﬂ],

el

kgt — o
kel +h

that is a spring with a residual (with no displacement u = 0) force equal to
o — kot
kel ( kel +h ) )

Kei.
The two plastic multipliers do not change their values, and this justifies calling elastic this part

of the loading history. The response is therefore represented according to Fig. 7. As a matter of
fact the final value of the reaction force is from (4.52)

(452 kot (u— A () + Ao (8)) = ko (u -

and the same initial elastic stiffness

F:F(t:t+2 7! ) —F=F-2.

kelu
If, in an arbitrary moment of this elastic reversible phase, we change the sign of the loading
velocity #, then the KKT conditions (3.29) and (3.30) will be both satisfied with the same con-
stant values of plastic multipliers (4.49) and (4.51), and therefore, the response is the same as
calculated in (4.52) and graphically reported in Fig. 7. This reversible behavior justifies the
name “reversible” for this phase of the loading history.
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Ny i
ol !
o | o |
i \L kel(o' - kelﬂ)
kei F=—/———""+k,u
E kel ke‘l + h

7 w
F:F—ZO'_ ___________ kel

FIGURE 7. Elastic reversible phase two response is highlighted with the red-
thick line. We plot the reaction force F vs the imposed displacement w.

Frmmmmmm———m

U—2— | A
el
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FIGURE 8. The plastic irreversible phase two of the loading history in terms of
the imposed displacement u vs time ¢.

4.5. The plastic irreversible phase two. In the fourth part of loading history, the displacement
u is imposed to evolve according to Fig. 1. Besides, in this plastic irreversible phase two, the
spring is still in an unloading phase and it is limited to be

ot

(4.53) fﬂ<u<ﬂf2ki, Vt e[+ 2——, 31,

el ke ’
and it is graphically represented in Fig. 8.
The yielding tension is from (3.22) again a decreasing function of time (because the displace-
ment u is a decreasing function of time), and therefore, it continues to be always lower than the
value (that was constant in the previous stage) of the plastic multiplier \; in (4.49),

ot \ _ kqu—o
kelﬂ B kel +h ’

(4.54) Aty < At (t =742 Vt € [t + 2k, 37).
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Thus, the KKT condition is satisfied only setting to zero the increment A\, and therefore also
the values of the plastic multiplier in tension for all the times in this part of the loading history,

kot — o _ ot
4.55 A (t) = ———— Vt e [t+2——, 3t].
( ) t( ) kel +h ? 6 [ + k_6lﬂ7 7
Besides, the yielding compression is from (3.23) an increasing function of time (because the
displacement u is a decreasing function of time),

(4.56)

ki —o0 kqu+to ke (u—u)—20 _ ot ot
Aoy (1) = = —= == Ae [T+2 =0 YVt e [t+2——, 3t
o= R kb baeh ) =0 e

but now it is positive (and therefore because of (4.51) greater than the plastic multiplier in com-

pression in the previous stage) in the prescribed range (4.53) of the fourth part of the loading

history so that the KKT condition condition (3.30) is satisfied by,

ke (u—u) — 20
kel +h

The spring response is, according to (3.26), (4.55) and (4.57), as follows,

(4.57) Ae () = Ay () = . Vteft+ 9 ot

37].

kelu’

fut = 0 (0) 4 2c (0) = b (= S 27 4 B G022
that means
(4.58) Feth u—kg—2— = F (1), vt € ﬁ+2a—t,3ﬂ,
ket +h ket +h ke

that is a spring with a residual (with no displacement u = 0) force equal to
o
kel
: kel +h

and a stiffness (4.44), that is the equivalent stiffness of the series of two springs, one with
stiffness k.; and one with stiffness h. The response is therefore represented according to Fig. 9.

As a matter of facts, from (4.57) the final value of plastic multiplier in compression is

ke (u—u(t=3t)—20 kg(u—(—ua))—20 kau—o
4.59 Ae (= 3t) = = =2 ,
(4.59) ( 3t) ke +h kei +h ke +h
and from (4.58) the final value of the reaction response is
. kerh o kah _ o o+ hu —
(t 3E> kel + hu (t 37?) kel kel + h kel + hu kel kel + h “ kel + h

If, in an arbitrary moment t = ¢ atu = u (¢t =) = U of this plastic irreversible phase, we
change the sign of the loading velocity « then the KKT conditions (3.29) and (3.30) would both
be satisfied setting to zero the increments A\; and A\, and therefore, the value of the plastic
multiplier in tension would be still the same of that already calculated in (4.55)

~ kgu — o ~
t) = = — t>1
)\t ( ) At kel +h ) vt > P
and that in compression would be from (4.57)
M(t) =X, = FalizW) =20

kel+h ’
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FIGURE 9. Plastic irreversible phase two response is highlighted with the
green-dashed line. We plot the reaction force F' vs the imposed displacement
u.

and therefore, the response would be

katu—0 ke (u—1u)—20 i (0 2kt — ket + 0

ke + ke + h — el ket + It
=F  Vt>t,

kel (u —Xt +XC) = ke (u—

that is different from that calculated in (4.58). In particular the tangent stiffness would be &,
and not the series reported in (4.44). This irreversible behavior justifies the name “irreversible”
of this phase of the loading history.

4.6. The elastic reversible phase three. In the fifth part of the loading history, the displace-
ment v is imposed to evolve according to Fig. 1. Thus, it changes the sign of its time derivative
@ and therefore the spring is again in a loading phase. Besides, in this elastic reversible phase
three it is limited to be

ot

(4.60) —G<u<-a+2—,  Vte[3E,3E+2
kel el

I,

and it is graphically represented in Fig. 10. The yielding compression is from (3.23) a decreasing
function of time (because the displacement « is an increasing function of time) so that it remains
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|
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FIGURE 10. The elastic reversible phase three of the loading history in terms
of the imposed displacement u vs time ¢.
always lower than the last value (4.59) of the previous stage of the loading history,
kot — o o ot
_— t t,3t+ 2 .
harh BRI
Thus, the KKT condition (3.30) for the plastic multiplier in compression is satisfied only set-

ting to zero the increment A\, and therefore it yields also constant the function of the plastic
multiplier in compression for all the times in this part of the loading history,

Aey (B) < Ay (£ = 3F) = Ao (t = 3) = 2

kau —o = o7 ot

P vt € [3t,3t + 2k6lﬂ].

Besides, the yielding tension (because the displacement  is an increasing function of time) is
an increasing function of time but still lower than the previous value \; (¢ = 3t) of the plastic
multiplier in tension

(4.61) Ao (t) =2

kgt —0  kqu—o kot — o o ot
+ _—, Vt € [3t,3t +2—].
ke +h ke +h ke +h [ kelu]
Thus, the KKT condition (3.29) for the plastic multiplier in tension is satisfied only setting to

zero the increment A\, and therefore it yields also constant the function of the plastic multiplier
in tension for all the times in this part of the loading history,

Aty =2 <M\ (t=3t) =

kot — o o ot

_— t t,3t+ 2 .

kel +h ’ vie [3 73 * k/’ela}

From (4.61) and (4.62) we have that plastic multipliers are constant and this justifies to call
elastic the present fifth phase of the loading history. The spring response is, according to (3.26),

(4.61) and (4.62), as follows,

Eep(uw—Ae (1) + A (1)) = ke (u -

(4.62) A (t) = A (t = 3F) =

kau — o kau — o
2 =F
ko +h ke +h > ’

that means

. o t
(4.63) Koyt + ke ( > = F(t), Vte[3t3t+ 2;7},

el

kau —o
kel +h

that is a spring with a residual (with no displacement u = 0) force equal to

kgu—o
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FIGURE 11. Elastic reversible phase three response is highlighted with the red-
thick line. We plot the reaction force F’ vs the imposed displacement w.

and a stiffness
Ker.
The response is therefore graphically represented in Fig. 11.
As a matter of facts the final value of the reaction force is from (4.63)

2 (t = 3t+2kzltu> = ke (ﬂ+21;> Y (M) — 20 — kel% =2 —F=-F.

If, in an arbitrary moment of this elastic reversible phase we change the sign of the loading
velocity @ then the KKT conditions (3.29) and (3.30) will be both satisfied with the same con-
stant values of plastic multipliers (4.61) and (4.62) and therefore the response is the same as
calculated in (4.63) and graphically reported in Fig. 11. This reversible behavior justifies the
name “reversible” for this phase of the loading history.

4.7. The plastic irreversible phase three. In the sixth part of the loading history the displace-
ment v is imposed to evolve according to Fig. 1. Besides, in this plastic irreversible phase three,
the spring is still in a loading phase and it is limited to be
_ t -
(4.64) —G+22 <u<a, Ve [3T+2——, 5,
kel k:elu

and it is graphically represented in Fig. 12. The yielding compression is from (3.23) again
a decreasing function of time (because the displacement wu is still an increasing function of
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FIGURE 12. The plastic irreversible phase three of the loading history in terms
of the imposed displacement u vs time ¢.

time), and therefore it is always lower than the final value in (4.61) of the plastic multiplier in
compression of the previous part of the loading history

_ ot kot — o _ ot

4. Ay <A [t=3T+2"— ] =2 ,  Vte[3T+2-—,51

(4.65) y < ( 3t + kw) P € [3t+ ot 7]

Thus, the KKT condition (3.30) is satisfied only setting to zero the increment A\, and therefore
it yields also constant the function of the plastic multiplier in compression for all the times in
this part of the loading history,

kot —o - ot

4.66 Ae () = 2—, vt € [3t + 2——, 5t].

Besides, the yielding tension is from (3.22) an increasing function of time (because the displace-
ment w is still an increasing function of time),

(4.67)

Ay () =2

kaqu—0 kqu—0 kgQu+u)—30c  kgu—o _ ot
— — N\ (t=30), Vie3t+2-2- 51
ko +h ka1 h bt h hain (=30 [3t42,— 751

It is greater than, because of (4.62), the value of the plastic multiplier in tension \; (t = 3¢) at
the previous last instant of time of the fifth part of the loading history. Thus, the KKT condition
(3.29) is satisfied by,

ker (204 u) — 30 _ ot __
. = = vt € [3t + 2——, 51].
(4.68) A (t) = Ay (2) o , € 3t + gt ]
The spring response is, according to (3.26), (4.66) and (4.68), as follows,
ke (20 +u) — 30 n lela -0
kel +h kel +h '

F=kg(u—X )+ A (t)) = ke <u—

that means

kerh o . _ ot
o hg—2 = F(),  Vte[3t+2-21 51,

s nt R = F O [ pakl

that is a spring with a residual (with no displacement u = 0) force equal to

(4.69)

g

kj———
elk’el-i-h’
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FIGURE 13. Plastic irreversible phase three response is highlighted with the
green-dashed line. We plot the reaction force F' vs the imposed displacement
u.

and a stiffness (4.44), that is the equivalent stiffness of the series of two springs, one with
stiffness ke; and one with stiffness h. The response is therefore represented according to Fig.
13.

As a matter of facts, from (4.68) the final value of plastic multiplier in tension is

ke 2u+u(t=5t) —30 kg (2u+a)— 30 kot — o
4.70 At (t=5t) = = =3
(4.70) e (t=5) ket + h ket + h ket + B
and from (4.69) the final value of the reaction response is
. kerh o kah _ o oc+hu —
F(t=5f) = t = 5) + ke = k. =k, =F.
( _) kel+hU( _>+ lkel+h kel+hu+ lkel+h lkel+h

If, in an arbitrary moment t = ¢ atu = u (¢t =) = U of this plastic irreversible phase, we
change the sign of the loading velocity u then the KKT conditions (3.29) and (3.30) would both
be satisfied setting to zero the increments A\, and A\, and therefore the value of the plastic
multiplier in compression would be still the same of that already calculated in (4.66)

kgt — o

c :Nc:277 N’
Ao (t) = X o Vt > 1

and that in tension would be from (4.68)

~ kel (271 + ﬂ) — 30

A1’(15):)%: kl+h ) \V/t>£
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FIGURE 14. Measures for calculating the dissipated area of the hysteretic loop.

and therefore the response would be
ke (20 + ) — 30 2kelu—a — oy [ kagu—o
ket + R ket + h ke +h
=F  Vt>t,

ke (u—xt -‘rxc) = ke <u—

that is different from that calculated in (4.69). In particular the tangent stiffness would be &,
and not the series reported in (4.44). This irreversible behavior justifies the name “irreversible”
of this phase of the loading history.

4.8. Dissipated energy per unit cycle. The dissipated energy per unit cycle can be calculated
into two ways. The first is simply by measuring the area within the hysteretic loop
The area of the external rectangle R, is

R, =2F20 = 40F.
The areas A above and bottom the hysteretic area H, are the same so that
Hy=R.—2A=R.-2(R, +T1 +T,) .
Such areas are composed by two triangles and one small rectangle R, with area

Ry = (2F 20) 22,
el
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Let us consider the below area. The below triangle 7 is

1/, 20 —
Tl:2<2u—kel> (2F —20),

the above triangle 7, is

1 /20
To=2{-—)(20).
2 <kel> (20)
Combining the previous equations, we obtain
= — 20 1 20 — 1 (20 F
Hy=40F -2 |(2F -20) —+ - (2u—— | (2F -2 |+ )(Q20o)| =40 |u—-—
Y 7 ( O—) kel+2(u kel)( 0)+2<kel>(o—):| U(u k’el>7
that, from (4.46) we have
kau — o
Hy=40—— ).
Y 7 ( ket +h >

Another way is to calculate the dissipation energy (3.17) at the displacement within the plastic
irreversible phase three (4.64)

o
B kel i
From (4.66) we have
kogu — o
AN =2—
¢ kel +h ’

and from (4.68)

ke (2’12 + ﬁ) — 30
A = ° ,
‘ kel +h

that implies that the two accumulations are the same and the dissipation(3.17) is

kg —o
W =40—+— = H,
Tk +h Y

that is consistent with the area H,, of the hysteretic cycle.

4.9. Evolution of the plastic multipliers. In the previous subsections, we have calculated an-
alytically, among the reaction force evolution F, also both the plastic multipliers A; and ..
Besides, a graphical evolution of the hysteretic loop is also furnished. In this subsection, we
want to give an analogous graphical evolution also of the plastic multipliers A; and A, and, be-
cause of (2.5) also of the plastic displacement u,,. In Fig. 15, we show such an evolution versus
time. We observe that for elastic phases both \; and A, are constant. As a consequence, also
the plastic displacement u,,; is constant. Besides, the investigated plastic phases are 3. During
the first and the third plastic phase, only A. is constant, and \; linearly evolves. During the
second plastic phase only ), is constant, and . linearly evolves. As a consequence, during the
first and the third plastic phase, the plastic displacement u,; linearly increases, and during the
second plastic phase, it linearly decreases.
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kelﬁ — 0
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FIGURE 15. Evolutions of the plastic multipliers A; (blue line) and . (red line)
and of plastic displacement u,; = A\; — A, (green line) are shown as a function
of time.

5. CONCLUSION

A hemivariational derivation of the linear hardening spring is derived analytically. Three
kinematical descriptors have been used, i.e. one displacement v and two plastic multipliers A,
and .. The two plastic multipliers are interpreted as the plastic displacement accumulation in
tension and in compression, and the plastic displacement w,, is therefore simply assumed to
be the difference u,; = A+ — A between the two plastic multipliers. On the one hand, variation
of displacement du is assumed to be arbitrary. On the other hand, mono-lateral constraints
A > 0and A, > 0 are assumed on both the plastic multipliers, i.e. their variations dA; and J A,
can only be positive d\; > 0 and d\. > 0 because they can only increase with time. This is
the reason why a hemivariational principle has been used. The last assumptions concern only
the functional form of the elastic energy U, that is quadratic with respect to the elastic part
Uel = U — uyp of the displacement function, of the dissipation energy W, that is assumed to be
quadratic with respect to the plastic displacement u,; and on the external energy U°*?, that is
assumed to be linear with the displacement . Besides, the elastic energy is also assumed to
be proportional with respect to the elastic stiffness k.;, the dissipation energy is assumed to be
proportional to the hardening coefficient h, and the external energy is proportional to the dual
of the displacement, that is the external force F'. Thus, only two constitutive coefficients k.,
and h have been assumed and no flow rules has been introduced. Models for linear harden-
ing phenomena are present in the literature. These models are equivalent to the present one.
However, in this approach, the generalization of the response is easier because it is connected
only to the form of the dissipation energy. Thus, we finally observe that linearity of the hard-
ening behaviour explored in this paper has been achieved by considering a quadratic term in
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the dissipation energy (3.17). This has had the consequence of a linear evolution of the plas-
tic multipliers with respect to the imposed displacement. Thus, adding higher order terms of
plastic multipliers in the form of the dissipation energy would modify such a linear hardening
behavior. For example, a quartic dissipation energy would imply a cubic hardening behavior.
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