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1 INTRODUCTION

Damping systems represent one of the most effective techniques for the seismic protection of
buildings [1] together with seismic isolation [2] [3] [4] [5] [6]. The need to introduce these
seismic protection techniques derives from the economic impossibility of creating structures
resistant to any earthquake [7]. Hence, damper systems are designed and manufactured to pro-
tect structural integrities, control structural damages, and to prevent injuries to the residents by
absorbing seismic energy and reducing deformations in the structure [10]. Specifically, seismic
dampers permit the structure to resist severe input energy and reduce harmful deflections, forces
and accelerations to structures and occupants.

Dampers, that are effective not only against earthquakes but also against wind induced vi-
brations, are inserted in the full height structures so as to diffuse in the structural elements [15]
the energy transferred from external actions, mainly of authropic nature.

In spite of the significant technological advancements in the design of passive dampers, their
effective positioning within the structure and, above all, the exact evaluation of the amount of
energy they can actually dissipate still represents an active topic of research. Within the large
class of seismic dampers, namely viscous , friction , yielding, magnetic and tuned mass damper,
see, e.g., Soong TT and BFJr (2002) [8] and Symans MD et al (2008) [9] for a survey account,
we are interested to those having a rate-independent hysteretic behavior [14], i.e. devices in
which the restoring force is function of the displacement.

In particular, we shall make reference to two separate examples of metallic and friction
dampers [13] to illustrate the application of the brend-new hysteretic model by Vaiana and
Rosati (2023) [15] able to supply for a general classification of rate-independent hysteretic
behaviour and allow for an analytical evaluation of hysteretic loops by means of two sets of
eight parameters [15].

In the first part of this paper (Section 2) we briefly illustrate the Vaiana-Rosati Model (VMR),
which offers a number of advantages compared to other hysteretic models available in the litera-
ture. In the second part of this paper (Section 3) we show how to calculate the energy dissipated
by hysteretic loops according to the approach presented in [16].

Finally, in the third part (Section 4), the experimental hysteretic loopsof two devices, namely
Steel Self-Centering Device [17] and Slit Damper Systems [18], are modelled using the VRM
and the dissipated energy of the hysteretic loops is computed.

2 VAIANA-ROSATI MODEL

Let us first summarise the basic elements of the Vaiana-Rosati model proposed in [15] to
characterize the rate-independent hysteretic behaviours of mechanical systems and materials in
which a generalered force f is related to a generalized dispacement u [11] [12].

The model classifies hysteresis loops into four main categories namely loops limited: (i) by
two straight lines (shape type S1), (ii) by two curves with no inflection point (shape type S2), by
two curves with one inflection point (shape type S3), by two curves with two inflection points
(shape type S4). All hysteresis loops are shown in Figure 1 and are further commented in the
sequel since each category, or class, can be specialized to several subclasses.

To be specific, the S1 class include three separate shape types (Sla, S1b, S1c), all having an
asymmetric shape; indeed, the limiting straight lines in the S1a shape type are not parallel, while
in the S1b shape type the upper and lower straight lines are not symmetric about the horizontal
axis; finally in the S1c shape type the generic loading and unloading curves are not symmetric
about the origin.
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Figure 1: Classification of hysteresis loops.

Analogously, hysteresis loops of the S2 type include three different subclasses depending
on the analytical properties of the bounding curves, all having no inflection point as common
feature. Actually, in the first one the two bounds are convex limiting curves; in the second
one the upper (lower) bound is a convex (concave) limiting curve having no absolute minimum
(maximum) value, whereas, in the third one the upper (lower) bound is a convex (concave)
limiting curve that has an absolute minimum (maximum) value.

The six hysteresis loops of type S3 ($3.1a, $3.1b, $3.1c¢, §3.1d, $3.2, and $3.3) are all limited
by two curves with one inflection point but it is possible to identify three shape subtypes ($3.1,
$3.2, and $3.3). Moreover, we can further subdivide the S3.1 tipology into four hysteresis loops
(83.1a, §3.1b, S3.1c, S3.1d) that are bounded by two increasing S-shaped limiting curves, while
the subtype S3.2 is limited by an upper increasing (a lower decreasing) S-shaped limiting curve,
whereas the subtype $3.3 is limited by two decreasing S-shaped limiting curves.

The hysteresis loops of type S4 are bounded by two curves having two inflection points and
display three different shape types (S4a, S4b, and S4c), the first and second ones being pinched,
whereas the third one is flag-shaped.

Figure 2 shows the essential elements used to model a generic hysteretic loop, namely an
arbitrary loading curve, an upper limit curve, a generic unloading curve, a lower limit curve and
the internal variables u;r ;).

In particular, the Vaiana-Rosati model: (i) allows for the evaluation of the generalized force
in closed form thus requiring a reduced computational effort, (ii) is capable of reproducing all
the different types of complex hysteresis loops previously illustrated, (iii) is based on param-
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Figure 2: (a) VRM formulation: curves ¢t (loading), ¢~ (unloading), ¢, (upper), ¢; (lower); (b)
internal variables u;r and u; associated with a generic hysteresis loop.

eters that allow one to manage the loading (unloading) phase independently of the unloading
(loading) one, (iv) adopts parameters describing specific theoretical and/or experimental prop-
erties of the hysteresis loops, thus simplifying the identification procedure, and (v) can be easily
implemented in a computer program.

The eight parameters to be used for the generic load curve (unloading) are the following: k",

ot BB L s i Ky o, B By Y, s 3 ) they are required to satisfy
the following conditions: fj >0, a® >0 (f;” > 0, @~ > 0), whereas k", B;*, B, vi". 5. %
(k, ', B . By, 7 %, %) can be arbitrary real numbers. In the case of the generic loading
(unloading) curve the sign of the generalized velocity u is positive (negative).

During the generic loading phase (z > 0), the generalized force f is given by:

R

cu(u) when u>uj, (1b)

~

ct(u,ut) when u<uf (la)
f(uvu;_) = {

while, during the generic unloading phase (i < 0), it is represented by the following expression:

¢ (uu;) when u>u; (2a)

flusuj) = {cl(u) when u<u. (2b)

in which ¢* and ¢~ represent, respectively, the generic loading and unloading curve. Their
expressions, reported in [15], are:

4 ~+
c+(u,u;r) zﬁfreﬁ;“—ﬁfr + _Zl — =2y +kju+t
l+e % (u=7") (3)
1 _ _ _ _
+f6|_ . a [e at (+u u}"+u+) _e—a+u+] ,
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while ¢, and c; are, respectively, the upper and lower limit curve:

4 ~+
culu) = B el — B+ oyt i+ [ 5)
142 (v=07)
- 4y~
ci(u) = ﬁl_eﬁ2 "— B[ + " =2y, +hkyu—fy . (6)

140 (%)

The generic loading curve ¢* intersects the lower (upper) limit curve at a generic point
having abscissa u;” (u]) with u;” = u7 —2ug, and the upper limit curve ¢, intercepts the vertical

axis at f = f0+ ; similarly, the generic unloading curve ¢~ intersects the upper (lower) limiting

curve at a generic point having abscissa u;” (u;), with u;” = uj — 2uy , and the lower limiting

curve ¢; intercepts the vertical axis at f = —f".
The internal variable u;r (u;), associated with the generic loading (unloading) phase, is given
by the following expression:

ut =up+it + Lln +at [3+eﬁ2+“” — B+ n
J ot 1 1 1+ e—y; (I/lp—')/;_) (7)
|
=2y + Kk up+ i+ po ot —fp] }»
1 _ 4y~
u; =up—u — —ln{ —o [ﬁl_eﬁZ B+ 3/1 -
J o l+e (”P_73 ) (8)

o I
=27 thyup—fo — e * —fP]}7

where u), and fp are the coordinates of the initial point of ct (¢7); while, @™ (™) are parameters
internal to the model defined by the following expression:

1
I/_l+ = —aln(Sk—i_), (9)
__ 1 _
u = —Fln (5]( ), (10)

with 5k+ (6, ) to be set equal to 1020,
For more information the reader is referred to the original article [15].
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3 INTERNAL ENERGY

In this section, we derive the expressions to evaluate the path-dependent work done by gener-
alized non-conservative internal forces and the change in internal energy associated with path-
dependent work (dissipated energy).

Figures 3 and 4 show the four contributions (W™, W,, W=, W)) that allow us to calculate
the rate-independent hysteretic work W,; of a cycle simulated using the Vaiana Rosati model,
in which W+ (W,) represents the area under the curve ¢* (c,) over [u;,u f], whereas W~ (W))
represents the area under the curve ¢~ (¢;) over [u 5 u;].

u u

(a) (b)

Figure 3: Evaluation of the rate-independent work during a generic loading phase when: u < u;r
(a) and u > u] (b).

(a) (b)

Figure 4: Evaluation of the rate-independent work during a generic unloading phase when:
u> u; (a) and u < u; (b).

In particular, during a generic loading phase (1 > 0), the rate-independent hysteretic work
W,; is evaluated as:
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~%

WT when u<u’ (11a)
Wri =
W, when u>uj, (11b)

whereas, during a generic unloading phase (1 < 0), the rate-independent hysteretic work W,; is
evaluated as:

W~ when u> u; (12a)
W, =
"W when u<uj, (12b)

To obtain the closed-form expression of W (W,) it is convenient to write the generic load
curve ¢ (the upper limit curve c,) as follows:

¢ uul) = cf (u) +cf (u) +cf () +cf (u,u]), (13)
cu(u) = ey (u) + i () +cf (u), (14)

whereas, to obtain the closed-form expression of W™ (W)) it is useful to write the generic load
curve ¢~ (the upper limit curve c¢;) as follows:

¢ (uuy) = g (u) + ¢ (u) + ¢ (u) + ¢ (u,u5), (15)
ci(u) = g (u) + ¢ () + ¢ (u), (16)

with ¢, ¢, ¢, ¢ defined as:

.
ca(u)=pBrePr — B, (17a)
4yF
e (u) = ! —2v, 17b
b ( ) 1 +e_,y2+(u_y3+) Yl ( )
cl (u) = kyu+fyf, (17¢)
1 + ot .
+ +y 4 —at(tu—u+at)  —atat
cd(u,uj)——ofr [e j e 4! ], (17d)

and ¢, ¢ » Co » €, given by:

¢ (u)=prePr —pr, (18a)
_ aidl _

c, (u) = — — —2Y , (18b)
b (1) l+e (u=7) ¢

co (u) =k u—fy, (18¢)
_ - 1 —o (—utus+a")  —oi

c; (”7”j)_+F [e j e ] (18d)

The expression of W (W,,) can be obtained by integrating Equation (13) ((14)) over [u;, u]:

ur us
W+=J c+(u,uj)du=f (cF+cf+cf+e)du=W,+Wr+wWr+w/, (19

uj uj
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ug uy
Wuzf cu(u)duzf (cf +cf +ef)du=WS+ W, +Wr. (20)

whereas the expression of W~ (W) can be obtained by integrating Equation (15) ((16)) over
L g ui]:

us ur
W_zj c_(u,u;)duzf (ci+cy +eo+cy)du=W, +W, +W-+W;, (2D

uj uj

ur ur
lef cl(u)duzf (cz+c, +eo)du=W, +W, + W . (22)

u; u;

In particular W, Wb+, W, Wd+, are computed as:

W = (eﬁz+ ur P “) B (uy— ), (232)
21n =) 4 1] 21n [e—ﬁ("i—ﬁ) + 1]
W,F =2y — - +(up—w;) ¢, (23b)
16)
W= - u} )+ fof (up— ), (23c)
1
Wi =+ o )ze‘““ it —uf) [a+(uf—u,-)e—“+“7 +e—“+"f—e—“+”i]. (23d)

while W,”, W=, W, W, are given by:

<e/32 up _ By ”l) By (uy—u), (242)
21n % (ur=1%) + 1] 2In [e_y;(ui_yg) + 1]
W, =2y a 3 Hlgm) .
16)
=
W =2 =)y ). o
W — ( 1 )2 o (@~ +u;) I:(X_(l/lf—l/ll’)e—i—a_u; _etaTuy +e+06_lfti:| ‘ (244)

The closed form expression of such an internal energy change A(Ej),; can be obtained adding
the four contributions calculated previously(19, 20, 21, 22):

u;' u; n i
AEp)yi =+ L+ c(u, uj) du+ L+ cy(u) du + L_ ¢ (u,u; ) du+ L_ c(u)du, (25)
i J i j

where ul+ (u;") represents the abscissa of the intersection point of ¢t (¢7) and ¢; (c,), whereas
u;r (u;) is the abscissa of the intersection point of ¢t (¢™) and ¢, (¢)).
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Substituting the formulas (13)-(16), in the equation (25), one has:

+ + u.

u; u; N i B B i
A(E,),,-=+f+( +cf +cf )dquf+ cddu—i—J_(ca—l—cb —l—cc)du—l—f_ c; du, (26)

u; u; U; u;

AE)yi=+W, + W + W + W+ W+ W, + W+ W, 27)

more information can be found in [16].

4 NUMERICAL APPLICATIONS

The main aim of this section is to show the capability of the presented model to simulate very
different types of complex hysteresis phenomena that characterize the experimental response of
specific dampers when they are subjected to a cyclic generalized displacement history having
different amplitudes. In particular, this operation is performed with reference to the hystere-
sis loops obtained during some experimental tests conducted on Steel Self-Centering Device
(SSCD) [17] and Slit Damper Systems [18].

The SSCD studied by Bracconi et al.[17], is made up of three groups of elements, each one
having speci on Elements,
see, e.g., Fig

External = Disslpallve
)
Carter Endeletes Elements
LEGEND
@] Intenal Siiding Frame ;29 Pretenslon Elements

Figure 5: Steel Self-Centering Device (SSCD) illustrated in [17].

The Skeleton serves to transmit and distribute external forces between the Dissipative Ele-
ments and the Pretension Elements. The Dissipative Elements, located within the skeleton, are
made up of dog bone shaped steel elements and represent the part where energy is dissipated.

SOLS,. 3 gssind cgbles, are locdted witHin the Sﬂ<eleton and con-
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Fig. 3 Main phases of SSCD behavior under extenzlgloé)mpression force
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According to the classification illustrated in Figure 1, the hysteresis loop of the SSCD belongs
to the $3.1d class since it is limited by two curves with one inflection point; specifically the
experimental hysteresis loops are bounded by two increasing S-shaped limiting curves (flag-
shaped symmetric). Moreover, using the path of reasoning detailed in Section 3, we report in
Figure 6b the internal energy dissipated by the wider hysteresis loop presented in Figure 6a.

300 300
Experiment A(Er);; = 1128.1 Joule
----- VRM
150 1 150 |
z z
= =,
8 0r 8 0Fr
= —
S) )
= =
-150 1 1 -150 |
-300 : : : -300 : :
-20 -10 0 10 20 -20 -10 0 10 20
Displacement [mm] Displacement [mm]
(@) (b)

Figure 6: (a) Experimental hysteresis loop in Bracconi et al [17] versus simulated ones; (b)
values of the dissipated energy for the wider hysteresis loop.

sign 1 kp, a fo B B m 7 &
(Nm~'] [m7'] [N] O[N] [mT'] O[N] [mT'] e
+ 10 2.5 38 -0.1 0.1 22 3.0 0.5

- 10 20 40 0.1 0.1 20 3.0 -0.7

Table 1: Parameters used to reproduce the hysteretic responses in Figures 6.

The Slit Damper Systems, studied by Seo et al [18] and illustrated in Figure 7, have been
designed to be incorporated into the bracing system of structural frames; these dampers are
installed on the top of shaped V braces at the concentrically braced frames, and attached to the
middle of the horizontal beam.

Slit dampers are manufactured from standard wide flange sections with a number of slits cut
from the web, thereby leaving a number of strips between the two flanges and producing the part
where energy is dissipated. The slits are rounded at their ends with the aim of avoiding stress
concentration in the reentrant corners. Slit dampers are connected to the main frame member
with four bolts.

Figures 8a illustrates the comparison between the experimental hysteresis loops and those
predicted by using the proposed model (VRM, Section 2) with the parameters listed in Table 2.
In this case the hysteresis loops are bounded by two increasing limiting curve so that they can
be classified as $3.1a according to the notation introduced in Figure 1. The internal energy dis-
sipated by the wider hysteresis loop of the Slit Damper Systems, obtained as shown in Section
3, is provided in Figure 8b.
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Figure 7: Slit Damper Systems illustrated in [18].

Figure 5. Design of the slit damper system with recentering SMA bars (a): Front View;

300 i T T 300
Experiment A(Er),; = 3779.3 Joule
150 1 150 |
z z
o =,
5] 0r © 0r
2 2
5] S)
= =
-150 1 -150 |
-300 -300 : ' )
-20 -10 0 10 20 -20 -10 0 10 20
Displacement [mm] Displacement [mm]

simulated by superposing superelastic SMA behavior and energy dissipation behavior. As can be seen
in Figure 6, these componerit behaviors are assembled in parallel depending on how they interact each

Fighee 9iag Repelrirtretehpirgarelpesi SMoBiifoSe o ethalrpISeras i shnntafodones) ¢v) values of
théed%?ﬁﬁiﬂ&ii &%@i%rtﬂg@tmde?%@g%oﬁ}der the corresponding displacement (A)

as follows:
signu  kp a TR TE B 7 % rn
[Nm™'l [m™'] [N] [N] [m7'] [N] [m'] [m]
+ 3.7 032 78 0.1 0.1 50 0.3 0.5

- 3.7 032 78 0.1 0.1 50 03 -05

Table 2: Parameters used to reproduce the hysteretic responses in Figures 8.

S CONCLUSIONS

We have presented a preliminary analysis of the hysteresis loops exhibited by dampers, based
on the application of the brand-new Vaiana-Rosati model, to be further developed in a future
article. The great advantage of using the Vaiana-Rosati model lies in its accuracy in reproducing
the hysteretic behavior of several mechanical systems and materials as well a in the large number
of different hysteretic loops that can be simulated.

Due to space limitations the model has been applied only to two dampers; however it has
been given a general overview of how the Vaiana-Rosati model classifies hysteresis loops and
computes the associated dissipated energy.

Actually, a classification of the hysteresis loops is important because it allows the reader to
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have an idea about the different types of hysteresis loops, referred to dampers, that exist in the
literature.

Finally, the amount of energy dissipated by each specific damper is a very important infor-
mation in the design of these elements since it allows one to evaluate how much energy can be
dissipated without causing major damage to the structure.
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