Chapter 7 ®)
A Review of the Class of Bouc-Wen oo
Differential Models for Simulating
Mechanical Hysteresis Phenomena

Davide Pellecchia and Massimo Paradiso

Abstract One of the most popular hysteretic models used in many areas of engi-
neering, especially the civil one, is the Bouc-Wen model. Although this model is able
to simulate several types of hysteretic phenomena, it cannot describe some typical
phenomena, such as cyclic degradation of strength and stiffness, pinching effect, and
so on. For this reason, many researchers have proposed several variants of the original
Bouc-Wen model. We present a review of the Bouc-Wen model and its most signif-
icant enhanced versions, utilizing the same technical terminology for all models in
order to clarify and to shed some light on the number and physical significance of the
parameters that the models require as input. Sensitivity analyses are also illustrated
with respect to the input parameters.

Keywords Civil engineering - Hysteresis + Bouc-Wen model - Cyclic
degradation - Sensitivity analysis

7.1 Introduction

Hysteresis is acomplex phenomenon that can be experienced in many fields of science
and technology; undoubtedly it represents the predominant typology of nonlinear
constitutive behavior. The importance of properly reproducing hysteretic responses
in engineering has been highlighted by several contributions available in the litera-
ture (Visintin 2013). The main research fields include civil applications (Bahn and
Hsu 1998; Lima et al. 2018; Zuccaro et al. 2017), magnetism (Bai et al. 2019), as
well as higher-gradient materials (Alibert et al. 2003; Pideri and Seppecher 1997;
Barchiesi et al. 2018), and mechanics of thermal and porous media (Altenbach et al.
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2012; Eremeyev and Morozov 2010). Beyond basic applications such as the model-
ing of seismic devices (Kikuchi and Aiken 1997), dampers (Nuzzo et al. 2019), and
concrete (Sessa et al. 2018, 2019b), hysteresis plays a significant role also for the
analysis of more complex mechanical systems (Badoni and Makris 1996; Song et al.
2007; Greco and Cuomo 2013) including applications concerning framed (Marmo
et al. 2011; Marmo and Rosati 2012a,b, 2013) and shell structures (Caggegi et al.
2018; Serpieri etal. 2018; Ascione etal. 2017; Sessaetal. 2017, 2019a; Valoroso et al.
2014, 2015), structural identification (No€l and Kerschen 2017), and random vibra-
tions (Baber and Noori 1985; Sessa 2010; Wen 1976). More recent developments
concerns meta-materials (Turco et al. 2017, 2018; De Angelo et al. 2019; di Cosmo
et al. 2018; Andreaus et al. 2018) based on pantographic microstructures (Barchiesi
et al. 2020; dell’Isola et al. 2019a, 2019b; Nejadsadeghi et al. 2019) as well as the
modeling of damage (Contrafatto and Cuomo 2002; Contrafatto et al. 2012; Placidi
et al. 2018, 2019).

The output of hysteretic systems and materials typically depends on present and
past histories of the input variable and can exhibit different peculiar features: in
particular, when the first time derivative of the input variable does not influence the
output, this hysteresis phenomenon is denominated rate-independent.

The development of mathematical models able to describe such nonlinear phe-
nomena is very complicated. In particular, in the last few years, many researchers
have proposed different models whose common objective was not to explain the
physical origin of the hysteresis but to try to reproduce the overall experimental
behavior (Mayergoyz 2003). These models are called phenomenological models.

It is possible to classify the phenomenological models according to the nature of
the equation to solve for the evaluation of the output variable, namely the generalized
force or the generalized displacement. In particular one has:

e algebraic models, such as the ones developed by Ramberg and Osgood Ramberg
and Osgood (1943), Menegotto and Pinto Menegotto (1973), and Vaiana et al.
(2019a,b, ¢, 2020, 2021b,a,c);

e trascendental models, such as the ones introduced by Kikuchi and Aiken Kikuchi
and Aiken (1997) and Sessa et al. (2020); Vaiana et al. (2018);

e differential models, such as those formulated by Bouc (1967, 1971),
Ozdemir Ozdemir (1976), and Wen (1976, 1980);

e damage-based models, such as the one proposed by Fedele et al. (2012), Sessa
and Valoroso (2017), Valoroso and Fedele (2010), Valoroso et al. (2013).

Among existing models, the differential ones are currently the most used models
to reproduce the behavior of mechanical systems and materials. These models are
typically based on the Duhem hysteresis operator (Duhem 1897) whose formulation
is defined by a Cauchy problem of the form:

{t) = gi1(x, XM + ga(x, ) X (1),

7.1
z(0) = zo, 7D
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in which z(¢) and x(¢) denote the hysteretic functions and the generalized displace-
ment, respectively, and the superimposed dot denotes the derivative with respect
to time #; g; and g, are continuous functions whereas x ()" = max(0, x(¢)) and
X ()~ = min(0, x(¢)); finally z¢ represents the value of the function z(¢) at the time
t = 0. All models based on Duhem’s class are characterized by a peculiar prop-
erty: the output value can be evaluated if the current values of the input and output
variables (x, z) as well as the sign of the first derivative with respect to time of the
input variable (sign(x)) are known Dimian and Andrei (2014). Examples of differ-
ential models based on the Duhem hysteresis operator are the ones proposed by Jiles
and Atherton (1983, 1984), Hodgdon (1988), Bouc (1971), Wen (1976, 1980), and
Ozdemir (1976).

The present work aims to illustrate the evolution of the Bouc-Wen model in the
area of mechanics. In particular, such an evolution is described with reference to
the modeling of symmetric and asymmetric hysteresis loops, hysteresis loops with
pinching, and hysteresis loops with strength and/or stiffness degradation typically
displayed by rate-independent mechanical systems and materials. The influence of
the input parameters on the dimension and/or shape of the hysteresis loops is shown
and discussed for each hysteretic model.

This paper is organized into four parts. In Sect. 7.2, we review some models able
to describe symmetric hysteresis behaviors, namely the Bouc model (Bouc 1967,
1971) and the Wen model (Wen 1976), the latter currently known as the Bouc-Wen
model. In Sect.7.3, we review some modified Bouc-Wen models able to describe
asymmetric hysteresis behaviors. In Sect. 7.4, the modified versions of the Bouc-Wen
model, proposed by some researchers in order to account for the pinching effect, are
illustrated. Finally, in Sect. 7.5, some models able to simulate both the strength and
stiffness degradation are described.

7.2 Modeling of Symmetric Hysteresis Loops

From a mathematical point of view, symmetric hysteresis loops are characterized
by odd functions with respect to the origin of the reference frame, i.e. hysteretic
functions z fulfilling the condition

z(x) = —z(—x). (7.2)

Among several mechanical systems and materials that exhibit a nonlinear behavior
characterized by symmetric hysteresis loops, we recall, as an example, the typical
cross section of steel and concrete filled steel elements (Colombo and Negro 2005;
Shih and Sung 2005), metal devices, such as wire rope isolators deforming along
their transverse directions (Vaiana et al. 2017), and seismic protection devices, such
as isolators (Greco et al. 2018; Hadad et al. 2017; Losanno et al. 2019a,b, 2021;
Sierra et al. 2019; Vaiana et al. 2019d; Pellecchia et al. 2020) and dampers (Nuzzo
etal. 2018, 2019). In Fig. 7.1, some examples of symmetric hysteresis loops obtained
in experimental tests are shown.
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@ (b)
Fig.7.1 Some symmetric hysteresis loops obtained in experimental tests. a The hysteresis behavior

of a bearing—Hadad et al. (2017). b The hysteresis behavior of a rhombic steel plate Shih and Sung
(2005)

The restoring force of the above-described mechanical systems and materials is
typically computed as follows:

f @) = fe(x) + fn(x), (1.3)

where f,.(x) is the elastic component whereas f,(x) is the hysteretic one. In turn,
the restoring force can be described in the following way:

fxX)=akx+ (1 —-a)kzx), (7.4)

in which « is ratio between the post-yield and pre-yield stiffness whereas k is defined
as the stiffness at yield, i.e. the ratio between the yield force and the generalized yield
displacement.

7.2.1 Bouc Model and Its Modified Versions

The full class of Bouc models is described by the following general nonlinear first-
order ordinary differential equation:

;=Bx, (7.5)

in which z denotes the time derivative of the hysteretic variable, required to evalu-
ate the rate-independent hysteretic component fj, (x) = (1 — &) k z(x), whereas x is
the generalized velocity. The hysteretic function z basically depends on the system
behavior, material properties, and response amplitude.

The nonlinear function B has been assumed of different forms over the years Bouc
(1967, 1971):
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Bouc model 1 (1967): B = A — z 8 sign(x), (7.6a)
Bouc model 2 (1967): B = A — |z (y + B sign(é z)), (7.6b)

Wen model (1976): B = A — || (y + B sign(i z)) (7.6¢)

where A, n, and y are material parameters that tune the size and/or the shape of the
hysteresis loops.

Equation (7.6a), that defines the original Bouc model, is characterized by two
model parameters, namely A and . Subsequently, Bouc has modified such an equa-
tion by adding a new parameter, that is y, as shown in Eq. (7.6b). Finally, Wen has
extended the class of the Bouc differential models by adding the parameter n in
order to smooth the hysteretic curve predicted by the original Bouc model. Note that
equation f(x) = akx + (1 — ) k z and Eq. (7.6¢) define the so-called Bouc-Wen
model.

The smooth nature of the Bouc model modified by Wen makes it particularly con-
venient for addressing several engineering problems especially when several dynamic
analyses are required. This includes the case of flutter analysis (Carboni et al. 2018)
and Random Vibration analysis of structures (Broccardo et al. 2017; Fujimura and
Der Kiureghian 2007; Sessa 2010).

The Bouc-Wen model is capable of reproducing several behaviors depending on
the parameters A, 8, y, and n, whose influence on the hysteretic variable z is illustrated
in Sect. 7.2.2.

7.2.2 Sensitivity Analysis

A parameter sensitivity analysis was carried out to evaluate the effect of each param-
eter on the hysteretic variable z(x) obtained by adopting Eqgs. (7.5) and (7.6c).

The relationship between the hysteretic variable z and the generalized displace-
ment x is shown in Fig. 7.2 for different combinations of the constitutive parameters.
All hysteretic loops are obtained by applying a generalized displacement described
by the following sine wave:

x(t) =2 sin(z) (7.7)

and integrating differential Eq. (7.5) by MATLAB ® using the solver ode45.

The top left plot shows that the tangent stiffness at the origin of the hysteresis loop
increases when the parameter A is increased and its sign is the same as that of A; for
negative values of parameter A, the tangent stiffness at the origin becomes negative.

The top right plot shows that the hysteretic energy dissipation increases as f8
increases. In particular, an elastic nonlinear constitutive law can be obtained by
setting 8 = 0.

The bottom left plot shows that the hysteresis loop is bounded between two parallel
straight lines and it rotates clockwise when the parameter y is increased. On the other
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Fig. 7.2 Sensitivity analysis of the Bouc-Wen model with respect to the material parameters

hand, by decreasing the value of y, the hysteresis loop is bounded by two parallel
curves such that, for high values of the displacement x, the hysteresis loop exhibits
a work hardening behavior.

Finally, the bottom right plot shows that the hysteresis loop gets smoother with
decreasing n so that such a parameter can be related to the smoothness of the hysteresis
loop. In the limit case n — 00, the constitutive law becomes elastic-perfectly plastic.

7.3 Modeling of Asymmetric Hysteresis Loops

There exist several mechanical systems and materials displaying a nonlinear response
characterized by asymmetric hysteresis loops; typical examples are some materials,
such as metals (Dobson et al. 1997), polymers (Hossain et al. 2012), and shape
memory alloys (Graesser and Cozzarelli 1991), as well as some devices, such as
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Arch isolator 2 coils (no.l) i
Compression 0.446 kN
Frequency |.5Hz

1 Amplitude 12.7 mm

(a) (b)

Fig. 7.3 Some asymmetric hysteresis loops obtained in experimental tests. a The asymmetric
hysteresis behavior of a wire rope isolator along their axial direction—Demetriades et al. (1993). b
The asymmetric hysteresis behavior of a Nitinol—Dobson et al. (1997)

wire rope isolators deforming along their axial direction (Demetriades et al. 1993)
and dampers (Kwok et al. 2006, 2007). Asymmetric hysteresis loops obtained in
experimental tests and retrieved from the literature are shown in Fig.7.3.

7.3.1 Asymmetric Bouc-Wen Models

The differential models described in Sect.7.2 are not able to reproduce rate-
independent asymmetric hysteresis phenomena. Hence, to simulate the typical
asymmetric hysteresis loops, some researchers (Sireteanu et al. 2012; Song and
Der Kiureghian 2006; Wang and Wen 1998) have proposed the following general-
ized expression for the function:

B=A—-|"|¥, (7.8)

where ¥ assumes different forms according to the specific improved model that is
adopted. In particular, one has
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Wang and Wen (1998) : ¥ =y + B sign(x z) + ¢ sign(x + 2)

(7.9a)
U = B sign(x z) + By sign(x x)
Song and Der Kiureghian (2006) : +B3 sign(x z) + B4 sign(x) (7.9b)
+Bs sign(z) + Be sign(x)
Y = P sign(x z) + B, sign(x x)
Sireteanu et al. (2012) : —pa sign(x z) + B4 sign(x) (7.9¢)
+Bs sign(z)

where B, ..., B¢ and ¢ are material parameters.

Equation (7.9a), introduced by Wang and Wen, includes an additional parameter
¢ that takes into account the asymmetric behavior; being independent of the sign of
the generalized displacement x, Eq. (7.9a) cannot describe the asymmetric hysteresis
due to cyclic phenomena since, during them, the sign of the generalized displacement
x changes.

For this reason, Song and Der Kiureghian have developed Eq. (7.9b); basically,
the function ¥ defined by this equation can assume different values in six phases
depending on the signs of x, X, and z and on the values of six fixed parameters,
namely i, ..., Bs. Consequently, this model has six degrees of freedom that affect
the complexity of the parameter identification.

Subsequently, Sireteanu et al. have modified the Song and Der Kiureghian model
by imposing the following conditions:

B3 =—H and B =0, (7.10)

that represent a continuity condition of the hysteresis loop at the points of intersec-
tions with the axis of ordinates. Equation (7.9c) describes four different behaviors
depending on the signs of x, x, and z and on the values of only four fixed parameters,
namely B, B, B4, and Bs.

Figure 7.4 shows the four different curves of the ¥ function defined by Sireteanu
et al. The continuity condition (7.10) involves that the hysteretic loop is characterized
by the conditions:

l1’3=l1/4 and 11/6211/1. (711)

Table 7.1 lists the sign combinations of x, x, and z for the different curves showed
in Fig.7.4.
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Fig. 7.4 Values of the ¥ function in the model by Sireteanu et al.

Table 7.1 Sign combinations of the ¥ function in the model by Sireteanu et al.

Phase x X z W(x, X, z)

1 [-] + + Y1 =PB1+Bs+Bs

2 + - + Yo=—p1—2B—Ba+Bs
3 [—] - — Ya=p1— Bas— PBs

4 - + - Ys=—P1 —2B2+ B4 — Bs

7.3.2 Sensitivity Analysis

A parameter sensitivity analysis was carried out to evaluate the effect of each
parameter of the ¥ function on the hysteretic variable z(x) evaluated by adopting
Eqgs. (7.5), (7.8), and (7.9c¢).

Figure 7.5 shows the relationship between the hysteretic variable z and the gener-
alized displacement x. All hysteretic loops have been obtained by applying a gener-
alized displacement described by the sine wave (7.7).

The top left plot shows the influence of the first value of the ¥ function, namely
Y, on the hysteretic loop. Such a value modifies the shape of the hysteretic loop
in the first and second quadrant when X > 0 and z > O: the hysteretic variable z is
prone to decrease with an increasing value of ¥;; the hysteretic loop exhibits work
hardening(softening) when the ¥, value is negative (positive).

The influence of the ¥, value on the hysteretic loop is shown in the top right
plot. The value ¥, modifies the trend of the hysteretic loop in the second quadrant
when x > 0, x < 0, and z > O: the hysteretic variable z is prone to decrease with an
increasing value of ¥;; the hysteretic loop is concave (convex) when the ¥, value is
negative (positive).

The ¥, value modifies the shape of the hysteretic loop in the third and fourth
quadrants when x < 0 and z < O; the influence of such a value is shown in the
bottom left plot: the hysteretic variable z is prone to increase with an increasing
value of Wy; the hysteretic loop shows work hardening (softening) when the ¥4 value
is negative (positive).

Finally, the bottom right plot shows the influence of the ¥s value on the hysteretic
loop. This value modifies the shape of the hysteretic loop in the third quadrant
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Fig.7.5 Sensitivity analysis of the model by Sireteanu et al. with respect to the material parameters

when x < 0, x > 0, and z < O: the hysteretic function z is prone to increase with an
increasing value of W¥s; namely, the hysteretic loop is concave (convex) when the ¥s
value is positive (negative).

7.4 Modeling of Pinched Hysteresis Loops

The pinching effect is a physical phenomenon, observed in many experimental
results (Kreger and Abrams 1978), in which a very low incremental stiffness near the
origin is followed by a stiffening under grater generalized displacements. In partic-
ular, we can observe the pinching effect in reinforced concrete structures due to the
high shear loads, the slippage of longitudinal reinforcement (Banon and Veneziano
1982), the opening and closing of cracks in the compression zones (Park and Paulay
1975), Y-braced steel frames (Zamani et al. 2012), and confined walls of masonry
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Fig. 7.6 Some hysteresis loops, having the pinching effect, obtained in experimental tests. a The
hysteresis behavior of a steel frame having single bays with symmetrical y-shaped concentric
bracings—Zamani et al. (2012). b The hysteresis behavior of a concrete column section—Park and
Paulay (1975)

structures (Ahmad et al. 2012). Some hysteresis loops with the pinching effect,
obtained in experimental tests, are shown in Fig.7.6.

7.4.1 Pinching Bouc-Wen Models

To account for the above-described pinching effects, some researchers (Baber and
Noori 1985, 1986; Foliente 1995; Sivaselvan and Reinhorn 2000) have modified the
expression of the function employed by the symmetric differential models, described
in Sect. 7.2, to evaluate the hysteretic variable z. In particular, some modified expres-
sions of such a function are

BB,
- B, +B,
Baber and Noori (1985): { Bn = A —|Z"| ()’ + B sign(x Z))

B ' are a3
P N2 Zg P 272

B

(7.12a)
B =Ah—12" (v + B sign(i )
Baber and Noori (1986): 72 (7.12b)
=1-¢ exp(——2>
2¢;
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B =Ah— | (y ny sign()'cz))

Foliente (1995): (z — 7 sign(x))?
=1-4 exp(——z)
&
(7.12¢)
B - By Bp
B + Bp
By =A- 'i (v + 8 signci )
2y |
- S\ 2 —
Sivaselvan and Reinhorn (2000): _ ( ! (_w»
Bp T Ax exp 223
Ax =Ry (xerqax — Xmax)
Zs =0 2y
z = }\Zy

(7.12d)

where By, B, v, B, etc. are material parameters.

Baber and Noori (1985) take into account the pinching effect in their model
through a pinching spring with stiffness B, in series with the hysteretic element
associated with z, see Eq. (7.12a). The parameter Ax represents the length at which
the variable z of the pinching spring tends to +o00(—00), namely:

lim z(x) = +oo, lim  z(x) = —o0, (7.13)

x—+Ax— x——Ax

and is associated with the energy dissipation . Z, is related to the sharpness of
pinching; in particular, a higher Z, implies a more uniform pinching effect.

In 1986, Baber and Noori proposed a different strategy to account for the pinching
effect (see Eq. (7.12b)); in particular, it amounts to multiply the A parameter by a
pinching function 4 that depends on the energy dissipation ¢, the hysteretic function z,
and two parameters, namely ¢; and &;: the first one controls the severity of pinching,
whereas the second controls the spread of the pinching region.

Foliente followed the same strategy proposed by Baber and Noori (1986) but
proposed a pinching function 4 that depends on ¢, z, {1, and ¢, as well as the
pinching function 4 in Eq. (7.12b); in addition, the function % also depends on the
parameter 7z that corresponds to a fraction of z at dz/dx = 0.

Finally, Sivaselvan and Reinhorn proposed a model similar to the one by Baber
and Noori (1985), the main difference lying in the fact that in the former model the
pinching parameter Ax depends on the maximum generalized displacement reached
on the positive and negative sides during the response, weighed through the parameter
of the model R;, and no longer on the energy dissipation €. Z,, and 7 are two variables
that depend on the yield value of the hysteretic variable, i.e. z, through two parameters
of the model, namely o and A (see Eq. (7.12d)).
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Fig. 7.7 Sensitivity analysis of Sivaselvan and Reinhorn model parameters

7.4.2 Sensitivity Analysis

A sensitivity analysis was carried out to evaluate the effect of each parameter on the
hysteretic variable z(¢) evaluated by adopting Eqs. (7.5) and (7.12d). The effects of
the parameters Ry, o, A, and z, on the hysteretic function z are shown in Fig.7.7.
All hysteretic loops have been obtained by applying a generalized displacement
described by the sine wave (7.7).

The top left plot shows the variation of the o parameter: this parameter controls
the pinching region and increasing o causes the pinching region to spread. The top
right plot shows the variation of the R, parameter: the intensity of the pinching effect
is prone to decrease with a decreasing Rj; specifically, when R, approaches 0, the
pinching effect is null. The bottom left plot shows the variations of the A parameter:
the hysteresis loop tends to become more asymmetric when A increases. Finally, the
bottom right plot shows the variation of the z, parameter: the tangent stiffness at the
origin of the hysteresis loop increases with an increasing value of z,.
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Fig.7.8 Hysteresis loops with the pinching effect obtained from experimental tests. a The hysteresis
behaviour of a well confined reinforced concrete column—Colombo and Negro (2005). b The
hysteresis behavior of a unreinforced masonry panels—Liberatore et al. (2019)

7.5 Modeling of Degrading Hysteresis Loops

It is well known from the scientific literature that many mechanical systems can
exhibit strength and stiffness degradation. In general, we can see a hysteretic degrad-
ing behavior when the systems are subjected to cyclic loads like earthquakes, winds,
and so on. For instance, in concrete (Loh et al. 2011; Sengupta and Li 2013, 2014)
and masonry (Liberatore et al. 2019; Tomazevi¢ and Lutman 1996) structures, it is
possible to observe a progressive loss of stiffness due to the opening and closing
of cracks when the applied loads change direction. Wooden structures also exhibit
hysteretic degrading behavior (Xu and Dolan 2009; Zhang et al. 2002). In Fig. 7.8,
hysteresis loops exhibiting strength and stiffness degradation are shown.

7.5.1 Degrading Bouc-Wen Models

Similar to the asymmetric and pinched hysteresis phenomena, several researchers
(Baber and Wen 1981; Baber and Noori 1985; Foliente 1995) have modified the
differential models described in Sect. 7.2 to allow for the simulation of the stiffness
and strength degradation effects. Specifically, they have modified the expression
employed for evaluating the hysteresis function, required to compute the model
output, as follows:
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A L.
B == — vl (y + B sign(i2))
n
Baber and Wen (1981); { A = Ale(®)] = Ao — 84 £(1) (7.14a)
n =nle®]=no+8,e()
v =vle@®)]=vy+3,¢e@)
A ..
B == —v||(y+B sign(i )
n
Baber and Noori (1985): { A = Ale()] = A¢ — 84 £(1) (7.14b)
n =nle@®]=1+46,e0)
v =v[e@®)]=14+6,¢e(t)
A ..
B = v (v + 8 sign(i )
Foliente (1995) : N =nle(®)] = 1+8,e() (7.14¢)
v =v[e@®)]=14+6,¢e(t)

where A, 1, v, etc. are material parameters.

All models consider strength, stiffness, or combined degradation, from the initial
time ¢ = O to the present one, as a function of the dissipated energy associated with
the hysteretic displacement z; its expression is given by

1

&(t) =/z5cdt. (7.15)

0

In particular, a convenient measure of degradation is the cumulative hysteretic
dissipated energy ¢(¢) since degradation depends on the intensity and duration of the
phenomenon under investigation.

Baber and Wen defined two new parameters: n and v controlling in turn the
stiffness and the strength degradation. Moreover, the amplitude of the hysteresis loop,
controlled by the A parameter, can change. In the Baber and Noori 1985 model, the
no and vy parameters, which represent the initial values of the degradation functions,
are set to 1. Finally, in the Foliente model, the degradation law related to the A
parameter is null. All models assume that both parameters 1 and v depend linearly
on the hysteretic energy e(¢).

It is worth being emphasized that the energy dissipated by the material coincides
with €(¢) in Eq. (7.15) only for peculiar values of the parameters. In general, &(¢)
does not necessarily fulfill the thermodynamic compatibility (Drucker 1957). For
this reason, the use of degrading Bouc-Wen formulations should carefully account
for such an issue.
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Fig. 7.9 Sensitivity analysis of Foliente model parameters

7.5.2 Sensitivity Analysis

Sensitivity analysis has been carried out on the Foliente model (Foliente 1995) and the
results are shown in Fig.7.9. The top left and the top right plots show the hysteresis
loops that exhibit a strength and stiffness degradation, respectively. For both top
plots, there are two black colored hysteresis loops without any kind of degradation,
obtained by setting to zero the values of §, and §,. Conversely, when the latter
parameters are greater than zero, a degrading hysteretic behavior is obtained; in
particular, the rate of the strength and stiffness degradation gets stronger when the
8, and 8, parameters, respectively, increase. All hysteretic loops have been obtained
by applying a generalized displacement described by the sine wave (7.7).

The two bottom plots show the relationship between the number of hysteresis
loops and the value of the hysteretic function z associated with the maximum positive
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displacement x. In these plots, the effect of §, and §, parameters on the hysteresis
behavior is more evident.

7.6 Conclusion

Over the years, the Bouc-Wen model has evolved to describe some physical phe-
nomena observed in experimental tests. In this paper, the evolution of the Bouc-Wen
model in the field of rate-independent mechanical hysteresis phenomena has been
presented. In particular, we have reviewed some models based on the Bouc-Wen
model able to take into account some mechanical phenomena such as asymmetric
hysteresis, the pinching effect, and the strength and stiffness degradation of hystere-
sis. In all sections, we have used the same technical terminology to help the reader to
get acquainted with the physical meaning of the proposed models, to compare each
model, and to shed light on their differences, such as the number of parameters that
the models require as input.

Finally, for all models, some sensitivity analyses have been carried out to evaluate
the effect on the model’s result when the input parameters are modified.
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