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Abstract: In addition to elastomeric devices, viscous fluid dampers can reduce the vibration transmit-
ted to dynamic systems. Usually, these fluid dampers are rate-independent and used in conjunction
with elastomeric isolators to insulate the base of buildings (buildings, bridges, etc.) to reduce
the shocks caused by earthquakes by increasing the damping capability. According to the EN
15129 standard, the velocity-dependent anti-seismic devices are Fluid Viscous Dampers (FVDs) and
Fluid Spring Dampers (FSDs). Based on experimental data from a dynamic regime of a fluid viscous
damper of small dimensions, for which not all the design details are known, to determine the law
of behavior for the viscous damper, the characteristics of the damper are identified, including the
nonlinear parameter α (exponent of velocity V) of the constitutive law. Note that the magnitude of
the fluid damper force depends on both velocity (where the maximum value is 0.52 m/s) and ampli-
tude displacement (±25 mm). Using the Kelvin–Voigt rheological models, the dynamic response of
a structure fixed with a fluid viscous device is analyzed, presenting the reaction force and displace-
ment during the parameterized application of an external shock. This new approach for FVDs/FSDs
was validated using the standard deviation between the experimental data and the numerical results
of the extended Kelvin–Voigt model offering researchers in the field of seismic devices a reliable
method to obtain a constitutive law for such devices.

Keywords: extended Kelvin–Voigt rheological model; viscous dampers; nonlinear viscous damping;
energy dissipation

1. Introduction

The viscous damper is recommended to operate at the energy levels specified by the
structural engineer without degradation of performance or service reduction [1]. Sadek and
Riley investigated in [2] the effect of increased viscous damping on the seismic response
of structures. A viscous fluid damper dissipates energy by forcing a fluid through an
orifice, causing a damping pressure and force. In the case of linear viscous dampers, this
force is proportional to the relative velocity between the ends of the damper. Verma [3]
studied the optimal utilization of viscous dampers, modeled using Maxwell’s model of
viscoelasticity, for seismic performance improvements in structures. Berkovsky et al. [4]
investigated the modeling of high-viscous dampers for piping protection from earthquakes
or other shock loads in nuclear systems. For high-velocity applications, non-linear viscous
dampers are used in order to not exceed the force capacity of the device. Whittle et al. [5]
created an optimization scenario for buildings using viscous dampers. In [6], Seleemah and
Constantinou analyzed, in the first systematic experimental study, the nonlinear viscous
damping devices using earthquake simulation tests on one-story and three-story structures
for buildings.

The dynamic response of a multi-story steel moment-resisting frame equipped with
fluid viscous dampers and subjected to seismic loads was investigated numerically by
Martinez-Rodrigo et al. [7]. The main objective of this numerical research was to build
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a simple methodology leading to an optimum retrofitting option with nonlinear fluid
viscous dampers. In these nonlinear devices, the force is a fractional power law of the
velocity, and high rates do not lead to forces as high as in the linear case. The parameter
identification for basic and generalized Kelvin–Voigt and Maxwell models for fluid viscous
dampers and for measuring the difference between analytical and experimental tests were
made by Greco et al. [8]. For this purpose, particle swarm optimization was adopted.

The development of the fractional Maxwell model and fractional Kelvin model with
experimental data was completed by Xu et al. [9]. In another study, Park [10] found that the
standard mechanical model comprising linear springs and dashpots was shown to accurately
describe the broad-band rheological behavior of standard viscoelastic dampers and to be more
efficient than other models such as the fractional derivative model and the modified power law.
Some methods for identification of the parameters of both the Kelvin–Voigt fractional model
and the Maxwell fractional model were presented by Lewandowski et al. [11].

Castellano et al. [12] experimentally investigated fluid viscous dampers (FVDs) using
the new standard [1]. Mousavi and Ghorbani -Tanha studied [13] the optimum placement
and characteristics of linear velocity-dependent dampers in the frequency domain. Pettinga
et al. investigated the use of supplemental damping to control structural deformations
and forces caused by seismic motions [14]. Using the structural steel frames with energy
dissipation provided by FVDs, the LDD was obtained (Law Damage Design) [14].

Cavaleri et al. [15] conducted experimental research concerning the damper con-
stants in the range of law velocities developing the limit of validity of the models for
viscous dampers.

In [16], Del Gobbo studied the distribution of dampers within a building and the
supplemental damping to obtain the optimal amount of damping and reduce the total
building seismic damage. Lamprea-Pineda and Garzon-Amortegui investigated the use
and implementation of the nonlinear viscous fluid damper (VFD) in a building [17].

Wong [18] demonstrated the effectiveness of a simple numerical algorithm to predict
the time history response of inelastic structures with nonlinear FVDs. The time history and
energy responses of inelastic one-story and multi-story frames were evaluated, and the
contributions of VFDs with different power-law coefficients and damping coefficients were
analyzed and compared.

Altieri et al. [19] investigated the rigorous approach to designing optimal nonlinear
viscous dampers based on performance criteria. Comparisons between the series and
parallel connections of the hysteretic system and viscous dampers using response spectra
analyses of a single degree of freedom structures were completed by Bougteb [20]. For the
series model, a semi-implicit solution scheme for the classical Maxwell model was modified
to include the inelasticity of the time-independent hysteretic spring.

A modified version of the direct displacement-based design was proposed for the
creation of structures equipped with FVDs so that the effect of higher modes and the
difference between spectral velocity and pseudo-spectral velocity are applied in the design
process, which was studied by Noruzvand et al. [21].

De Domenico et al. [22] studied a practical multi-level performance-based optimization
method of nonlinear viscous dampers for seismic retrofit of existing substandard steel
frames. In this case, a Maxwell model was adopted to simulate the behavior of the combined
damper-supporting brace system with a fractional power-law force–velocity relationship
for the nonlinear viscous dampers. The efficiency of the final optimum design solution was
also investigated by using drift-based, velocity-based, and energy-based uniform damage
distribution approaches to identify the most efficient performance index parameter for
optimization purposes.

Michailides [23] developed a numerical analysis method for wave–structure interac-
tion effects using the velocity-dependent viscous damping (VD-PQ) model. Kookalani
and Shen [24] investigated the impact of various FVD parameters on structures during
an earthquake.
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The fundamental problem treated in this study is the identification of the parameters
of the constitutive law for a viscous fluid damper using tests performed according to EN
15129 [1]. Starting from the classical model Kelvin–Voigt, a robust method for identifying
the nonlinear parameters of the constitutive law using the generalized forms of the model
in the frequency domain is developed. Experimental data are obtained from a viscous
damper implemented in the generalized Kelvin–Voigt model to identify the constitutive
law parameters.

Energy dissipation devices, also called dampers, are classified into two main categories:
rate-dependent and rate-independent dampers [25]. In the former, also denominated (linear or
nonlinear) viscous dampers, the force depends, fully or partially, on the velocity [26,27]. In the
latter, also called hysteretic dampers, the force is only a function of the displacement [28,29].

2. An Extended Rheological Model for Nonlinear Viscous Damper

As stated in European Standard EN 15129 [1], the viscous dampers can be modeled
using rate-dependent Kelvin–Voigt rheological hysteresis models. These models are illus-
trated in Figure 1. Starting from the classical representation of a spring and a damper in
parallel, as it can be seen in Figure 1a for the Kelvin–Voigt classical model, it is known
that the resistance force of a viscous damper depends on the velocity of deformation of the
damper and the amplitude of the deformation.
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The expression for the evaluation of the force exhibited by the damper can be written
as follows [7]:

FKV= Kx + C
.
x, (1)

where:

- FKV is the damping (axial) force of the rheological classical Kelvin–Voight model;
- x is the viscous damper displacement;
-

.
x is the viscous damper velocity;

- K is the stiffness of the spring element;
- C is the damping coefficient of the viscous element.

Nonlinearity is introduced using the fractional exponents, chosen to generalize the
Kelvin–Voigt approach, β and α, which are fractional exponents for both the spring and
viscous damper, respectively. In this way, the behavior of the nonlinear viscous damper
approach using the extended Kelvin–Voigt model, illustrated in Figure 1b, is described by
the equation:

FKV,g= Kxβ+C
.
xα, (2)

where FKV,g is the axial force of the extended rheological Kelvin–Voigt model.
Therefore, for the classical Kelvin–Voigt model, the characteristic parameters of the

viscous damper behavior are K and C, while for the extended Kelvin–Voigt model, the
parameters of the nonlinear viscous damper behavior are K, C, β, and α.

3. Experimental Data

The experimental tests were performed in the ICECON Test Laboratory, within ICE-
CON S.A. from Bucharest. Due to the conditions of confidentiality, the authors will not
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give constructive details of the product or other information from the tests because they
are not the subject of this study.

The maximum working velocity of the viscous damper given by the manufacturer is
0.52 m/s. Considering the maximum displacement amplitude of ±25 mm, it is possible to
compute the frequency values necessary for the harmonic control signals. The frequency
values for the harmonic control signal are given in Table 1.

Table 1. The frequency values vs. maximum rated velocity.

Maximum Rated Velocity
[%]

Velocity
[m/s]

Frequency
[Hz]

1 0.0052 0.033

25 0.13 0.828

50 0.26 1.655

75 0.39 2.483

100 0.52 3.310

In this case, it is considered that the maximum displacement amplitude of ±25 mm
allowed using the viscous damper (FVD or FSD) is the same as the seismic design displace-
ment, which means that dbd = ±25 mm [1]. The damper’s restoring force, Fn, at a velocity,
vn, is defined as the average of the intercepts of the second hysteretic loop cycle with
an axis parallel to the force axis at 50% of +dbd and −dbd [1], given by the equation:

Fn =
F(+)

n +
∣∣∣F(−)

n

∣∣∣
2

, (3)

where dbd represents the seismic design displacement [1].
The experimental tests were performed in the ICECON Test Laboratory, within ICE-

CON S.A. from Bucharest, in compliance with the requirements of the “Constitutive law
test for FVD/FSD” chapter 7 from EN 15129 [1]. Due to the conditions of confidentiality,
the authors will not give constructive details of the product or other information from the
tests because they are not the subject of this study. The test setup, illustrated in Figure 2,
consists of a steel frame with stand loads of tension and compression at 300 kN. The device
is anchored to the structure using a pin and connected to the threaded joint’s hydraulic
actuator rod. The movements are generated using a hydraulic cylinder actuator of 200 kN,
controlled in force and/or displacement using a pumping group and a hydraulic servo
valve. Between the steel frame and the device is located a load cell of 10 kN which records
the forces applied to the device during the experiment. The tests are carried out with the im-
position of displacement, and the movement of the device is recorded using a displacement
transducer mounted on the device. The control and data acquisition system can generate
the displacement of the analysis in real-time through the instantaneous variation of the
forces applied with the actuator cylinder using an automatic displacement control system.
The time history displacement of ±25 mm is imposed with a harmonic signal generator
that respects the velocities and frequencies presented in Table 1.

The experimental data illustrated in Figure 3 are obtained by reading the output
FSD reaction. When a harmonic test input is achieved, the maximum imposed velocity
is applied only for an instant. It is identified as an FSD according to the requirements of
EN 15129 (depending on velocity and amplitude displacement). The FVD output force
depends on velocity only and does not change with the damper stroke position. Table 2
presents the normalized force, the normalized velocity, the velocity, and the restoring force.
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Table 2. The normalized force vs. normalized velocity.

No./
Index

Normalized Velocity
[%]

Velocity
v

[m/s]

Restoring Force
Fn

[kN]

Normalized Force
[%]

1 1 0.0052 0.08889 8.527846

2 25 0.13 0.63013 60.45282

3 50 0.26 0.93926 90.10985

4 75 0.39 0.96099 92.19456

5 100 0.52 1.04235 100

Figures 4 and 5 illustrate the force variations depending on the velocity and the
variations of the normalized velocity as a function of the normalized force. In addition, the
“trendline” regression curves in the form of power are presented, which are close to the
function Cvα introduced by the exponent α.

Computation 2023, 11, x FOR PEER REVIEW 7 of 11 
 

 

 
Figure 4. Force vs. velocity. 

 

Figure 5. Normalized force vs. normalized velocity. 

A typical constitutive law of an FSD, from the standard EN 15129 [1], has the equa-
tion: 

α
0F=F +Kx+Cv ,  (4)

where: 
- 0F  is the preload force (kN); 
- K  is the stiffness (kN/m); 
- C  is the damping coefficient (kN/(m/s)α); 
- α  is the exponent of the constitutive law. 

Even if the preload force is zero, in this case, the closest model for FSDs is the Kelvin–
Voigt model (spring and damper in parallel), where the elastic stiffness describes the effect 
of the fluid compressibility [1]. 

  

y = 8.9966x0.5538

R² = 0.9859

0

20

40

60

80

100

120

140

0 20 40 60 80 100 120

No
rm

al
ize

d 
Fo

rc
e 

(%
)

Normalized Velocity (%)

Normalized experimental results

Trendline Power format: y equation, R-squared value

Figure 4. Force vs. velocity.



Computation 2023, 11, 3 7 of 10

Computation 2023, 11, x FOR PEER REVIEW 7 of 11 
 

 

 
Figure 4. Force vs. velocity. 

 

Figure 5. Normalized force vs. normalized velocity. 

A typical constitutive law of an FSD, from the standard EN 15129 [1], has the equa-
tion: 

α
0F=F +Kx+Cv ,  (4)

where: 
- 0F  is the preload force (kN); 
- K  is the stiffness (kN/m); 
- C  is the damping coefficient (kN/(m/s)α); 
- α  is the exponent of the constitutive law. 

Even if the preload force is zero, in this case, the closest model for FSDs is the Kelvin–
Voigt model (spring and damper in parallel), where the elastic stiffness describes the effect 
of the fluid compressibility [1]. 

  

y = 8.9966x0.5538

R² = 0.9859

0

20

40

60

80

100

120

140

0 20 40 60 80 100 120

No
rm

al
ize

d 
Fo

rc
e 

(%
)

Normalized Velocity (%)

Normalized experimental results

Trendline Power format: y equation, R-squared value

Figure 5. Normalized force vs. normalized velocity.

A typical constitutive law of an FSD, from the standard EN 15129 [1], has the equation:

F = F0+Kx + Cvα, (4)

where:

- F0 is the preload force (kN);
- K is the stiffness (kN/m);
- C is the damping coefficient (kN/(m/s)α);
- α is the exponent of the constitutive law.

Even if the preload force is zero, in this case, the closest model for FSDs is the Kelvin
–Voigt model (spring and damper in parallel), where the elastic stiffness describes the effect
of the fluid compressibility [1].

4. An Approach of the Extended Kelvin–Voigt Model for FVD and Discussions

Using Equation (2) for the generalized Kelvin–Voigt model yields:

Kxβ+C
.
xα−FKV,g= 0. (5)

Considering the real values of velocity vs. reaction force from Table 2 and the extended
Kelvin–Voigt model from Equation (2), a system of nonlinear equations can be written in
the form: 

K
(

dbd
2

)β
+C(v(1))α−Fn(1)= 0,

K
(

dbd
2

)β
+C(v(2))α−Fn(2)= 0,

K
(

dbd
2

)β
+C(v(3))α−Fn(3)= 0,

K
(

dbd
2

)β
+C(v(4))α−Fn(4)= 0,

K
(

dbd
2

)β
+Cv(5)α−Fn(5)= 0.

(6)

In the previous nonlinear system (6), v(i) with index i =1 . . . 5 are the values from
the velocity column in Table 2, where it is considered that v =

.
x. Using the extended

Kelvin–Voigt model, the values of the restoring force, Fn, must satisfy this relation, and,
therefore, at 50% of −dbd and +dbd can be considered as 2Fn= F(+)

KV,g +
∣∣∣F(−)

KV,g

∣∣∣ or Fn= FKV,g.

In the supposed system, the values of the force Fn(i) with index i =1 . . . 5 are the values
from the reaction force column in Table 2.
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Using the experimental values presented in Table 2, the nonlinear differential system (6)
yields the unknown parameters of the system (6) K, C, α, and β.

Using the MATLAB Software to solve the nonlinear system (6), we determined the
unknown parameters K, C, α, β and the variation of the force vs. the velocity. Figure 6
illustrates the differences between the experimental tests and the implementation of the
extended Kelvin–Voigt model.
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As seen from Figure 6, the standard deviation has a maximum value of 5.6% at
a velocity of 0.26 m/s between the experimental tests and the extended Kelvin–Voigt model
for which the constitutive law parameters were computed using the nonlinear differential
system (6). Table 3 lists the values of the correlations between the experimental data and
the extended Kelvin–Voigt model.

Table 3. The correlation between the experimental values and the extended Kelvin–Voigt model.

No./
Index

Velocity
v

[m/s]

Experimental
Data of the

Restoring Force
Fn

[kN]

Generalized Kelvin-Voigt
Model-Restoring Force

Fn [kN]

Standard
Deviation

[%]

1 0.0052 0.08889 0.0865 0.17

2 0.13 0.63013 0.6800 3.53

3 0.26 0.93926 0.8601 5.60

4 0.39 0.96099 0.9765 1.10

5 0.52 1.04235 1.0640 1.53

It can be concluded, by analyzing the data presented in Table 3 and Figure 6, that
the proposed approach for the velocity-dependent fluid viscous damper, the extended
Kelvin–Voigt model, agrees with the experimental data of the nonlinear viscous damper in
the entire range of the velocity.

5. Conclusions

This work presents a method of implementing the extended Kelvin–Voigt rheological
model to identify the constitutive law’s parameters for the dynamic behavior of FVDs.
The experimental results performed on an FVD to determine the parameters of the law of
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conduct validated the results obtained with the extended Kelvin–Voigt method based on
the variation of the restoring force, Fn, depending on the velocity steps, v. Based on the five
sets of values required by the standard EN 15129 [1] at 1%, 25%, 50%, 75%, and 100% of the
maximum velocity, a nonlinear set of five equations can be formed that meet the conditions
of the extended Kelvin–Voigt model (see Equation (6)). Comparing the values illustrated in
Figure 6 and Table 3, it can be concluded that the extended Kelvin–Voigt model is close to
the experimental results.

This practical approach can aid specialists in seismic devices to identify the law of
behavior for FVDs or FSDs and its parameters after performing the experimental tests that
are imposed by EN 15129 [1].
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