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Abstract:

This paper presents a procedure to assess the probabilistic performance of the semi-active fluid
viscous dampers (SAFVDs) utilized in seismically excited buildings. Some efficient on-off semi-
active control algorithms based on motion towards or away from equilibrium, sky-hook, and
ground-hook have been considered to determine the variable damping in each time step. The
probabilistic relationship between intensity measure (IM) and seismic demand of the building
has been estimated based on cloud analysis. A linear regression analysis has been employed to
calculate the probabilistic demand parameters. A three-story nonlinear shear-type building
equipped with SAFVDs has been adopted for the numerical example. The building has been
subjected to a set of 20 actual earthquke records with the probability of occurrence of 10% in
50 years for the site of interest. The probabilistic performance of the nonlinear building
equipped with SAFVDs has been assessed in terms of demand and fragility curves. The results
indicate the effectiveness of the SAFVD systems in mitigating the fragility and enhancing the
safety of the building. Particularly, a fragility reduction of about 51% is achieved at the
immediate occupancy (10) performance level using the SAFVD system.

analysis, Ground-hook
control, Sky-hook control

1. Introduction

During past years, several energy dissipation devices have
been extensively used to improve the behavior of new and
existing buildings subjected to natural hazards such as
earthquakes and wind. Among these devices, fluid viscous
dampers (FVDs) have received much attention due to their
capabilities and effectiveness and have been implemented in
many actual buildings. Numerous studies have presented
various design methodologies for fluid viscous dampers [1-
4]. A concise review of most of the design methods proposed
has been presented by De Domenico et al. [5]. Recently, the
semi-active fluid viscous damper (SAFVD) with adjustable
characteristics has been introduced as an alternative to the
conventional passive FVDs [6].
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The semi-active devices incorporate the advantages of
passive and active control systems. The semi-active control
can offer adaptability and variability during dynamic loads
with only a small power source. Therefore, semi-active
devices’ benefit is that they do not have any potential to
destabilize the building. The semi-active control of fluid
viscous damper was first implemented by Kobori et al. [7,8].
Gavin and Aldemir [9] have investigated the performance of
SAFVDs attached in low-rise base-isolated buildings and
shown the effectiveness of this control system. Pourzeinali
and Mousanejad [10] have assessed the application of
SAFVDs in an asymmetric 3-D high-rise building. They
have concluded that optimally designed SAFVDs can
significantly reduce the torsional effects of the asymmetric
building. The influence of SAFVDs utilized in a single-
degree-of-freedom (SDOF) building, as well as a base-
isolated SDOF building, has been studied by Oliveira et al.
[11, 12]. Hazaveh et al. [13] have assessed the performance
of SAFVDs in improving the seismic behavior of a wide
range of SDOF structures with different natural periods.
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Also, experimental verification of the seismic behavior of
SAFVDs has been conducted [14], and a code-based design
procedure for SAFVDs has been represented [15]. Previous
studies focused on the performance assessment of SAFVDs
have been performed in a deterministic framework.
However, uncertainties in seismic excitation can remarkably
diminish the effectiveness of energy dissipation devices,
including SAFVDs. This issue necessitates the probabilistic
methodologies to precisely assess the performance of the
buildings equipped with control systems. Therefore, the
probabilistic assessment of SAFVDs utilized in seismically
excited buildings has been addressed in this paper.

Over the past decade, several studies have been conducted
on probabilistic seismic assessment of buildings equipped
with energy dissipation devices such as base isolation [16-
20], tuned mass dampers [21-23], and magnetorheological
dampers [24-27]. Many investigations in the literature have
also focused on fluid viscous dampers due to their
capabilities. Tubaldi et al. [28] have assessed the
probabilistic performance of two adjacent buildings
connected by linear and nonlinear fluid viscous dampers. A
probabilistic design approach that considers the seismic
uncertainties have been proposed by Tubaldi et al. [29] to
design linear fluid viscous dampers. The uncertainties of
damper properties and the earthquake uncertainties have
been incorporated in the probabilistic performance
assessment of linear buildings equipped with viscous
dampers [30]. Altieri et al. [31] have introduced a reliability-
based method for the optimal design of viscous dampers for
seismic protection of seismic structures. Also, some similar
studies have assessed the performance of passive FVDs in a
probabilistic framework [32-35]. In the light of previous
studies, the probabilistic performance assessment of semi-
active fluid viscous dampers has not been performed
previously and has been addressed in the present paper.

The rest of the paper is organized as follows: in Section 2,
dynamic equations of the building equipped with semi-
active fluid viscous dampers are presented; in Section 3, the
adopted semi-active control algorithms are described; in
Section 4, the probabilistic formulation to quantify uncertain
demand and fragility are explained; in Section 5, numerical
analysis has been applied on a nonlinear three-story case
study building equipped with SAFVDs, followed by a
discussion and conclusion.

2. Dynamic equations of the
equipped with SAFVDs

This paper adopts a nonlinear shear-type building with one
degree of freedom per story as the building case study
model. This model is a simplified generalization of realistic
buildings and has been assumed to apply semi-active control
and reduce computational effort, as followed in numerous

building
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studies concerning the performance of energy dissipation
devices. Note that the presented method could be employed
for more complex steel or concrete buildings in future
studies. The schematic view of a nonlinear N-story shear-
type building equipped with SAFVDs installed between all
successive floors has been shown in Figure 1. The semi-
active dampers have been attached in a horizontal position
using Chevron bracings.
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Fig. 1: Schematic view of the shear-type building equipped with
SAFVDs

The dynamic equation of this nonlinear building subjected
to ground acceleration X, is as:

M)+ (&t))+fs (X(t)) = Dfy (t) + Me(t) 1)

where X = [xq,%,,...,xy]" is the displacement response
with respect to the ground, and the dots denote derivative
with respect to time.

The vector e = [—1, ..., —1]7 is the transformation vector of
ground acceleration. By considering linear damping for the
building, the damping force vector could be expressed as:

fp (&t)) = Ckt) )

where C is the damping matrix of the building, calculated by
assuming a linear viscous damper for each story. The vector
Fs is the restoring force vector and is a function of the
displacement response of the building. It should be noted
that the building, even controlled by energy dissipation
devices, may undergo nonlinear behavior under seismic
excitations, and thus, the nonlinearity of the structural
behavior should be taken into account. It is noteworthy that
the seismically excited buildings may experience inelastic
behavior even when equipped with energy dissipation
devices [36]. Therefore, it is more appropriate to account for
the nonlinearity in the building’s force-displacement
relationship. In this paper, a bilinear hysteretic behavior has
been adopted, as shown in Figure 2. This model is described
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by the elastic stiffness Kg, post-elastic stiffness Keg, and
yielding drift uy.

2 Lateral Force

_lﬁf PE

Displacement
>

Fig. 2: Bilinear elastic-plastic stiffness model

By assuming that the dampers are installed in a horizontal
position in all stories, the location matrix of dampers, D, is
as follows:

-1 1 L 0 O
0 -1 L 0 O
D=lM O O M M (3)
0 0 0O -1 1
|0 0 L 0 -1

f4 = [fa1 fa2 - fan]" is the vector of damper control
force. Also, the damper force of the ith SAFVD could be
expressed by:

i (0) =cqi (V" (1)

where v; is the relative velocity of the two ends of the ith
damper. cq, is the semi-active damping coefficient of the ith
damper. n is the velocity exponent, which relates to the
passing quality of the fluid and is usually between 0.15 and
1. This parameter describes the linear or nonlinear behavior
of the damper. The velocity exponent equal to n=1 relates to
the linear behavior of SAFVD, and the values lower than one
(n<1) relate to nonlinear behavior.

In this study, SAFVDs with linear behavior have been
considered.

i=12,..,N 4)

3. semi-active control algorithm

The semi-active control of fluid viscous dampers offers the
opportunity to meet the desired performance level for
seismically excited buildings. In this paper, the efficiency of
different control algorithms is investigated. Three main
control algorithms have been considered, which are based
on (1) motion towards or away from equilibrium, (2) sky-
hook, and (3) ground-hook. All these algorithms control the
opening and closing instant of the orifice of the semi-active
device and hence switch the damper between the minimum

18
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and maximum damping in an on-off state. The control law
and mathematic equations of these control algorithms have
been described in the following sub-sections.

3.1 Motion towards or away from equilibrium

Hazaveh et al. [13] have proposed two semi-active control
algorithms for the fluid viscous damper. Accordingly, the
motion of the building is categorized into two states of
motion toward equilibrium and motion away from
equilibrium. The first control algorithm, which is called
herein as “2-4 quarter”, commands maximum damping
when the motion is towards equilibrium. This control
algorithm could be expressed by:

Cd .min if Driﬁi (t) XVi (t) >0
Cq,i(t) = {Cd' .

Drif @) xVi)<0 O

d,max if

where i=1,2,...,N stands for the story number. Drift and V
also denote the relative displacement and velocity of the
story, respectively. Conversely, the second control
algorithm, called “1-3 quarter”, commands maximum
damping when the motion is away from equilibrium and

could be written as follows:
Cd,max if Drifti (t) XVi (t) >0
Cq,i(t) = .

Drift, (t) xV; (t) < 0

(6)
Cd,min if

3.2 Ground-hook control algorithm

Ground-hook control is one of the most simple and effective
control laws for semi-active damping control [37]. This
control algorithm was first used in the suspension system of
vehicles and then was utilized in structural control
applications such as semi-active tuned mass dampers [38-
40]. The ground-hook control algorithm comprises two
laws; velocity-based ground-hook (VBG) and displacement-
based ground-hook (DBG). The VBG control algorithm
could be expressed as:

G iF&(EXVi()>0
Cd,i(t)={d' »

i 7
d,min it &(t)xV;(t) <0 0
Contrarily, the DBG control algorithm is as follows:
Camax If X O)xVi(t)=0
Cd,i (t) = . (8)
Cd,min if % (t)xV;(t)<0

3.3 Sky-hook control algorithm

The sky-hook control algorithm is another method that is
similar to ground-hook control. This control law has been
extensively employed in vehicle suspension systems [41].
The sky-hook control algorithm consists of two different
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laws; velocity-based sky-hook (VBS) and displacement-
based sky-hook (DBS). The VBS control law is as follows:

Comm 0 By () xVi(0) 20
Cd,i(t)z{ o e

. 9
Cd, min if & (t)xV;(t) <0 ®)
Also, the DBS control algorithm is as follows:
Cd,max it X1 (t)xVi(t)=0
Cqi(t) = . (10)
Camn If X (D)xVi(t)<0

4. Probabilistic seismic assessment

The uncertainty in the applied seismic excitation is one of
the most important issues in the performance assessment of
seismically excited buildings. Indeed, the inherent
randomness of earthquakes leads to uncertainty in the
seismic demand of the building and may cause inefficiency
in energy dissipation devices. Accordingly, accurate
performance assessment of energy dissipation devices
entails the adoption of a probabilistic framework. In this
paper, a probabilistic approach has been utilized to estimate
the uncertain engineering demand parameters (EDPS).
Several methods have been established to represent a
relationship between the intensity measure (IM) and seismic
demand of the building, including incremental dynamic
analysis [42], multiple strip analysis [43], and cloud analysis
[44]. The cloud analysis benefits by not altering the
frequency content of the earthquake records since the
dynamic analyses are required only at the original scale of
the earthquakes. Therefore, less dynamic analyses are also
needed in this method. The cloud analysis has been proposed
by Cornell et al. [44] and extensively employed in many
probabilistic performance assessment studies similar to the
work presented by Bakhshinezhad and Mohebbi [21].
According to the cloud analysis, the relationship between IM
and EDP is expressed by the following power model:

EDP =alIMP (11)

where a and b are constants coefficients of the power model.
The linear form of this equation could be obtained as the
following by logarithmic transformation:

IN(EDP) = In(a) +bIn(IM) (12)

To determine the constants a and b, first, a set of earthquake
records should be selected, and the maximum building
responses should be calculated by dynamic analysis under
these earthquakes. Each response corresponds to a specific
IM. Then, the constants a and b could be calculated using a
linear regression analysis of In(EDP) on In(IM). The demand
uncertainty or dispersion is obtained by:
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Peppiim =Ind+S?) (13)

in which S? is the standard error as:

$2 =¥ (In@dp;) - Inedpy))/ n—2 (14)

where edp; and edp, are the observed and predicted demand
of the structure, respectively. The parameter n is the number
of response sample data. The fragility function could be
expressed by the following:

In(EDP) — In(DM)

fragility = @ (15)

where @ denotes the standard normal cumulative
distribution function. Bw is the modeling uncertainty, for
which the value of 0.3 has been considered according to
Taylor [45]. DM and fom are damage measure capacity and
damage measure uncertainty, respectively, addressed in the
following sub-section.

4.1 Capacity and uncertainty of damage measures

The evaluation of the probabilistic performance of a building
entails selecting appropriate damage measures. The inter-
story drift ratio, as a safety criterion, has been employed as
a global EDP that correlates with the damage to structural
components. The damage measure capacities of inter-story
drift ratio associated with steel moment frames have been
assigned the values of 0.7%, 2.5%, and 5% [46] related to
immediate occupancy (10), life safety (LS), and collapse
prevention (CP) performance levels, respectively. The
damage measure uncertainty, fom, has been assigned the
value of 0.3 for all performance levels, as suggested by
Taylor [45].

5. Numerical analysis and discussion

In this section, the methodology of probabilistic
performance assessment of semi-active fluid viscous
dampers for seismically excited buildings has been
explained through numerical analysis. The semi-active
control of fluid viscous dampers has been performed through
different on-off control algorithms such as motion towards
or away from equilibrium, sky-hook, and ground-hook
control algorithms. A linear SAFVD device has been
attached to the first floor of the building, and nonlinear
dynamic analyses have been conducted under a set of 20
actual earthquakes. It should be noted that the performance
of the SAFVD system will be more effective if SAFVDs are
installed in all stories. However, in this paper, the SAFVD
device is only considered in the first story to investigate its
effectiveness through a probabilistic framework. A
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nonlinear three-story shear-type building with bilinear
hysteretic material behavior has been considered as the case
study building. The mass is 3.83 tons for all stories. The
damping matrix has been determined by assuming the 2%
damping for each floor. The elastic stiffness is 1550, 1960,
and 1610 kN/m for the first to the third story. The ratio of
post elastic stiffness to the elastic stiffness is Kpe/Ke=0.02,
which is identical for all stories. Also, the yielding drift of
each story is 5 cm. The fundamental period of the building
based on its initial stiffness is T1=0.67 sec. It should be noted
that this shear building has been considered as a sample case
study building following [47], while the applied
probabilistic assessment method could be employed for
more complex structures.

4 : ; .

Individual records

m— Mean Spectrum

Spectral Acceleration (g)

Time Period (sec)

Fig. 3: Acceleration response spectrum of the selected earthquake
records and the mean acceleration response spectrum

5.1 Earthquake ground motions set used in this study

The selection and number of earthquake records is an
important issue in the probabilistic performance assessment
of seismically excited buildings. Indeed, it is more
appropriate to select a set of different earthquakes with
different characteristics to take into account the record-to-
record variability [48]. Regarding the number of records,
applying seven pairs of earthquakes would be sufficient to
estimate the structural responses accurately [49]. In this
paper, a set of 10 pairs of earthquakes with the probability
of occurrence of 10% in 50 years proposed for the SAC
project for the Los Angeles area have been used for
performance analysis. These earthquakes have different
frequency contents, intensities, and durations to represent
the variability of the seismic source. These earthquakes are
within moderate to severe intensities. It should be noted that
selecting earthquakes with small intensity without scaling
does not have the proper intensity for LS or CP performance
levels. Table 1 represents the properties of the selected
earthquake records. The acceleration response spectrum of
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the selected earthquakes and the mean spectrum for 5%
critical damping have shown in Figure 3.

Table 1: Selected earthquakes records used in this study

Earthquake  Earthquake Station PGA Sa
code name ) (9)

Laol \I/malp:g)r/i_ficln El Centro 0.46 0.61
La02 \I/maﬁz)r/l_i:] El Centro 0.68 1.33
La03 \I/maﬁg)r/liln Array #05  0.39  0.92
Lao4 \I/maﬁg)r/lilp Array #05 049 0.53
Lao5 \I/r;ﬁg)r/l_e}ln Array #06  0.30 0.51
La06 \I/r;lpig)rll_e:clp Array #06  0.23  0.47
La07 Landers-fa Barstow 0.42 0.63
La08 Landers-fy Barstow 043 0.95
La09 Landers-fa Yermo 052 125
Lal0 Landers-fy Yermo 0.36 0.96
Lall Loma Prieta-fn Gilroy 0.67 0.75
Lal2 Loma Prieta-f, Gilroy 0.97 074
Lal3 Northridge-fa Newhall 0.68 1.10
Lald Northridge-fp Newhall 0.66 1.22
Lal5 Northridge-fn  RinaldiRS 0.53 1.25
Lal6 Northridge-f,  RinaldiRS  0.58 1.45
Lal7 Northridge-fa Sylmar 0.57 0.65
Lal8 Northridge-fp Sylmar 0.82 0.86
La20 l\éc;rrtlrrl]gslfr: 099 1.23

5.2 Seismic performance of the SAFVD system

In this section, the seismic performance of the SAFVD
systems has been assessed and compared with that of an
uncontrolled structure. Six different on-off control
algorithms based on motion towards or away from
equilibrium, ground-hook, and sky-hook strategies, as
discussed in Section 3, have been employed. A nonlinear
three-story shear building equipped with a SAFVD in the
first story has been adopted to assess the effectiveness of the
control system. The semi-active device could be
instantaneously switched between the minimum and
maximum damping levels, which should be determined by
the manufacturers according to the practical limitations of
the device. As a sample, the minimum and maximum
damping levels have been considered to have the values of
100 and 500 kN.s/m, respectively, which seems to be within
the practical limits. It should be noted that these values have
been considered as an example to explain the probabilistic
performance assessment procedure of the semi-active
dampers and could be designed optimally in further studies.
The mean responses subjected to the 20 earthquake records
for the uncontrolled building and the building equipped with
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SAFVDs considering different control algorithms have been
compared in Table 2. It seems that the SAFVDs have the
capability of reducing the maximum drift and base shear
responses significantly with respect to the uncontrolled
structure using all control algorithms. Therefore, the
SAFVD systems can effectively enhance the safety of the
building since these responses are highly correlated with
damage to structural elements.

The absolute acceleration response is also of interest due to
relation to the occupants’ convenience as well as the safety
of non-structural components. Note that the acceleration
amplification observed in other control algorithms may be
due to instant switching of the semi-active damping and
exerting an immediate impact on the building. Although
some control algorithms seem inefficient in reducing this
response, the 2-4 quarter and VBG show effective mitigation
in the absolute acceleration of the building. For example, the
SAFVD system based on the 2-4 quarter control algorithm
has reduced the mean of maximum drift, absolute
acceleration, and base shear by nearly 66%, 15%, and 39%
with respect to the uncontrolled building. These response
mitigations are also about 64%, 16%, and 67% for the VBG
control algorithm.

Table 2: The mean responses of the uncontrolled building and the
one equipped with SAFVDs based on different control strategies

Numerical Methods in Civil Engineering, 7-1 (2022) 16-27

system could effectively improve the seismic performance
of the building, considering the safety of the entire building,
the safety of non-structural components, and the
convenience of occupants.

3

Individual records
Mean

Story number
[\

0 5 10 15 20 25
Maximum inter-story drift (cm)

Fig. 4: Maximum drift of the uncontrolled building under each
earthquake

3

Individual records
Mean

Story number
NS}

0 500 1000

1500

Maximum absolute acceleration (cm/sz)

2000 2500

Fig. 5: Maximum absolute acceleration of the uncontrolled

3

building under each earthquake

. Maximum '\gﬁzmgn Maximum
Mechanism - - base shear
drift (cm) acceleration (kN)
(cm/s?)
Uncontrolled 10.0 1413 77.2
2-4 quarter 3.44 1200 47.4
1-3 quarter 3.87 3567 32.1
VBG 3.62 1180 25.8
DBG 3.87 3567 321
VBS 3.37 2170 34.3
DBS 3.80 2871 29.2

The maximum drift and absolute acceleration over all stories
of the uncontrolled building and the one equipped with
SAFVDs based on the 2-4 quarter and VBG control
algorithm subjected to 20 earthquakes have been compared
in Figures 4 to 9. The mean responses for each story have
also been shown in these figures. It appears that the SAFVD
systems have reduced the maximum drift under all
earthquakes with respect to the uncontrolled building. On
the other hand, the SAFVDs, aside from a few records, have
mitigated the maximum absolute acceleration under the
majority of earthquakes. To compare the dispersion of the
drift response, the standard deviation of the first story drift
of the uncontrolled structure under 20 earthquakes is about
5.5 cm, while this standard deviation is reduced to 1.1 cm
using the SAFVD based on the 2-4 quarter controller and
also it is reduced to 0.47 cm based on the VVBG controller. In
addition, it could be stated that the semi-active damper

Individual records
Mean

\

Story number
)

1 2 3 4 5 6 7
Maximum inter-story drift (cm)

Fig. 6: Maximum drift of the building equipped with the SAFVD
using the 2-4 quarter controller under each earthquake
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Individual records
— Mean

Story number
[\

0 500 1000 1500 2000 2500
Maximum absolute acceleration (cm/sz)

Fig. 7: Maximum absolute acceleration of the building equipped
with the SAFVD using the 2-4 quarter controller under each
earthquake

Story number
N

Individual records
— Mean

0 2 4 6 8 10
Maximum inter-story drift (cm)

Fig. 8: Maximum drift of the building equipped with the SAFVD
using the VVBG controller under each earthquake

3

Story number
\S]

Individual records

0 500 1000 1500 2000 2500
Maximum absolute acceleration (cmlsz)

Fig. 9: Maximum absolute acceleration of the building equipped
with the SAFVD using the VBG controller under each earthquake
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As an example, the time histories of building story drift
associated with the uncontrolled building and the building
equipped with SAFVD system based on the 2-4 quarter
control algorithm under earthquake number 11 have been
compared in Figure 10. It is evident that the semi-active
system kept the story drift within the elastic range and thus
can protect the structural components. Also, Figure 11
shows the time histories of building story absolute
acceleration for the controlled and uncontrolled buildings
under this earthquake. 1t seems that the SAFVD can mitigate
acceleration, especially after the first strikes of the
earthquake, which can improve occupants’ convenience and
safety of non-structural components.

The time histories of the semi-active variable damping and
the damper force of the SAFVD based on the 2-4 quarter
control algorithm under earthquake number 11 have been
illustrated in Figure 12. The instant switch between the
minimum and maximum damping values of the SAFVD,
which are 100 kN.s/m and 500 kN.s/m, respectively, is
evident in this figure. Also, Figure 13 shows the hysteresis
loops of the first story of the uncontrolled building and
building equipped with SAFVD under this earthquake,
indicating the semi-active system’s effectiveness in seismic
energy dissipation.

5lg P T Uncontrolled
: SAFVD (2-4 quarter)

3rd Story Drift(cm) 2nd Story Drift(cm) 1st Story Drift(cm)

0 5 10 15 20 25 30
Time (sec)

Fig. 10: Time histories of a) first story, b) second story, and c)
third story drift of the uncontrolled building and building
equipped with the SAFVD based on the 2-4 quarter control
algorithm
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= SAFVD (2-4 quarter) | |
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0
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-2000 . : : :
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Fig. 11: Time histories of a) first story, b) second story, and c)
third story absolute acceleration of the uncontrolled building and
the building equipped with the SAFVD based on the 2-4 quarter
control algorithm

600

a)
~~
E
4 400
Z
i)
N’
o 200
N’
s |
Q
0 -
0 5 10 15 20 25 30
2
Z T
o4
<
[}
St
Q
<)
=
St
[
=3
g -
]
Q 1 ! 1
0 5 10 15 20 25 30
Time (sec)

Fig. 12: Time histories of a) semi-active damping and b) damper
force of the SAFVD based on the 2-4 quarter control algorithm
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56l
SAFVD(2-4 quarter)
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o
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Fig. 13: Hysteresis loops of the first story of the uncontrolled
building and the building equipped with SAFVD based on the 2-4
quarter control algorithm
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5.3 Determining probabilistic parameters using
regression analysis

In this section, the probabilistic parameters of the seismic
building demand presented in Equation (11) have been
derived using regression analysis. These parameters include
a, b, and feppym. The building has been subjected to 20
earthquakes, and the maximum drifts have been derived
previously. The spectral acceleration at the fundamental
period and damping ratio of the building, Sa(T1,E=2%), has
been selected as the IM. This IM has been proved to provide
the sufficiency criteria [50]. The maximum drifts versus the
Sa of the records have been considered as samples for the
regression analysis. As mentioned before, the relationship
between the natural logarithm of the maximum drift and the
natural logarithm of S, would be linear. Therefore, linear
regression has been conducted to determine the properties of
the line, such as slope, intercept, and correlation. As an
example, the result of this analysis for the uncontrolled
building is illustrated in Figure 14. The parameters a and b
could be calculated based on the slope and y-intercept of the
line according to Equation (12). Then the demand
uncertainty, pfeoeim, IS calculated by comparing the
estimated and predicted responses using Equation (13).

_2.5 T T T
0O
_ (o)
Slope = 1.1877
- 37 Y-Intercept = -3.6923 (o) |
& Correlation = 0.9355 0
;- 3.5
£ 350 i
2 @
X (o)
5 4t ]
£
g
.
4.5 R
-5 1 1 |
-1 -0.5 0 0.5 1
Ln(s )

Fig. 14: The relationship between the demand and IM for the
uncontrolled building

Table 3 reports the probabilistic parameters of a, b, and
Peoeim related to the uncontrolled building and the building
equipped with SAFVDs based on the 2-4 quarter and VBG
control algorithms. These parameters have been employed
to determine the uncertain demand and fragility, as
discussed in the following section. It is noteworthy that the
inter-story drift ratio has been considered as the failure
criteria for the safety of structural components following the
FEMA 356 [46] guidelines. The acceleration response could
also be used as the failure criteria of non-structural
components in further studies.
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Table 3: Estimated probabilistic parameters of the uncontrolled
building and the building equipped with SAFVDs

Mechanism a b Peopiiv
Uncontrolled 0.0249 1.1877 0.1905
2-4 quarter 0.0097 0.6191 0.1613
VBG 0.0097 0.7749 0.1658

5.4 Probabilistic seismic demand and fragility of
SAFVD systems

This section assesses the probabilistic performance of the
SAFVD system in terms of the probabilistic demand and
fragility curves. Figure 15 shows the maximum drift demand
curve of the uncontrolled building and the building equipped
with SAFVDs based on the 2-4 quarter and VBG control
algorithms. It is evident that the semi-active dampers can
significantly mitigate the uncertain drift demand of the
building, with the 2-4 quarter algorithm being more
effective.

ko] T T T T T
S 01f .
g uncontrolled
A SAFVD(2-4 quarter)
© 0.08 | |====SAFVD(VBG) A
I
2
E 0.06 :
2
8
g 0.04 f .
g
§ 0.02 + emmmmmm =T
E =
X
<
= . . . . .
0 0.5 1 1.5 2 2.5 3
S.(2)

Fig. 15: The maximum drift demand curves of the uncontrolled
building and the building equipped with SAFVDs

Furthermore, the corresponding fragility curves of the 10,
LS, and CP performance levels are also compared in
Figures. 16 to 18. It is observed that the SAFVDs are still
effective in reducing the fragility of the building and hence
improve the building’s safety. Comparing the control
algorithms, it seems both the control algorithms perform
similarly at the 10 performance level. As an example, the
SAFVD based on the 2-4 quarter control algorithm has
reduced the fragility by about 42% with respect to the
uncontrolled building at the IO performance level and
S.=0.5g, while this fragility mitigation was about 51% for
the VBG control algorithm.
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Fig. 16: Fragility curves of the uncontrolled building and building
equipped with SAFVDs at the 10 performance level

At higher performance levels, including LS and CP, the 2-4
quarter control algorithm shows more reduction in fragility,
especially in higher Sa. As an example, the SAFVDs based
on the VBG and 2-4 quarter control algorithms have shown
similar performance and reduced the fragility at the LS
performance level and S,=1.0g by about 63%. In addition, it
could be concluded that semi-active control of fluid viscous
damper can enhance the probabilistic performance of the
building significantly. It should be noted that these results
have been derived for the considered case study building in
the specific seismicity of the site (i.e., Sa(T1,E=2%)), and
justification for SAFVDs entails further studies for different
seismicity characteristics such as regions with a high
frequency of small to medium earthquakes.
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Fig. 17: Fragility curves of the uncontrolled building and the
building equipped with SAFVDs at the LS performance level
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Fig. 18: Fragility curves of the uncontrolled building and the
building equipped with SAFVDs at the CP performance level

6. Conclusions

In this study, it has been aimed to present a procedure to
assess the probabilistic performance of the semi-active fluid
viscous dampers, SAFVDs, attached to seismically excited
buildings. Six on-off control algorithms based on the motion
towards or away from equilibrium, sky-hook, and ground-
hook have been employed to control the semi-active
dampers. A three-story nonlinear shear building with
bilinear hysteretic material behavior equipped with
SAFVDs in the first story has been adopted, and nonlinear
dynamic analyses have been conducted under 20 actual
earthquakes. The cloud analysis and the regression analysis
have been employed to estimate the relationship between
intensity measure and seismic demand and probabilistic
parameters of the demand. The numerical analyses illustrate
the effectiveness of the semi-active control system in
reducing the structural responses. The semi-active control
algorithms based on motion towards equilibrium, i.e., the so-
called “2-4 quarter” and velocity-based ground-hook
algorithms, have shown to be the most effective. It is
observed that SAFVDs based on both of these control
algorithms significantly diminished the maximum drift,
which enhances the safety of structural components. Also,
these SAFVDs have effectively reduced the maximum
absolute acceleration, which is the criterion of the
convenience of occupants and the safety of non-structural
components. As an example, the SAFVD based on the VBG
control algorithm has reduced the mean of maximum drift
and absolute acceleration by approximately 64% and 67%,
respectively. On the other hand, the probabilistic
performance of SAFVD systems has been assessed in terms
of the seismic demand and fragility curves. These curves
qualitatively  illustrate  the  semi-active  dampers’
effectiveness in mitigating seismic demand and fragility and
hence improving the safety of the building. In particular, the
SAFVDs based on the velocity-based ground-hook control

Numerical Methods in Civil Engineering, 7-1 (2022) 16-27

algorithm have reduced the seismic fragility by about 51%
at the 10 performance level and spectral acceleration of 0.3g.
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