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This paper investigates numerically the seismic behavior of multi-degree-of-freedom (MDOF)
systems with novel 2-4 direction and displacement-dependent (2-4DDD) and 2-4 Displace-
ment-Velocity- (2-4DVD) Semi-Active (SA) controls. This study builds upon the novel SA
2-4DDD control system, in which the damper forces are controlled by inter-story drifts. For the
first time, this paper investigates numerically the behavior of an MDOF system with 2-4DDD
controls. A 3-story steel frame is modeled in OpenSees and then subjected to real earthquake
records. The frame is modeled considering three control systems: (i) conventional passive
nonlinear viscous dampers (NVDs), (ii) SA 2-4DDD dampers, and (iii) a new 2-4DVD SA
damper. Parametric studies are conducted to determine the optimal parameters of 2-4DVD
control in the designed frames. New design methodologies for MDOF systems with 2-4DVD and
2-4DDD controls are also proposed. The results are discussed in terms of inter-story drift, base
shear force, acceleration, dissipated energy and required damper force. Results from Nonlinear
Time History Analyses show that, compared to a frame with traditional NVDs, the inter-story
drifts and base shear of the frame with 2-4DVD control are up to 72% and 32% lower,
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respectively. 2-4DVD control also reduces damping forces and acceleration by up to 60% and
87%, respectively, compared to 2-4DDD control. It is also shown that the 2-4DDD control was
not stable in high-frequency earthquake records. Conversely, the new 2-4DVD control leads to
smoother damping force changes between quadrants for the case study investigated in this
paper. This study contributes toward the development of new seismic retrofitting dampers for
nonlinear MDOF systems.

Keywords: Seismic behavior; semi-active control; viscous dampers; steel frames; hysteretic
response.

1. Introduction

In the last decades, structural control systems have become a popular alternative to
reduce damage in buildings located in earthquake-prone regions [Etedali et al., 2023;
Hosseini Lavassani et al., 2022; Meigooni and Tehranizadeh, 2022]. Whilst the initial
cost of structural control systems can be relatively high compared to the total cost of
the building, they are deemed as a viable option because they (i) increase signifi-
cantly the energy dissipation capacity of buildings [Karami Mohammadi et al.,
2021], (ii) speed up construction as elements can be standardized and built off-site,
and (iii) reduce the cost of eventual post-earthquake repairs in case buildings
experience damage [Quintana and Petkovski, 2018]. Among the different structural
control systems currently available, dampers are probably one of the most widely
adopted devices. Different types of dampers exist for buildings. For example, Fluid
Viscous Dampers (FVDs) dissipate energy that enters the building during an
earthquake by compressing fluids stored in the damper. The main advantages of
passive FVDs are that they do not need any external power source to operate, they
have simple working mechanisms and they require little maintenance after instal-
lation [Symans and Constantinou, 1995]. Previous experimental and numerical
studies [Abdulhadi et al., 2020a,b; Akehashi and Takewaki, 2019; Aydin et al., 2019;
Chan and Quincy, 2022; Dall’Asta et al., 2016; Domenico and Hajirasouliha, 2021;
Dong et al., 2016; Jiao et al., 2018; Kiral and Gurbuz, 2024; Lin et al., 2017; Riaz
et al., 2023] have proven that FVDs are effective at reducing structural damage by
absorbing a significant portion of the input energy from an earthquake. Moreover,
FVDs have been successfully used to reduce the seismic demands on structures. For
example, Domenico and Hajirasouliha [2021] proved that the adoption of a Uniform
Damage Distribution (UDD) concept for the design of FVDs reduced maximum
plastic rotations in frames by 38%. Past research has also verified the effectiveness of
nonlinear viscous dampers (NVDs) in controlling the response of structures. Lin and
Chopra [2002] found that the use of NVDs on Single-Degree-of-Freedom (SDOF)
systems reduced structural deformations by up to 60%. Riaz et al. [2023] showed that
using NVDs in buildings reduced the inter-story drifts by approximately 31%.
However, previous research has also shown that the use of viscous dampers as ret-
rofitting devices can increase the base shear of buildings, especially in buildings
experiencing nonlinear behavior [Domenico and Hajirasouliha, 2021; Hazaveh et al.,
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(a) (b)

1-4 device (viscous) |1-3 device (1-3DDD) |2-4 device (2-4DDD)

Fig. 1. Force—displacement hysteretic loops of (a) 1-4 conventional viscous device, (b) 1-3 devices
(1-3DDD, quadrants 1 and 3 displacement-direction-dependent), and (c) 2-4 devices (2-4DDD).

2016]. Indeed, Domenico and Hajirasouliha [2021] found that the use of NVDs in-
creased the total base shear of substandard moment-resisting steel frames by up to 15%.
Such an increase in the frame’s base shear can hinder the use of viscous dampers in
retrofitting applications due to the additional costs associated with the need to retrofit
the building’s ground floor columns and foundations.

Conventional linear viscous dampers provide damping forces in all four quadrants
of their force—displacement hysteretic loops, as shown schematically in Fig. 1(a) (1-4
devices). In large damping applications of linear frames and even in small damping
applications of nonlinear frames, the viscous damper forces act in phase with the
frame forces. Accordingly, an increase in the base shear of the system is inevitable
while dampers are being used to reduce the frame’s displacements. The reshaped
force—displacement loop of a viscous damper could be a solution to be out of phase with
structural forces in low or high structural damping applications. A reshaped force—
displacement hysteresis of the viscous damper could also be a cost-effective solution for
seismic retrofitting of existing buildings, mainly because of the cost and challenges
resulting from retrofitting the building’s ground floor columns and foundations.

Semi-active (SA) control systems operated by a small external power source were
proposed by Symans and Constantinou [1995]. A main advantage of SA control
devices is that they can operate as passive devices even if a power cut occurs.
Moreover, SA devices do not add energy to the system. Instead, they store/absorb
the vibration energy input from earthquakes. Therefore, such devices do not desta-
bilize structural frames like active systems [Chase et al., 2006; Hazaveh et al., 2017b].
SA systems only control the behavior of a structure by changing its damping
[Fukuda and Kurino, 2019; Hazaveh et al., 2017b; Kurino et al., 2003] or stiffness
[Mulligan et al., 2010], whereas other properties remain constant.

The behavior of SA viscous dampers is heavily dominated by their force—
displacement hysteresis loops. Most SA viscous dampers proposed in the current
literature [Dan et al., 2015; Ho et al., 2018; Symans and Constantinou, 1995] provide
damping forces in all four quadrants of their force—displacement loops. However,
Hazaveh et al. [2017b] proposed to “reshape” the force—displacement loops of viscous
dampers to enhance their effectiveness. Hazaveh et al. [2017b] investigated a linear
SDOF steel frame with SA control and damper motion resisted in either (i) all four
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quadrants (1-4 conventional viscous dampers, Fig. 1(a)), (ii) motion away from
equilibrium (1-3 damper, Fig. 1(b)), and (iii) motion toward equilibrium (2—4
damper, Fig. 1(c)). They found that reshaped viscous dampers with a 2—4 control
loop (2-4DDD; DDD = direction and displacement-dependent, Fig. 1(c)) did not
increase the base shear of buildings because the damper forces and column forces
are completely out of phase. However, the 1-3 control tended to increase the
base shear of the frame in the case of large damping because the damper forces
(1-3 control) and column forces are partially in phase with each other. They also
found that the 2—4 control reduced the average values of maximum acceleration,
total base shear, and maximum displacement by 10-40% over all periods (up to
5.0s) when compared to the uncontrolled frame. Control loops 1-3 and 1-4
reduced the maximum displacement by similar magnitudes (or even more) but at
the expense of increasing the frame’s base shear. While 24 dampers (or 2-4DDD)
have proven more advantageous than other devices (1-3 and 1-4) to control
damage in structures, to date no research has investigated their use in multi-
degree-of-freedom (MDOF) systems. As a result, research is necessary to provide
further insight into the effectiveness of 2-4DDD devices in controlling the response
of multi-story buildings.

For the first time, this paper examines numerically the seismic behavior of an
MDOF system with a 2-4DDD control that incorporates a sudden opening and
closing algorithm between quadrants of a viscous damper. In the presence of unstable
behavior of 2-4DDD over a wide range of seismic frequencies, this study proposes a
novel control device called 2-4DVD, which facilitates smooth changes in damping
force between quadrants. To achieve this, a nonlinear 3-story frame building is
modeled in OpenSees software and subjected to a set of four real PEER seismic
records. The frame is modeled with three different controls: (i) passive NVDs (with a
= 0.3) which serve as a comparative benchmark, (ii) 2-4DDD dampers, and (iii) a
new SA 2-4DVD damper (2-4 Displacement-Velocity-Dependent) proposed in this
study. Parametric studies are conducted to determine the optimum parameters of
2-4DDD and 2-4DVD controls in the frames. A design methodology for the new
2-4DVD control is also proposed. The outcomes of this study contribute toward the
development of innovative dampers suitable for use in the seismic retrofitting of
substandard buildings.

2. Numerical Study
2.1. Design and analysis of steel frames

The MDOF system considered in this study is a 3-story steel moment-resisting frame
(MRF) with a total height of 9.6m and a total width of 15.0m (see Fig. 2(a)).
The 2D bare frame is designed to withstand horizontal loads and gravity loads, with
the former being calculated using the design spectrum in CEN Eurocode 8 [2004].
The design considers that the bare frame is in a low seismic activity area with a
Peak Ground Acceleration PGA = 0.18¢g. A ground type C (shear wave velocity
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Fig. 2. (a)Loads and element sections in bare steel frame (no viscous dampers), and (b) counterpart steel
frame with viscous dampers.

V, = 180-360m/s) and a behavior factor ¢ = 6.5 are assumed for the design. The
corresponding dead (DL) and live loads (LL) are assumed to be 14.0kN/m? and
6.8 kN/m? for the first story, 13.0kN/m? and 7.0kN/m? for the second story, and
6.5 kN/m? and 3.5kN/m? for the third story, as shown in Fig. 2(a).

It is assumed that the first-story columns are fixed to the ground, and that beams
and columns are rigidly connected. As the building is designed to be highly ductile
under strong earthquake shaking, the nonlinear contribution of the beams to the
structural behavior is considered by not assigning rigid diaphragms to the floors in
the models. It is also assumed that beams and columns are made of steels S275 and
S355, with respective nominal yield strengths of 275 MPa and 355 MPa. A strain-
hardening ratio of 1% is chosen for simplicity. Nonlinear time-history analyses
(NTHAs) in OpenSees software are conducted to design the frame, as per CEN
Eurocode 8 §4.2.3 [2004]. Moreover, a strong column-weak beam design philosophy
was adopted according to Eurocode 8, which resulted in the cross-sections presented
in Fig. 2(a). The steel sections resulting from the design of the bare frame is shown in
Fig. 2(a). Wide flange HEB profiles are used for beams (e.g. HEB200B has a cross-
section of 200 mm width x 200 mm depth), while square hollow sections are used for
columns (e.g. 200 x 28 is a square section with a side of 200 mm and a thickness of
28 mm). According to test results by Akcelyan et al. [2016] and numerical analyses of
Huang [2009], the stiffness of braces (supporting braces) connected to viscous
dampers can change the performance of the dampers. To avoid such issues in the
analysis, this study adopts a realistic value of brace stiffness (see Sec. 2.3) given by
Taylor Device Inc. [2020]. The fundamental period of the 3-story steel bare frame is
calculated as 0.93 s. Note that since a viscous damper response is velocity-dependent
(as shown later in Eq. (1)), the use of dampers on the steel frame is not expected to
change such a period.

After the design, the model of the bare frame was modified to account for
the control devices. Three case study frames with different viscous dampers in a
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Chevron brace configuration are considered, according to the geometry shown
in Fig. 2(b):

e a frame with a NVD control,
e a frame with a 2-4DDD damper control, and
e a frame with a 2-4DVD control.

The connection between the dampers and the frame is modeled as a joint
(“nodes”) in OpenSees. The dampers of the three steel frames adopt the modeling
approaches described later in Sec. 0. The nonlinear dynamic response of the three
case study frames is carried out using OpenSees [McKenna et al., 2006]. The beams
and columns (class 1 cross-sections) are modelled using beam-column elements
with force-based distributed plasticity (type “nonlinearBeamColumn”). Five
Gauss—Lobatto integration points were used along the elements’ length. Whilst the
adoption of displacement-based controls in OpenSees would be computationally
less demanding than the use of force-based elements, it would require a mesh
refinement and sensitivity analysis to improve the accuracy of the local solutions.
Accordingly, adopting force-based elements is advantageous, as they only need a
larger number of integration points in each element to improve accuracy. A bilinear
steel (Steel01) material is adopted in the modeling of the elements. For computa-
tional efficiency, the cross-sections of beams (with wide flanges) and columns
(with hollow square tubes) are discretized using 40 and 52 fibers, respectively,
according to the recommendations by Kostic and Filippou [2012]. A Rayleigh
damping ratio of 2% is used to model inherent damping corresponding to the first
mode and to the mode associated with cumulative mass participation exceeding
95%. Likewise, a Newmark constant-average acceleration scheme is used to inte-
grate the equations of motion over time. Geometric nonlinearities (e.g. P-Delta
transformations) are also considered in the modeling. The three case study frames
were subsequently subjected to a set of seismic records, which are described in
the following section.

2.2. Seismic records

In this study, four real seismic records with different predominant frequency ranges are
selected from the PEER [2023] ground motion database. Table 1 lists the main char-
acteristics of the records, whereas Fig. 3 shows their corresponding response spectra.

Table 1. Characteristics of selected seismic records used in this study.

Earthquake M,  Abbreviation Station ID/Component PGA (g)
1992 Cape Mendocino 6.9 CAP CAPEMEND/PET000 0.590
1994 Northridge-01 6.69 PAR PARDEE/PAR-L 0.558
2007 Chuetsu-oki, Japan 6.8 CHU Kashiwazaki, NPP/SGO1EW 0.444
1995 Kobe 6.9 KOBE Takatori/TAK090 0.616
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Fig. 3. Response spectra of selected seismic records.

It is shown that the selected records have PGAs well above the PGA used to design
the steel frame (PGA = 0.18 g), and therefore the frames are expected to be subject
to large seismic demands. Figure 3 also shows the fundamental period of the 3-story
steel frame. As it will be shown in Sec. 3, the 2-4DDD control is unstable under some
of the seismic records, which makes direct comparisons between the three types of
controls (NVD, 2-4DDD and 2—4DVD) difficult as convergence issues occurred
during the analyses in OpenSees. Accordingly, this study considers only four seismic
records for which no convergence issues and full results were obtained. Future re-
search should investigate the adoption of other earthquake records and/or a design
response spectrum as input in the nonlinear dynamic analyses.

2.3. Modeling of nonlinear viscous damper

The constitutive behavior of a fluid viscous damper (Fig. 4) can be modeled using a
Maxwell stiffness (K}j) and a dashpot with a fractional force—velocity relationship,
according to Eq. (1) [Symans and Constantinou, 1995] and to the model shown in
Fig. 4(a):

Fy = Cyléalsgn(8,), (1)

where F, is the damper force; C, is the damping coefficient; §; = § x cos @ is the
relative velocity (i.e. inter-story velocity in damper, Fig. 4(a), between the two
terminals of the device projected along the damper’s axis; « is the power-law non-
linearity of the damper; and sgn(-) is the sign function returning either a + or —value.

In this study, the inter-story velocity is multiplied by cosf, where 6=
arctan (2H /L) is the angle of the brace with respect to the horizontal axis, as defined
by the geometry shown in Fig. 4(a). The hydraulic circuit used in the damper
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Fig. 4. (a) Schematic view of Maxwell model of NVD, and (b) damper model (K}, = brace stiffness; K; =
axial stiffness of damper; K = total stiffness).

determines the magnitude of the velocity exponent «. Past studies have reported
that o ranges between 0.2 and 1.0 for devices available in the market [Taylor Devices
Inc., 2020]. Altieri et al. [2018] proved that the use of & = 0.3 in the analysis reduced
the required damping forces by 30% compared to the use of o = 1, while achieving
the same drifts. Therefore, a velocity exponent o = 0.3 is adopted for modeling of
nonlinear viscous damper (NVD) modeled in OpenSees.

NVDs are modeled in OpenSees using “twoNodeLink” elements with
“ViscousDamper” materials [Akcelyan et al., 2016]. OpenSees adopts a Maxwell model
that combines linear springs ($K) and dashpots with a damping coefficient C,; and a
velocity exponent a. The parameter $K (or K in Fig. 4(b)) of all viscous dampers in
the frame is K}($K) = 3283.63kN/cm, according to recommendations by Taylor
Devices Inc. [2020]. The element recorder “localForce” in the “twoNodeLink” elements
is used to obtain the damper forces in OpenSees software. Damper limit states (typ-
ically associated with the maximum stroke limit of a piston during severe earthquakes
[Miyamoto et al., 2010]) are ignored in the analysis because commercial dampers can
have long strokes up to 900 mm [Taylor Devices Inc., 2020].

2.4. Semi-active 2-4DDD control damper

Conventional viscous dampers (CVDs) resist forces in all four quadrants of the force—
displacement hysteresis loop. CVDs reduce structural displacement demands via
additional damping without increasing the base shear of frames. However, in non-
linear frames or frames with high levels of additional damping, they can easily in-
crease the total base shear demand and this is an undesired effect. To bypass this
drawback, a novel 2-4DDD control [Hazaveh et al., 2017b] proved effective at re-
ducing displacements without increasing base shear. The 2-4DDD control removes
the damping forces in quadrants 1 and 3 of the damper force—displacement hysteresis

2450022-8
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/
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J/
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2.4DDD Nonlinear Bare Frame with
Frame Damper
(2) (b) (©)

Fig. 5. Schematic representation of a 2-4DDD control. F;; = damper force. F;, = base shear for bare frame
(without damper). F,; = total base shear for damped structure.

loops (see Fig. 5(a)). The new reshaped force—displacement loop (Fig. 5(a)) is fully
out of phase with frame forces, as shown in Figs. 5(b) and 5(c). To achieve the new
loop, Hazaveh et al. [2017b] proposed Eq. (2) for the control of a viscous damper
hysteresis loop. To model this type of control in OpenSees, an adhoc “for loop”
command is written in the software. This “loop” checks Eq. (2) and decides if a force
is needed in the damper. Based on this, the viscous damper coefficient is determined.
After a full earthquake record simulation, an external subroutine written in
MATLAB® environment [MATLAB, 2018] checks (or updates) the control para-
meters (Steps 3 and 5 in Fig. 6) before the next iteration (i.e. a full NTHA under the
same earthquake records). The total base shear, which is needed in Steps 3 and 5 of
Fig. 6, is also obtained in the software after performing a full NTHA.

Start

Step 1 Set initial Cg; (or €5 ) |

Perform NTHAs of the frame using (,:,0() lor
Step 2 updated Cfi”,‘ value (c{™*1)

Step 4

END
Step 5

-
m+1y _ [ 1EET (m)
Cd,i - |El,-(m;‘ X Cd.i

Fig. 6. Flowchart of proposed design methodology for 2-4DDD control.
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It is assumed here that, since the velocity and displacement change over time,
the orifices of the devices would open or close to produce damping in the desired
quadrant. Accordingly:

if sgn(8y,;) # sgn(84:), Fy = Cy; X 845,

) . (2)
if sgn(6,;) = sgn(dq4,), Fa; =0,

2 —4DDD control{
where all variables are as defined before.

The flowchart in Fig. 6 proposes an iterative design methodology to calculate the
damping coefficient of 2-4DDD control in a frame. Note that the methodology has to
be applied to each story individually, according to the definition of ('Sd’i in Eq. (2)
(referring to local inter-story velocity in the damper at the ith story). The Steps of
the design methodology can be summarized as follows:

Step 1. Choose an initial arbitrary damping coefficient C,; (C ;02) to input in
Eq. (2). This initial Cj; is updated using Eq. (4) at the end of each iteration (i.e. at
the end of each NTHA analysis). Therefore, the initial value of Cy; is not critical in

the design.

Step 2. Perform a NTHA of the frame using C((ii.) or updated C’C(;;L) value (Cfﬂf“) )
under an earthquake record.

Step 3. Check if the condition defined in Eq. (3) is met:

’Z F'(m)
06< |- — 1] <10, (3)

m)
}Z Fi(,d

where EFI(Z') is the total peak global damper forces (considering all columns) of the
story i at iteration m; and ZFf,'Z) is the total peak force of all four columns in story ¢
at iteration m. Note that the limits of 0.6 and 1.0 in Eq. (3) are set based on results
from this study and could be slightly different for other case study structures. The
convergence of Eq. (3) is generally achieved after a few iterations (usually fewer than

20), depending on the earthquake applied in the analysis.
Step 4. If the condition in Eq. (3) is met, end the simulation.

Step 5. If the condition in Eq. (3) is not met, then update the value of the parameter
C 1(1(,)2') or C Eli?) based on the recurrence relationship in Eq. (4). Then repeat the process
from Step 2 until the condition in Eq. (3) is met.

SR
cflj;@: = xci, (4)

= F

where C' ((JT?) is the damping coefficient of the story 7 at iteration m; and the rest of the
variables are as defined before.
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2.5. Semiactive 2-4DVD control damper

As it will be shown later, the 2-4DDD control can cause unstable damper loops under
high-frequency ground excitations. Therefore, a new 2—4DVD control is proposed in
this study as shown in Fig. 7(a). The control has closed orifices in quadrants 2 and 4
from the peak dashpot displacement back toward zero displacements, and partially
locked orifices in quadrants 1 and 3. This leads to full damping resistance in quad-
rants 2 and 4 (Eq. (5a)), and to partial damping resistance in quadrants 1 and 3 (see
also Eq. (5b)). This control is similar to 2-4DDD control, but it offers more stable
damping force changes between quadrants by providing some forces in quadrants 1
and 3 (Figs. 7(b) and 7(c)). The modeling, parameters optimization procedure of the
control in the software are the same as those of the 2-4DDD control (see Sec. 2.4),
but the main difference is the governing equations (see Egs. (2) and (5)).
The proposed algorithm of 2-4DVD control is defined by Egs. (5a) and (5b):

: $ J ]
if sgn(dq4,i) # sgn(da,q), Fy, = Clin—a X 04,
07 _ Ag,2,4><cd,1in
di2—4= T Rt
i
J _ K;
= Ai,2—4 - 1+e(0.01x|6§;1|—10)7 (53)
AJ 2—4
i2-4 < (7}
—1 =
Fai - . .
: _ N 7 v J
2 —4DVD « if sgn(da,;) = sgn(da,i), Fy i =Cli13X 0y,
Cj _ Ag,lfsxcd-,in
dil-3 = FIT
Al = K
7,1—3 PxRx|6% -1 —10)"
= Aj 1+€( xBX| d,i ! ) (5b)
i,1—3
13 < @G
—1 =
F(:;J ’
J
Caii—s >0,

where ch.i is the damping force of the ith story at the jth time step; Fj:l is the ith
story damper force at the (j — 1)th time step (i.e. the previous control time step);
Ciiaqand C;, 5 are the damping coefficients of the ith story at the jth time step

No increase in base shear

Reduction of
~displacement

"
-

3
2.4DVD Nonlinear Bare Frame with
Frame Damper
(2) () ()

Fig. 7. Schematic representation of idealized semiactive 2-4DVD control. F;; = damper force. F}, = base
shear for bare frame (without damper). F;; = total base shear for damped structure.
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for quadrants 2—4 and for quadrants 1-3, respectively; and A{,173 and Aﬁ"274 are
time-dependent variables of the ith story at the jth time step in quadrants 1-3 and
24, respectively.
The working principle of the proposed algorithm is that the initial damping co-
j
coefficient in Eq. (5b) (C7;, 3 > 0) is set to prevent convergence issues in the algo-
rithm time steps (i.e. in Eq. (5b), A7, _, canreach close-to-zero values for some drifts).

The identification of the algorithm parameters given in Eq. (5) should follow the
order of Cy, R, K", P, K;, and G, as follows:

Determination of Cg;,: The initial damping coefficient Cy;, used in the
algorithm can take any value, primarily because this value is updated in the iterative
design methodology of the new 2-4DVD control proposed in this study. A value of
100kNs/m is adopted here, and such value could be used for any low-rise frame.

Determination of R: The parameter R in Eq. (5b) depends on the input units
and should be taken in accordance with. For instance, if 6, is in meters, then R = 100.

Determination of initial parameter K (K EO)) and parameter P: Parameter
K relates to the energy in the quadrants. An initial K (K 7;(0) ) value at ith story is used
to initialize the first iteration of the algorithm. The following equation can be used to
calculate the initial value:

A’
efficient Cj;, is updated according to the ratios F"’JT and

. A minimum damping

Kin = C(d,in X 5d,i X 6d,7f' (6)

The variables 5(17 ; and 04, could have any value. In this study, values Sd,i =1m/s and
04; = 1 m are adopted in the analysis, and therefore K Z»(O) = 100 kNm, a value which
could be used for any low-rise nonlinear frame as an initial value.

Parameter P controls the force length (along the displacement loop) in quadrants
1 and 3 and as such an optimum value of P needs to be defined. To achieve this, a
parametric analysis is carried out by subjecting the frame with 2-4DVD control

(Eq. (6)) to the CAP record considering two cases:

(1) Assuming a constant K = 40 x Kfm and P =4, 6, and 15, as shown in Fig. 8, and
(2) Assuming a constant P = 6 and K = 20 x KZ(O), 40 x Kfo) and 80 x KZ@, as
shown in Fig. 9.

Table 2. Parameter
R as a function of
the input unit.

Input unit R

m 100
cm 1
mm 0.1

inch 2.54
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Fig. 8. Damper force vs. dashpot displacement of 2-4DVD control for constant K and different P values
in story 2 (CAP record).

The values of the parameters Cy;,, R and K 2-(0) are as defined above. Parameter G
is set to be infinitely large for this parametric analysis. Note that only one record and
three P values are considered here as an example. However, the selection of an
optimum value P has to be carried out on an ad hoc basis considering different frames
and different earthquake records.

Figure 8 compares 2nd story damper force vs. dashpot displacement assuming a
constant K (4 x 103kNm) and three different P values (P = 4, 6, and 15). All three
stories have the same K and P values in the analysis. Fig. 8 shows the results for the
2nd story because this story experienced the largest inter-story drift in the frame.
The results in Fig. 8 indicate that the damper forces in quadrants 1 and 3 tend to be
“cut” sooner as the value of P increases (e.g. compare forces given by P = 15 against

400 T T T T T T 3 3 B
CAP ——K=2x10"kNm ——K=4x10"kNm —K=8x10"kNm
P=6 -

300

200

100

-100 -

Damper Force (kN)
(=}
T

-300 - 1

-400

Dashpot Disp. (cm)

Fig. 9. Damper force vs. dashpot displacement of 2-4DVD for different K with constant P values in story
2 (CAP record).
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P =4). The results of Fig. 8 suggest that a value P = 6 provides a reasonable balance
between the damper force and dashpot displacement for the case study frame
examined in this study.

Figure 9 compares damper force vs. dashpot displacement for a constant P (P = 6)
and three different K values (K =2 x 10°kNm, 4 x 10°kNm and 8 x 103kNm).
All three stories have the same K and P values in the analysis. The results in Fig. 9
show that K = 8 x 10% kNm leads to larger damping forces than K = 2 x 103 kNm.
The results in Fig. 9 imply that the selection of K can change significantly the
shape and damper force and, as a result, such parameter needs to be optimized in
the design. Based on these results, a value P = 6 is adopted in subsequent analyses
that aim to determine the optimum K; of the case study frame with 2-4DVD
control.

New design methodology to determine the optimum K ;: Figure 10 shows
the flowchart of a new design methodology that can be adopted to calculate the
parameter K at each ith story of a frame with 2-4DVD control. The frame equipped
with 2-4DVD control at the ith story should be run under a critical earthquake, and
K Z-(U) should be updated according to the iterative methodology in Fig. 10. Note that
the proposed design methodology has to be applied to the ith story with a 2-4DVD
control. If the same 2-4DVD control is used in more than one story, then the values
Cim> 8, K ?@ and P can be the same, but the design methodology in Fig. 10 should be
applied to each story separately because the total shear force of each story is different
and therefore the optimum Kj; is different for each story.

Start

* Set Cd,in=100kNs/m
Step 1 .
= Set R value using Table 2
+ Set P=6
Step 2 setinital K (or K" ) = 100kN
P or K; m
!
Step 3 Perform NTHAs of the frame using initial K / or
updated parameter K value ( Kfm+1))
Step 4 i
P Step 5
END
Yes Step 6
Fm
Ki(m+1) (] Jr,;)\ » thm)
No =77

Fig. 10. Flowchart of new design methodology to define the parameter K; in 2-4DVD control.

2450022-14



J. Earthquake and Tsunami 2024.18. Downloaded from www.worldscientific.com

by UNIVERSITY OF SHEFFIELD on 10/31/24. Re-use and distribution is strictly not permitted, except for Open Access articles.

Seismic Performance Assessment of Steel Buildings Equipped

The new design methodology can be summarized as follows:
Step 1. Set the initial damping coefficient C;;,, parameter R and parameter P (for
the case study frame Cj;, = 100kNs/m, R was taken from Table 2, and P = 6).
Step 2. Set the initial value of parameter K (for the case study frame K; 0 _
100 kNm).

Step 3. Perform a NTHA of the frame using initial K ;O) or updated K; (K §m+l))
value under a critical earthquake.

Step 4. Check if the condition in Eq. (7) is met:

<1.2 (7)

where all variables are as defined before. The limits 1.0-1.2 given in Eq. (7) are
provisionally suggested as lower and upper boundaries for the control proposed in
this study. Note that the limits of 1 and 1.2 in Eq. (5) are set based on results from
this study and could be slightly different for other case study structures.

Step 5. If the condition in Eq. (7) is met, then finish simulation.

Step 6. If the condition in Eq. (7) is not met, then update the value of parameter
K, ™ hased on the total global forces in columns and dampers using the recurrence
relatlon in Eq. (8). After the update, repeat the process (from Step 3) until the
condition in Eq. (7) is met.

’Z (rn)
[o e

where some variables are as defined before. K im and K EmH) in Eq. (8) refer to ith
story current and updated parameter K, value, respectively.
Determination of G for the case study steel frame: Once the optimum K, is

K (m+1)

3

x K™, (8)

Al
I(JIZI 14 or F:é}f
should be smaller than a given value G in order to impose a limit to the maximum
value of damping coefficient. G has to be limited as otherwise the damping coeffi-
cients calculated by the proposed methodology could reach large values impossible to
be achieved in practice. Therefore, the maximum value of C,; should be limited
without changing the results of the optimum control achieved by using the proposed
methodology. The value of G can be easily found after a couple of simulations. For
instance, after identifying the optimal K;, a first NTHA of the frame with 2-4DVD

control under the selected earthquake should be performed with an infinite large G

defined, the parameter G should be calculated. To achieve this, the ratio

J
A:l}

(i.e. removing the maximum limit in and F’z ). This frame should be run a

dz dyi
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second time with the same 2-4DVD control under the same ground motion as the
first NTHA but with a limit on G (e.g. 300, 400, etc.). If the results (e.g. inter-story
drift) from both analyses are the same, then the correct value of parameter G is
found. If these two results are different (>1%) from each other, then increase the
value of G and repeat the NTHA of the frame again under the same conditions
adopted in the previous simulation. The process is repeated until the results from
both analyses are the same. The following section presents and discusses the most
relevant results from the NTHA carried out on the three case study steel frames with
2-4DDD, NVD, and 2-4DVD damper controls.

3. Results and Discussion
3.1. Frames subjected to CHU record

Figures 11(a)-11(c) compare the force-displacement loops of 2-4DDD, NVD, and
2-4DVD controls at story 2 for seismic record CHU, respectively. The force is the
total shear force resisted by all four columns at a story level. Story 2 is examined
because this floor had the largest drift during the analyses. It is shown that 2-4DDD
(see Fig. 11(a)) is less stable than 2-4DVD control loop (Fig. 11(c)). Unnecessarily
large fluctuations (i.e. force “jumping”) in the loops increase the required damper
forces, which in turn increases the cost of dampers. As shown in Fig. 11(a), the loop
fluctuations in 2-4DDD control could raise questions about its stability and effec-
tiveness at high earthquake frequencies. The results of Figs. 11(a)-11(c) suggest that
2-4DDD control has the largest damping force (i.e. 501 kN; Fig. 11(a)) of the three
controls. To obtain the results of Fig. 11(b), the damping coefficients of NVD control

600 —— Dampers (2-4DDD) — Columns 600 ——Dampers (NVD) — Columns 600 ——Dampers (2-4DVD) —— Columns
~ a c
Z 400 ( ) 400 | 400 ( )
=2
Py
5 150 150 | 150
=
=
S-100 -100 -100
w
= &
‘[_5 -350 -350 -350
Story 2 Story 2 Story 2
-600 Ty -600 4 -600 ry
-15 -10 -5 0 5 10 15 -5 - -5 0 ) 10 15 -1 -10 -5 _() 5 10 15
Drift(cm) Drift(cm) Drift(cm)
3 —=2-4DDD —NVD —2-4DVD
@ g
5 |CHU <
22 g
E] 2 Max base shear of
i 5 0 bare frame
3 =
2l 7] \
7] 9 -400 \
< \
[=a] N
= . @ 800 . . . . . . . . .
RN N N R R T 0 8 6 4 2 0 2 4 6 8 10
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Fig. 11. NTHA results of frames with 2-4DDD, NVD, and 2-4DVD controls: (a—c) total shear force for
story 2, (d) inter-story drift ratio, and (e) base shear force (CHU record).
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Table 3. Main results of frames with different controls subjected to seismic records (A = Reduction).

Max. damper Max. Max.
force of all inter-story Base shear acceleration
three stories drift of the of the frame of the frame

Record Control (kN) A (%) frame (cm) A (%) (kN) A (%) (em/s?) A (%)

CHU NVD — — 13.66 — 635.22 — 320 —
2-4DDD 575.0 — 6.19 —55 635.22 0 2440.2 +662.6
2-4DVD 231.2 —60 3.89 —72 430.46 —32 320 0

PAR NVD — — 16.76 — 600.55 — 594 —
2-4DDD 445.15 — 9.37 —44 585.46 -3 1701.6 +186.5
2-4DVD 310.20 -30 4.89 -7l 574.73 —4 396.2 -33.3

CAP NVD — — 6.50 — 453.65 — 1309.8 —
2-4DDD 324.05 — 5.33 —18 441.72 -3 1133.6 —13.5
2-4DVD 218.59 -33 3.77 —42 423.68 -7 827.5 —36.8

KOBE NVD — — 10.85 — 684.03 — 754.8 —
2-4DDD 497.60 — 8.27 —24 647.08 -5 1631.8 +116.2
2-4DVD 356.77 —28 5.96 —45 591.14 —14 442.5 —41.4

are distributed uniformly over all three stories of the frame and then uniformly
increased until the base shear of the controlled frame reaches the maximum base
shear of the bare frame. The results of Fig. 11(d) indicate that the columns of the
frame with NVD control experienced a large 4.3% inter-story drift ratio. Therefore,
NVD-controlled structural elements are likely to have more structural damage. The
results of Fig. 11(d) showed that, compared to the NVD control, the 2-4DDD control
reduced the maximum inter-story drift ratio by 55% in story 2 (see numerical results
in Table 3), yet it increased the acceleration of the frame by 662.6% at story 1 (see
last column of Table 3) under the same base shear force as the bare frame (dashed
black lines in Fig. 11(e)). However, the 2-4DVD control is more effective than the
NVD control, with a 72% reduction in inter-story drift ratio and a 32% reduction in
base shear forces (see Table 3 and Fig. 11(e)). The 2-4DVD control also reduced the
maximum acceleration of the bare frame by 32% (Fig. 12(c)). The large acceleration
in story 1 can be attributed to the large damping forces created by 2—4DDD control.
The base shear force, shown in Fig. 11(e), is obtained by summing up the global
forces from the two damper forces and all four columns in story 1. The maximum
base shear force of the bare frame, shown in Fig. 11(e) (without controls, as given in
Fig. 2(a)), is obtained by subjecting the frame to CHU earthquake. The results (see
Table 3) show that the maximum damper force required by the 2-4DVD control is
60% lower than that of the 2-4DDD control (231.2kN vs. 575.0 kN respectively).
Past research has shown that residual deformations after a mainshock can worsen
the seismic performance of frames during aftershocks (De Domenico et al., 2024; Yan
et al., 2024). As a result, frames should be able to recenter themselves after an
earthquake. Figures 12(a) and 12(c) compare, respectively, the inter-story drifts,
velocities and accelerations of the bare frame and the frames with three controls
(NVD, 2-4DDD, and 2-DVD) subjected to the CHU record. Figures 12(d) and 11(a)
show that the largest inter-story drift occurred in story 2. If the recentering capacity

2450022-17



J. Earthquake and Tsunami 2024.18. Downloaded from www.worldscientific.com

by UNIVERSITY OF SHEFFIELD on 10/31/24. Re-use and distribution is strictly not permitted, except for Open Access articles.

A. Kiral et al.

—— Bare ——2-4DDD =——2-4DVD —NVD

Story 3 ‘ ‘ /\

10 ' cHU n \
\
0

20 2500 -
Story 3

1000 » q' ,
-1000 | P

-2500

()
=
2

2500

. 0
& -1000

g -2500

o
)
~
ot
%
)
™)

Velocity (cm/s)
)
o S
>=4
=
=
Acceleration (cm/s”)
S
(=3
S i S
t ' [

2500

1000
0
-1000

-2500
0

4 6 8
Time (s)

(a) (b) (c)

20 > 2500

2440.2 cm/s?

1500

500

-500

320 cm/s?

10 320 cmis?
-1500 4735

-20 -2500
9 10 11 12 7 8 9 10 11

Fig. 12. NTHA results of bare frame and frames with 2-4DDD, NVD, and 2-4DVD controls: (a) inter-
story drifts, (b) velocities, and (c) accelerations at stories 1, 2, and 3 (CHU record).

of the three controls is evaluated in story 2, it is noted that the residual deformation
of the bare, NVD and 2-4DDD frames is not zero, whereas the 2-4DVD frame
practically has zero drifts. The residual drifts in the bare, NVD and 2-4DDD frames
can be attributed to the nonlinear behavior in beams and columns. This is confirmed
by the widespread plastic hinging experienced by such frames under the CHU re-
cord, as shown in Fig. 13. Conversely, the frame with 2-4DVD control remains
essentially linear under the same earthquake. Figure 13 also indicates that the
maximum joint rotation 6%, of beams in the frame with 2-4DDD control is 0.015
radians, whereas this value is only 0.01 rad in the frame with 2-4DVD control.
Overall, the reduced damper force fluctuations in the hysteresis loops (due to large
fluctuations in velocity, as shown in Fig. 12(b)) achieved by the 2-4DVD control
improved the frame’s seismic performance under the CHU record. On the other
hand, the sudden fluctuations in the damper force of the 2-4DDD control easily
increase the base shear of the frame. This limits the use of such control since the
design objective of this study is to reduce the inter-story drift but without increasing
the base shear of the frame.

2450022-18



J. Earthquake and Tsunami 2024.18. Downloaded from www.worldscientific.com

by UNIVERSITY OF SHEFFIELD on 10/31/24. Re-use and distribution is strictly not permitted, except for Open Access articles.

Seismic Performance Assessment of Steel Buildings Equipped

oColumn yielding

« Beam yielding CHU

Bare Frame NVD
[ I

Par=0.061rad Pmax= 0.039rad
R=1 R=1
2-4DDD 2-4DVD
@ max=0.015rad 0°max=0.010rad
R=1 R=0.68

Fig. 13. Plastic hinging in frames with different controls (CHU record). 6° .. = maximum rotation at
beam-column joints. R = ratio of base shear of controlled frames (NVD, 2-4DDD, or 2-4DVD) to the base
shear of bare frame.

Figure 14(a) compares the base shear force of the bare frame and that of the
frames with the three control systems. The results in Fig. 14(a) show that 2-4DVD
control reduced the base shear due to having a more stable damper force in the
quadrants. However, this generally resulted in a lower energy dissipation capacity
when compared to the 2-4DDD control, as demonstrated in Fig. 14(b).

3.2. Frames subjected to PAR record

Figures 15(a)-15(c) compare, respectively, the force—displacement loops of 2-4DDD
(at story 3), NVD (story 3), and 2-4DVD (story 2) controls at the largest inter-story
drift ratio for seismic record PAR. The force—displacement loop in other stories can
also be compared, but this study considered the story where the maximum inter-
story drift occurs. A comparison between the hysteresis loops of 2-4DDD (Fig. 15(a))
and 2-4DVD controls (Fig. 15(c)) indicates that 2-4DDD is less stable. Figure 15(d)
illustrates the maximum inter-story drift ratio of the frame for different controls.
Similar to the CHU record, story 3 of the frame with NVD control experienced a
large maximum drift ratio of 5.2%, as shown in Fig. 15(d). Figure 15(e) illustrates the
total base shear force vs. drift of story 1 for three different controls. The results show
that, compared to NVD control, 2-4DDD control reduced the inter-story drift
ratio by 44% (Fig. 15(d) and Table 3), the total base shear force by 2.5% (Fig. 15(e)
and Table 3), yet increased the acceleration of the frame by 186.5% at story 1
(see Table 3) under the same base shear force as the bare frame (dashed black lines in
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Fig. 14. NTHA results of bare frame and frames with 2-4DDD, NVD, and 2-4DVD controls: (a) time
history of base shear, (b) time history of total dissipated energy by the dampers (CHU record).

Fig. 11(e)). The reason for the large acceleration in story 1 is the large damping forces
generated by 2-4DDD control. 2-4DVD control outperformed NVD control and
reduced the maximum inter-story drift ratio by 71% (Fig. 15(d) and Table 3), and
the total base shear force by 4.3% (Fig. 15(e) and Table 3). 2-4DVD also reduced the
maximum acceleration of the bare frame by 29% (see Fig. 16(c)). The results in
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Fig. 15. NTHA results of frames with 2-4DDD, NVD, and 2-4DVD controls: (a, b, and c) total shear
force of stories 3, 3, and 2, respectively, (d) inter-story drift ratio, and (e) total base shear force (PAR
record).
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Fig. 16. NTHA results of bare frame and frames with 2-4DDD, NVD, and 2-4DVD controls: (a) inter-
story drifts, (b) velocities, and (c) accelerations at stories 1, 2, and 3 (PAR record).

Table 3 indicate that 2-4DVD control requires 30% less maximum damper force
than 2-4DDD control.

Figures 16(a) and 16(c) compare, respectively, the inter-story drifts, velocities,
and accelerations of the bare frame and the frames with three controls (NVD,
2-4DDD, and 2-DVD) subjected to the PAR record. The results in Figs. 16(d)
and 15(a) show that the third story has the largest inter-story drift if NVD and
2-4DDD controls are used. If the controls’ recentering capacities are considered
in story 3, the residual deformation of the bare frame and frames with NVD and
2-4DDD controls is not zero, whereas the frame with 2-4DVD controls almost
achieved zero drifts. This is because the beams and columns of the bare frame and the
frames with NVD and 2-4DDD controls exhibited highly nonlinear behavior,
whereas 2-4DVD experienced comparatively less yielding in the frame (see Fig. 17).
The maximum joint rotation 6, of the beams in the frame with 2-4DDD control is
0.026 rad, whereas such value is only 0.012rad in the frame with 2-4DVD control.
Overall, the seismic performance of the frame under the PAR record was enhanced
by the decreased damper force fluctuations (i.e. velocity; as seen in Fig. 16(b) in the
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oColumn yielding

e Beam yielding PAR
Bare Frame NVD
P max=0.057rad Pmax=0.050rad
R=1 R=1
2-4DDD 2-4DVD
P max=0.026rad Pma=0.012rad
R=1 R=0.95

Fig. 17. Plastic hinging in frames with different controls (PAR record). #° .« = maximum rotation at
beam-column joints. R = ratio of base shear of controlled frames (NVD, 2-4DDD, or 2-4DVD) to the base
shear of bare frame.

hysteresis loops, which is achieved by 2-4DVD control. Sudden variations in the
damper force of the 2-4DDD control system can significantly increase the base shear
of the frame structure. Consequently, these abrupt changes restrict the use of such
controls in nonlinear MDOF systems.

Figures 18(a) compares the base shear force of the bare frame and that of the
frames with the three control systems. The results show that whilst the 2-4DVD
control generally resulted in smaller energy dissipation than the 2-4DDD control
(the largest drift occurs between 6s and 8s; see Fig. 18(b)), it slightly reduced the
base shear due to its more stable damper force in the quadrants. As mentioned in
Secs. 2.4 and 2.5, the rationale behind using the controls (2-4DDD or 2-4DVD) is to
minimize inter-story drift without increasing the base shear of the frame. By allowing
some forces in quadrants 1 and 3, the proposed control algorithm improves the frame
behavior compared to the 2-4DDD control.

3.3. Frames subjected to CAP record

For seismic record CAP, Figs. 19(a)-19(c) compares the force—displacement loops of
2-4DDD, NVD, and 2-4DVD controls at the story in which the maximum inter-
story drift occurs, stories 3, 2, and 2, respectively. The hysteresis loop of 2-4DDD is
less stable (Fig. 19(a)) than 2-4DVD control loop (Fig. 19(c)). Comparing 2-4DDD
control to NVD, it is shown that 2-4DDD control reduced the inter-story drift ratio
by 18% (Fig. 19(d) and Table 3), the base shear force by 2.6% (Fig. 19(e) and
Table 3), and the acceleration of the frame by 13.5% (see Table 3) under the same
base shear force as the bare frame (dashed black lines in Fig. 19(e)). The results in
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Fig. 18. NTHA results of bare frame and frames with 2-4DDD, NVD, and 2-4DVD controls: (a) time
history of base shear, (b) time history of total dissipated energy by the dampers (PAR record).

Table 3 show that 2-4DVD control requires 32.5% less maximum damper force than
2-4DDD control. Moreover, 2-4DVD control outperforms NVD control by reducing
the inter-story drift ratio by 42% (Fig. 19(d)) and shear force by 6.6% (Fig. 19(e) and
Table 3]. 2-4DVD also reduced the maximum acceleration of the bare frame by 42%
(see Fig. 20(c)). The results in Table 3 indicate that the 2-4DVD control requires
33% less maximum damper force than the 2-4DDD control.
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Fig. 19. NTHA results of frames with 2-4DDD, NVD, and 2-4DVD controls: (a—c) total shear force of
stories 3, 2, and 2, respectively, (d) inter-story drift ratio, and (e) total base shear force (CAP record).
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Fig. 20. NTHA results of bare frame and frames with 2-4DDD, NVD, and 2-4DVD controls: (a) inter-
story drifts, (b) velocities, and (c) accelerations at stories 1, 2, and 3 (CAP record).

Figures 20(a) and 20(c) compare, respectively, the inter-story drifts, velocities,
and accelerations of the bare frame and the frames with three controls (NVD,
2-4DDD, and 2-DVD) subjected to the CAP record. The residual deformation
of bare, NVD, and 2-4DDD is not zero when the three controls’ recentering
capabilities are evaluated at story 3 (story with more widespread yielding).
Conversely, the frame with the 2-4DVD control nearly reached zero drift. This is
because, as shown in Fig. 21, the beams and columns of the frame with 2-4DVD
control remained linear. The beam’s maximum rotation 6%, in 2-4DDD is
0.014rad, versus 0.010 rad in the frame with 2-4DVD control. The reduced
damper force fluctuations (i.e. velocity; as shown in Fig. 20(b)) in the hysteresis
loop, which are accomplished by 2-4DVD control, significantly improved the
seismic performance of the frame under the CAP record. 2-4DDD control can
cause a considerable increase in the base shear of the frame structure when the
damper force is abruptly changed. Thus, the use of such controllers in nonlinear
MDOF systems is questionable.
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o Column yielding

« Beam yielding CAP
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Pmax=0.027rad 6Pmax=0.019rad
R=1 R=1
2-4DDD 2-4DVD
Pmax=0.014rad Pmax=0.010rad
R=1 R=091

Fig. 21. Plastic hinging in frames with different controls (CAP record). 0 .. = maximum rotation at

beam-column joints. R = ratio of base shear of controlled frames (NVD, 2-4DDD, or 2-4DVD) to the base
shear of bare frame.

Figure 22(a) compares the base shear force of the bare frame and the frames with
three control systems. From Fig. 22(a), it can be seen that the base shear force of the
2-4DVD control is smoother than that of the 2-4DDD control due to the more
consistent damper forces in the quadrants. In addition, the frame with 2—4DVD
control resulted in slightly reduced base shear than 2-4DDD, and in slightly higher
energy dissipation (the highest drift happens between 3s and 5s; see Fig. 22(b)).
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Fig. 22. NTHA results of bare frame and frames with 2-4DDD, NVD, and 2-4DVD controls: (a) time
history of base shear, (b) time history of total dissipated energy by the dampers (CAP record).
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3.4. Frames subjected to KOBE record

Figures 23(a)-23(c) compare the force—displacement loops of 2-4DDD, NVD, and
2-4DVD controls at story 2 (where the maximum inter-story drift occurs) for seismic
record KOBE. Comparing 2-4DDD control to NVD, it is shown that 2-4DDD
control reduced the inter-story drift ratio by 24% (Fig. 23(d) and Table 3) and the
base shear force by 5.4% (Fig. 23(e) and Table 3), yet it increased the acceleration of
the frame by 116.2% at story 1 (see Table 3) under the same base shear force as the
bare frame (dashed black lines in Fig. 23(e)). The reason for large acceleration in
story 1 is the large damping forces generated by 2—-4DDD control. The results in
Table 3 show that 2-4DVD control requires 28% less maximum damper force than
2-4DDD control. Moreover, 2-4DVD control outperforms NVD control by reducing
the inter-story drift ratio by 45% (Fig. 23(d)) and shear force by 13.6% (Fig. 23(e)
and Table 3). The use of a 2-4DVD control also reduced the maximum acceleration
of the bare frame by 64% (see Fig. 24(c)).

The inter-story drift, acceleration, and velocity of the frame with three control
systems (NVD, 2-4DDD, and 2-DVD) and the bare frame are displayed in
Figs. 24(a)-24(c). The capacity of the frames to recenter themselves after an
earthquake is crucial, as previously stated. The residual deformation of the bare
frame and the frames with three control systems is not zero when the three controls’
recentering capacities are evaluated in story 2 (i.e. the story with the largest yield-
ing). However, the frame with 2-4DVD control comparatively achieved less residual
deformation than the other three frames (refer to Fig. 24(a)). Nonlinear behavior
was observed in the beams and columns of the bare frame and frames with NVD,
and 2-4DDD controls, but only in the beams of the frame with 2-4DVD control
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Fig. 23. NTHA results of frames with 2-4DDD, NVD, and 2-4DVD controls: (a—c) total shear force of
story 2, respectively, (d) inter-story drift ratio, and (e) total base shear force (KOBE record).
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Fig. 24. NTHA results of bare frame and the frames with 2-4DDD, NVD, and 2-4DVD controls: (a) the
inter- story drift, (b) velocity, and (c) acceleration at stories 1, 2, and 3 (KOBE record).
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Fig. 25. Plastic hinging in frames with different controls (KOBE record). 0. = maximum rotation at
beam-column joints. R = ratio of base shear of controlled frames (NVD, 2-4DDD, or 2-4DVD) to the base
shear of bare frame.
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Fig. 26. NTHA results of bare frame and frames with 2-4DDD, NVD, and 2-4DVD controls: (a) time
history of base shear, (b) time history of total dissipated energy by the dampers (KOBE record).

(see Fig. 25). The maximum rotation 6%, of the beams in the frames with 2-4DDD
and 2-4DVD controls is 0.022 rad and 0.016 rad, respectively. Overall, the 2-4DVD
control reduces the damper force fluctuations (i.e. see velocity in Fig. 24(b)) in the
hysteresis loop, which improves the seismic performance of the frame under the
KOBE record.

The base shear force of the bare frame and frame with three control systems is
shown in Fig. 26(a). With a more steady damper force in the quadrants, 2-4DVD
control is seen to reduce the base shear (see Fig. 25; R = 0.86), even if it results in
smaller energy dissipation than 2-4DDD (the largest drift occurs between 3 s and 7's;
see Fig. 26(Db)).

The results in previous sections show that, for the four strong seismic records used
in the analysis, all the drifts in the frame with NVD control are well above the other
two controls (2-4DDD and 2-4DVD). It also cannot recenter itself after applying the
seismic records. This implies that, if capacity design principles are followed, the use
of NVD dampers in the nonlinear frame would require retrofitting the foundations
and columns for high-added damping applications. The frame with 2—4DDD control
performed better than the frame with NVD control by reducing frame drifts between
18% and 55% and the base shear between 0% and 5.4%. However, 2-4DDD control
was proved to be unstable under the CHU record because the response wave in higher
modes interferes with the response wave of the fundamental mode, leading to high-
frequency oscillations in the hysteresis loop for nonlinear steel frames. Compared to
the NVD control, the 2-4DDD control increased the maximum acceleration of the
frame by 116.2-662.6%. If the recentering capacity of the frame with 2-4DDD
control is considered, it is evident that the residual deformation of the control is not
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zero under the four earthquake records due to the nonlinear behavior of the frames.
The results in this paper demonstrate that 2-4DVD control offers superior perfor-
mance to both NVD and 2-4DDD control under the different records by reducing
inter-story drift by up to 72% in comparison to NVD control and reducing the
required maximum damper force by up to 60% in comparison to 2-4DDD control.
2-4DVD control reduced the total base shear force by 4-32% (compared with NVD)
for the four seismic records examined in this study. In comparison with the NVD
control, the new 2-4DVD control reduced the maximum acceleration by 33.3-41.4%.
Based on the evaluation of the recentering capacity of the frame with the 2-4DVD
control, it was found that the residual deformation was practically zero under the
four earthquake records in this study.

Overall, the results in this study confirm that 2-4DVD control is very effective at
reducing inter-story drifts, acceleration, and base shear forces of the steel frames,
as well as being able to recenter itself. It should be mentioned that in this paper, the
2-4DVD control was investigated using only a 3-story nonlinear steel frame sub-
jected to four seismic records. Future research should investigate the behavior of
medium- and high-rise frames with 2-4DVD control dampers subjected to different
earthquakes, as well as the corresponding parameter P values for each story and the
lower and upper boundary given in Step 4 of the proposed design methodology
(Fig. 10). Future studies should also investigate a more general design methodology
for medium- and high-rise nonlinear frames. It should be noted that this study only
adopted a uniform damping coefficient distribution. As such, further research should
investigate the use of alternative damping coefficient distributions. For instance, the
concept of UDD by Domenico and Hajirasouliha (2021) could be adopted. Fully out
of phase with frame forces control is also needed to calibrate numerical models and
validate the results presented in this paper.

4. Conclusions

This paper investigates numerically the seismic performance of MDOF systems with
three different control systems. A nonlinear 3-story steel frame is modeled in
OpenSees software and subjected to a set of four real PEER seismic records. The
frame is modeled considering three controls: (i) passive NVDs, (ii) SA 2-4DDD
dampers, and (iii) a new SA 2-4DVD damper proposed in this study. Parametric
studies are conducted to determine the optimal parameters of 2-4DVD control in the
frames. New design methodologies for MDOF systems with 2-4DVD and 2-4DDD
controls are also proposed. Based on the findings of this research, the following
conclusions can be drawn:

e For the 3-story frame examined in this study, the use of NVDs results in large
drifts. Moreover, even a small uniform damping coeflicient distribution of NVD in a
nonlinear frame increases base shear. Therefore, NVD controls may not be a good
choice for seismic retrofit of existing steel frames without increasing base shear.
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e Compared to NVD control, 2-4DDD control reduced the inter-story drift ratio of
the studied frame by 18-55% and base shear by 0-5%, yet it increased the max-
imum acceleration of the frame by 116.2-662.6%. The 2-4DDD control also
resulted in non-zero residual deformation under the four earthquake records due to
the nonlinear behavior of the frame. The 2-4DDD damper also proves unstable
under high-frequency seismic records, which in turn unnecessarily increases the
required damping forces and base shear force. Therefore, 2-4DDD control is not
recommended in high-added damping applications of MDOF systems under high-
frequency records.

e 2-4DVD control proposed in this study was very effective at controlling the frame
behavior. It reduced inter-story drift by 42-72% compared with NVD control, and
by 28-48% compared with 2-4DDD. 2-4DVD control also reduced base shear
force by 4-32% compared to NVD control, and 2-32% compared with 2-4DDD
control. The 2-4DVD control reduced the maximum acceleration of the frame
by 33.3-41.4% over the NVD control. The residual deformation of the frame with
2-4DVD control was practically zero for the four earthquake records examined in
the study.

e The maximum damper force required by 2-4DVD is another advantage over
2-4DDD since the damper force is 28-60% lower than the former. The 2-4DVD
control also has more stable hysteresis loops under the seismic records used in the
analysis.

It should also be noted that this study considered an ideal device control law
with no delays in response. However, computation delays and the valve actuation
speed can affect the overall performance of a SA device and these variables modify
the results. A solution to potential time delays in control is to achieve the proposed
SA control (2-4DVD) mechanically. The force—displacement hysteretic loop of
such dampers can be reshaped by either a decentralized SA control [Fukuda and
Kurino, 2019; Hazaveh et al., 2017b; Kurino et al., 2003] or mechanically by a
passive damper [Hazaveh et al., 2017a; Nie et al., 2018]. For instance, Hazaveh
et al. [2017a] introduced the development and characterization of a passive
Direction and Displacement-Dependent (DDD) viscous damping device. The
passive 2-4DDD viscous device by Hazaveh et al. [2017a] could be extended to
obtain 2-4DVD viscous devices as well. The passively achieved 2-4DDD damper
could be modified in the future by changing the oil inside, mechanically changing
the hole within, or any other modifications necessary to overcome its instability in
nonlinear MDOF. Moreover, this study only considered a low-rise frame and only
four earthquake records due to the unstable behavior of the 2-4DDD control. As
such, further research should examine the behavior of medium- and high-rise
frames with a 2-4DVD control subjected to a wide range of earthquake frequen-
cies. Further investigations should also propose general convergence criteria
(given in Egs. [3] and [7]) for low-, medium- and high-rise frames as the results are
expected to be different for such buildings.
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