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Abstract

Most dampers are designed for major earthquakes, while small earthquakes are likely to occur during the useful life cycle of
buildings, and these smaller earthquakes may also damage structural and non-structural components; multi-level dampers
are designed with a mechanism that works partly in minor earthquakes and partly in major earthquakes. Therefore, using
these dampers prevents damage to structural and non-structural components at different levels of earthquakes. This study
introduces the multi-level shear-bending TADAS damper and examines three types of multi-level TADAS dampers includ-
ing: (1) a TADAS made by different steel grade materials, (2) a TADAS combined with friction pads and (3) a TADAS
with different pin hole sizes. Moreover, further research is performed to evaluate the seismic performance of the multi-level
TADAS damper in a 10-story building model using the incremental dynamic analysis (IDA). According to the obtained
results, the considered models showed the expected seismic performance at two earthquake hazard levels which in turn
indicates the usefulness of multi-level TADAS dampers in seismic energy dissipation. Examination of IDA curves shows
that the effective yield and the collapse points of structures equipped with multi-level TADAS dampers occur in about 53.1%
and 143.5% higher earthquake intensities compared to the structures without dampers, respectively. Moreover, due to the
enhanced seismic performance of these systems, lightweight structures can be designed which is in line with the goals of
sustainable development which is another advantage of this system.

Keywords Metallic yielding damper - Friction damper - Multi-level damper - TADAS damper - Incremental dynamic
analysis

Introduction

Earthquakes are one of the natural disasters that some-
times cause great loss of life and cost in urban societies.
Because it is practically impossible to evacuate the city
even if earthquakes are predicted, seismic-resistant build-
ings must be built. Due to the uncertainty in determining
the large seismic forces acting on the structures, it will be
uneconomical to design the structures so that they remain
in the elastic range during an earthquake; therefore, the
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structures are designed to behave inelastically during the
design earthquake to dissipate a large amount of the input
seismic energy. In this regard, predetermined fuse-like ele-
ments are considered in structural systems to experience
major deformations during an earthquake to dissipate the
seismic energy and keep the main members in the elastic
behavior range without any damage (Hamed & Basim,
2020; Nobari & Hamed, 2017; Saeidzadeh et al., 2022a,
2022b). The dampers are one of the fuse-like elements
which can be used in four types including: active control,
semi-active control, hybrid control, and passive control.
The mechanism of active control is mainly used for vis-
cous (Ribakov, 2001) and tuned mass dampers (Fahimi
Farzam & Kaveh, 2020; Kaveh et al., 2015, 2020a, 2020b).
However, passive structural control systems are used fre-
quently due to their no need for external energy such as
electricity and stable hysteretic behavior and the low cost
of production and the simplicity of design compared to the
other types of structural control systems. Passive dampers
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are also classified into two groups: velocity-dependent
dampers and displacement-dependent dampers. Velocity-
dependent dampers reduce structural vibrations only by
increasing damping, while displacement-dependent damp-
ers, such as metallic yielding dampers reduce structural
seismic responses by adding stiffness and damping to
the structures. In 1972, Kelly et al. proposed the metal-
lic yielding dampers as an effective passive control sys-
tem and this novel idea was followed by Skinner et al. to
develop several types of hysteretic dampers which behaved
inelastically in various combinations of torsional, flexural
and shear deformations (Kelly et al., 1972; Skinner et al.,
1974). Metallic yielding dampers are divided into two
types including: flexural yielding dampers and shear yield-
ing dampers. The most common types of flexural yield-
ing dampers are Added Damping and Stiffness (ADAS)
dampers and Triangular ADAS (TADAS) dampers. These
dampers consist of several parallel steel plates placed
between two rigid plates and dissipate the seismic energy
based on the flexural yielding of parallel plates. In 1993,
Tsai et al. proposed a way to design structures equipped
with TADAS dampers and based on the obtained experi-
mental results, it was concluded that properly designed
TADAS dampers did not show any strength and stiffness
degradation (Tsai et al., 1993). In 2008, Alehashem et al.
examined the behavior and performance of steel structures
equipped with ADAS dampers and compared the behav-
ior of this system with that of conventional steel braced
frames and the results showed that the main members of
the considered structures were kept safe while the inelas-
tic behavior was concentrated in the installed dampers
(Alehashem, et al., 2008). In 2010, Abdollahzadeh and
Bayat studied the behavior of structures equipped with
ADAS dampers under far-field records and presented some
codes and solutions to optimize their seismic performance
(Abdollahzadeh & Bayat, 2010). Rezaei et al. assessed the
seismic performance of dissipative column dampers con-
sisting of several adjacent columns joined together with
X-shaped metallic yielding dampers under far-field and
near-field records (Rezaei et al., 2020). Moreover, shear
yielding dampers have several spans that are subjected to
shear deformations and dissipate the input seismic energy
through the plastic shear yielding of the infill panels. One
of the various types of shear yielding dampers include
shear panel dampers, which usually have an I-shaped
configuration, in which the web plate is used to dissipate
energy under shear deformation, and the flanges on both
sides of the web plate are used to provide the required
stiffness and constraint at the ends of the web plate. As a
result, the web plate may be uniformly yielded, while the
flanges remain quite elastic. Moreover, the analytical and
experimental studies on the investigation of the seismic
performance of shear panels alone and in combination
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with braces indicated the acceptable energy absorption
capacity of this type of damper (Akbari Hamed & Mofid,
2015a, 2015b, 2017; Hamed et al., 2021).

In recent years, multi-level dampers have been intro-
duced in which the input seismic energy is dissipated in
both small and large earthquakes. The installation of these
dampers prevents damage to the main members of the struc-
tures at different earthquake levels and reduces the required
cost and time for replacing the yielded common one-level
dampers. The novel idea of multi-level performance can be
used in TADAS dampers that have a simple manufactur-
ing method with better performance compared to normal
TADAS dampers (Hosseini Hashemi & Moaddab, 2017).
In the following, some of the approaches making a multi-
level TADAS damper are presented. The first solution is to
change the materials used in the parallel triangular plates
such that during an earthquake and hence the horizontal
relative movement of the top and bottom of the damper, all
the triangular plates are deformed; but because their yield
strength is different, these plates do not yield at the same
time. Therefore, the damper behaves inelastically at dif-
ferent earthquake levels and dissipates energy (Mosayebi
et al., 2016). Another method is to assign pin holes with
different sizes in the place where the triangular plates are
connected to the body of the damper, in which case, after
a certain displacement, the triangular plates with larger
holes behave inelastically in main earthquakes. Combining
different damping mechanisms is another way to make a
multi-level TADAS damper in which the friction pads can
be used as the auxiliary damping system for the dissipation
of seismic energy of minor earthquakes. It should be noted
that due to the stable behavior of friction dampers, they are
more suitable for moderate earthquakes that are more likely
to occur. In 2011, Hashemi and Dareini studied the seismic
behavior of structures at different earthquake levels using
modified-TADAS dampers in which a series of plates start
working at minor earthquakes whereas the second set of
plates is still elastic and they would dissipate the seismic
energy at major earthquakes. The results showed that the
modified-TADAS dampers enhanced the performance of
the considered structures (Hashemi and Dareini, 2011). In
2014, Li et al. tested the metallic yielding-friction damper in
which the main idea was that the input energy of small earth-
quakes would be dissipated by the friction component while
metallic yielding damper would work in large earthquakes
(Li et al., 2014). In 2017, Hosseini Hashemi and Moaddab
tested a hybrid damper with a dual function design as an
alternative to standard metallic yielding and friction damp-
ers. They studied a multi-level TADAS damper with dual
function (D-TADAS) and another combined device made of
friction damper and TADAS damper (Hosseini Hashemi &
Moaddab, 2017). Moreover, Mosayebi et al. researched mod-
ifying the performance of TADAS dampers under different
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earthquake levels by changing the materials of triangular
plates (Mosaybi et al., 2016). Li et al. introduced a shear-
bending metallic yielding damper which consisted of a shear
panel and a series of K-shaped plates to prevent the out-
plane buckling of the shear panel. They concluded that the
interactively working of the shear and bending components
enhance the individual performance of these components
(Lietal., 2019).

Due to the importance of providing multi-level dampers
to enhance the seismic performance of structures at different
seismic hazard levels, this research introduces the multi-level
shear-bending TADAS damper and examines three types of
multi-level TADAS dampers including (1) a TADAS made
by different steel grade materials, (2) a TADAS combined
with friction pads and (3) a TADAS with different pin hole
sizes. To this aim, the considered finite element modeling
procedure was validated based on the existing results of
two experimental specimens. Then, five multi-level damper
models with different energy dissipation mechanisms were
examined using ABAQUS software under cyclic loadings.
Finally, the best damper in terms of stiffness, energy dissi-
pation, and ductility was selected. Then, a two-dimensional
10-story steel frame equipped with the selected multi-level
damper was analyzed by the IDA method to investigate its
seismic performance.

Description of the performance
of multi-level TADAS dampers

Given a bi-linear behavior for the metallic yielding main and
auxiliary fuses, Fig. 1 shows a schematic force—displacement
diagram of a multi-level TADAS damper.

Figure 1a shows the bi-linear behavior of the auxiliary
fuse in which K, and aK, are the elastic stiffness and post-
yielding stiffness, respectively. The auxiliary fuse yields
at a point with 8., and f,, coordinates which show the cor-
responding values of the effective yielding displacement
and the effective yielding force, respectively. Equations 1

and 2 describe the force (f)—displacement (u) relationship
of the multi-level TADAS damper for minor earthquakes.

uSéya =>f=K,u, (D)

by <U<8,=>f=aK,(u—35,)+/f 2)
where 9, is the displacement value after which the main fuse
starts working at major earthquakes. Figure 1b depicts the
bi-linear behavior of the main fuse in which K, and o'K,
are the elastic stiffness and post-yielding stiffness, respec-
tively. The main fuse yields at a point with 8,,, and f,,, coor-
dinates which show the corresponding values of the effec-
tive yielding displacement and the effective yielding force,
respectively. Moreover, Fig. 1c shows the total response of
the multi-level TADAS damper in which the force—displace-
ment relationships of the damper after the contribution of
the main fuse, can be achieved using Eqgs. 3 and 4.

6y <u<é,, =>f=ak,(u=35,)+f,+K,(«-36,). (3)

u>d,, =f=ak,(u—25y,)+f+fom+adK,(u—35,).
“

If a friction mechanism is used as the auxiliary fuse,
the resulting force—displacement diagram of the combined
multi-level damper is changed as shown in Fig. 2.

Equation 5 describes the behavior of the auxiliary fuse
in which fy, is the slip force which is calculated by multi-
plying the coefficient of friction by the considered normal
force (Fig. 2a).

0<u<s,=f=f )

Considering a bi-linear behavior for the main fuse which
starts working at &, (Fig. 2b), the total response of the multi-
level combined TADAS damper is obtained as shown in
Fig. 2c and the describing force—displacement relationships
of this damper can be achieved using Eqgs. 6 and 7.
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Fig. 1 Schematic force—displacement diagram of a multi-level TADAS damper: a the auxiliary fuse, b the main fuse and ¢ Total response of the

multi-level damper
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Fig.2 Schematic force—displacement diagram of a multi-level combined TADAS with friction pad damper: a the auxiliary fuse, b the main fuse

and c total response of the multi-level damper

6y <u<é,, =>f=f,+K,(u=5,) (6)

U6, =>f=fy+fin+ a/Km(u - 5ym). @)

Verification of the finite element modeling
method

To verify the considered finite element modeling method,
the multi-level dampers of D-TADAS and FD-TADAS were
modeled using ABAQUS and the obtained analytical results
were compared with the experimental results which were
obtained by Hosseini Hashemi and Moaddab (2017).

The D-TADAS-2PL damper

The D-TADAS-2PL was a metallic yielding TADAS damper
which consisted of two triangular plates. The assigned pin
hole at the end of the auxiliary plate was a slotted hole which
had a width equal to the diameter of the pin (i.e. 20 mm)
while the assigned pin hole to the main plate had a width
of 50 mm which was 15 mm larger than the pin diameter
from each side. Both plates had a height of 180 mm and

u"‘“‘“

(@

(b)

their width was changed linearly from 80 mm at the top
of plates to 20 mm at the bottom of plates. Moreover, the
thickness of the main and auxiliary plates was 20 and
22 mm, respectively. The pin has a length of 40 mm and
a PL140x 120 x 20 mm was used as the perforated plate.
Figure 3 shows the geometrical properties of components
of the D-TADAS-2PL damper.

The material properties of steel grade A36 (Table 1)
were assigned to both plates using the combined hardening
option (i.e. parameters and cyclic hardening) in ABAQUS.
where E =elastic modulus, v=Poisson’s ratio, oy = yield
strength, Q_, & b=isotropic hardening parameters and C,
and y, =kinematic hardening parameters. As depicted in
Fig. 4, the considered cyclic quasi-static loading protocol
was applied to the top plate of the model as the displacement
boundary condition.

By defining a combination of the tangential behavior of
friction type and the normal behavior of hard contact type,
the surface-to-surface contact (standard) method was used
to create the interaction between the pin and the wall of the
holes. It should be mentioned that the tangential friction
behavior was defined with penalty formulation and a fric-
tion coefficient of 0.3 was assigned. The interaction between
other parts of the model was defined using the Tie contact.
The assigned average mesh size for the model was 7 mm
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Fig.3 The geometrical properties of components of the D-TADAS-2PL model: a the pin, b the perforated plate, ¢ the main triangular plate, d

the auxiliary triangular plate (all dimensions are in mm)
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Table 1 The considered

. . E [MPa] v 6, [MPa] Isotropic hardening parameters Kinematic hardening
material properties of the steel (Payne, 2000) parameters (Payne,
grade A36 for the D-TADAS- 2000)
2PL model

Q. [MPa] b C, [MPa] Yi
2.01x105 0.3 261 137.89 10 3447 50

and the C3D8R elements were used. As shown in Fig. 5, it
is observed that comparing the obtained hysteretic curves
and the deformation status of the finite element model at the
end of loading (i.e. at a displacement of 75 mm) are perfectly
consistent with the ones of the experimental specimen which
was tested by Hosseini Hashemi and Moaddab (2017).

The FD-TADAS-3PL damper

The FD-TADAS-3PL damper was a combination of a metal-
lic yielding TADAS damper as the main damper and a fric-
tion pad as the auxiliary damper (Hosseini Hashemi &
Moaddab, 2017). Figure 6 shows the geometrical properties
of different parts of the FD-TADAS-3PL model in which the
upper part (i.e. main damper) consists of triangular plates,
perforated plates and pins, and the lower part (i.e. auxiliary
damper) consists of the friction pad and the bottom plate. It
should be noted that 4 steel rods at a distance of 15 mm from
the ends of the upper part were placed in the corners of the
bottom plate such that when the major earthquakes occur,
the upper part meets the steel rods as the end barriers and
the main damper starts working. The material properties of
steel grade A36 (Table 1) were assigned to this model using
the combined hardening option (i.e. Parameters and Cyclic
hardening) in ABAQUS and the friction pad was considered
as a brass plate (i.e. UNS-260) which has E=1.1x 10° MPa
and v=0.38.

By defining a combination of the tangential behavior of
friction type and the normal behavior of hard contact type,
the surface-to-surface contact (standard) method was defined
to create the interaction between the different moving parts
of the model. It should be mentioned that the tangential
friction behavior was defined with penalty formulation and
a friction coefficient of 0.3 was assigned. The interaction
between other parts of the model, which had no relative
movement to each other, was defined using the Tie contact.
The assigned mesh size for different parts of the model was
changed while its average value was 6 mm and the C3D8R
elements were used. Moreover, due to the simplicity of the
modeling procedure, only one layer of friction pad was mod-
eled and an equivalent normal load of 22 kN was applied to
the model to have the same amount of friction force same
as the tested experimental specimen. The considered cyclic
quasi-static loading protocol was applied to the top plate of
the model (Fig. 4). As shown in Fig. 7, it is observed that

comparing the obtained hysteretic curves and the deforma-
tion status of the finite element model at the end of loading
(i.e. at a displacement of 75 mm) are perfectly consistent
with the ones of the experimental specimen which was tested
by Hosseini Hashemi and Moaddab (2017). It is notewor-
thy that the considered loading protocol in the reference of
(Hosseini Hashemi & Moaddab, 2017) was not available
until the end of the performed test (i.e. to the displacement
of 120 mm), therefore, the numerical analysis was continued
up to the displacement of 75 mm.

Due to the completely restrained horizontal edges of the
considered finite element models, there is a concern that
the rotation of the TADAS dampers as a result of the lat-
eral displacement of the frame can have an adverse effect
on their structural performance. In this regard, it should be
mentioned that Hosseini Hashemi and Moaddab (2017) per-
formed the universal test of the D-TADAS-4PL specimen
and the cyclic test of a frame equipped with a D-TADAS-
4PL damper. It is noteworthy that all the geometrical and
material properties of the considered D-TADAS-4PL damp-
ers in these two tests were the same except for the height
of the triangular plates which was 180 mm in the universal
test and 170 mm in the frame test. Regarding the obtained
results in the experimental study performed by Hosseini
Hashemi and Moaddab (2017), it was seen that the shape
of the obtained hysteretic curves along with the multi-level
performance of the D-TADAS-4PL dampers for both the
performed tests were similar. The only difference was the
amount of strength which was mainly due to the considered
different triangular plates’ heights. Therefore, it is concluded
that the amount of rotation of the main body of the TADAS
dampers mounted on the chevron braces will be negligible

100

W
(e] (=]

Displacement [mm]
O
(e

100

Cycles

Fig.4 The applied cyclic quasi-static loading protocol
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Fig.6 The geometrical properties of components of the FD-TADAS-3PL model: a the pin, b the triangular plate, c¢ the perforated plate, d the
plate between the perforated plate and the friction pad, e the friction pad, f the bottom plate (all dimensions are in mm)
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Fig. 7 a The FD-TADAS-3PL model, b the deformation status at a displacement of 75 mm, ¢ comparison of the obtained hysteretic curves

and it will not affect the performance of the installed damper.
Moreover, it should be mentioned that regarding the speci-
fications of existing structural steel building codes, all the

@ Springer

geometrical imperfections in the preparation of structural
members should be within the range of permissible toler-
ances. Based on the numerical and experimental studies,
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observing the allowed tolerances and minimized manufac-
turing errors (i.e. geometrical imperfections) will not signifi-
cantly affect the performance of structural members includ-
ing dampers. Therefore, it is forbidden to exceed the amount
of geometrical imperfections from the permitted values of
the existing structural steel provisions, and in such a situa-
tion, the structural members must be rebuilt. Moreover, the
existence of initial imperfections such as the mild distortion
or deformation of a steel plate may have significant adverse
effects on the performance of a structural member made by
very thin plates (e.g.20.3 to 5 mm); but, as the thickness
of triangular plates in the considered multi-level TADAS
dampers of this study were equal to 22 mm and 20 mm,
then it seems that the amount of any initial imperfections
and their possible negative consequences on the structural
performance may be negligible. However, investigating
the issue of negative consequences of possible geometrical
imperfections on the performance of structural members and
ensuring that the negative effects of permitted tolerance val-
ues are negligible deserve to be evaluated in future studies.

Investigation of the performance of different
types of multi-level TADAS dampers

In this section, the performance of the following five multi-
level TADAS dampers under the considered cyclic quasi-
static loading protocol (Fig. 4) was examined.

1. The D-TADAS-3PL model with 2 main fuse plates and
1 auxiliary fuse plate.

2. The D-TADAS-5PL model with 3 main fuse plates and
2 auxiliary fuse plates.

3. The FD-TADAS-5PL model in which 5 TADAS plates
and 1 friction pad act as the main fuse and the auxiliary
fuse, respectively.

4. The SP-TADAS-2PL model in which 2 TADAS plates
and 1 shear panel act as the main fuse and the auxiliary
fuse, respectively.

5. The TADAS-DIFFMAT model in which two types of
materials with different yield strengths act as the main
fuse and the auxiliary fuse.

It is noteworthy that the dampers of D-TADAS-2PL and
FD-TADAS-3PL consist of metallic yielding and friction
damping mechanisms, both of which were validated based
on the research performed by Hosseini Hashemi and Moad-
dab (2017). Then, the SP-TADAS-2PL and TADAS-DIFF-
MAT models which are categorized as metallic yielding
dampers, were modeled with the same verified modeling
method. It should be noted that the structural interstory
drift ratio should not exceed 0.005 in small or serviceabil-
ity earthquakes (Standard-2800, 2014; Garevski and Ansal,

2010), and as the typical story height is 3 m, hence, a dis-
placement value of 15 mm was considered as the design
criterion of the studied dampers. In other words, the con-
sidered dampers were designed in such a way that there was
a 15 mm displacement gap between the starting point of
the main and auxiliary fuses. It is noteworthy that in this
study, a numerical study was performed on different pos-
sible ways to have multi-level TADAS dampers and a new
one was proposed. As the considered finite element proce-
dure was validated based on the experimental study carried
out by Hosseini Hashemi and Moaddab (2017), therefore
the same geometrical dimensions with a few changes were
considered in all various models. Moreover, to compare the
performance of different dampers, their geometrical and
material properties must be considered the same. For exam-
ple, the geometrical dimensions of the shear panel in the
SP-TADAS-2PL model and the yield strength of the main
plates of the TADAS-DIFFMAT model were determined by
the trial-and-error approach to meet the only design criterion
which was the drift limit considered for serviceability earth-
quake. In other words, the dimensions of triangular plates in
the considered different models were kept constant and the
other dimensions were determined using a displacement-
based design approach.

The D-TADAS-3PL and D-TADAS-5PL models

The D-TADAS-3PL and D-TADAS-5PL models were
modeled using the same validated method in Sect. 3. The
assigned material properties of these models and the applied
loading protocol were similar to Table 1 and Fig. 4, respec-
tively. Table 2 shows the specifications of D-TADAS-5PL
and D-TADAS-3PL models.

Figure 8 depicts the finite element models of D-TADAS-
3PL and D-TADAS-5PL dampers and the corresponding
obtained hysteretic and envelope curves. As shown in Fig. 8,
the obtained envelope curves were linearized based on the
recommended energy method of FEMA-356 (2000a). It
should be noted that to recognize the multi-level action of
the considered dampers, the envelope curve of each perfor-
mance level was linearized to a bi-linear curve; therefore,
it is seen that the linearized curves are a combination of

Table 2 Specifications of D-TADAS-5PL and D-TADAS-3PL models

Model No. of Main No.of  Auxiliary Gap [mm]
main plates’ auxiliary plates’
plates thickness plates thickness
[mm)] [mm]
D-TADAS- 3 20 2 22 15
SPL
D-TADAS- 2 20 1 22 15
3PL

@ Springer



976

Asian Journal of Civil Engineering (2023) 24:969-988

80 80

60

40 60
é 20 zZ B
o 0 o 40
2 o
S 20 &

-40 20

-60

-80 0

Displacement [mm] Displacement [mm]
(a)

150 150

100
z 30 — 100 ==
é E s
o 0 =
5 50 é
= S 50
-100
-150 0

-100 , 0 100 0 15 30 45 60 75 90
Displacement [mm)] Displacement [mm]

(b)

Fig.8 The finite element models and obtained hysteretic, envelope (orange solid line) and linearized (green dashed line) curves: a D-TADAS-

3PL, b D-TADAS-5PL

two bi-linear diagrams. Regarding the linearized curves, it is
seen that the considered design criterion was fully observed
and the main fuses started working at a displacement of
15 mm.

As shown in Fig. 9, it is observed that at a displacement
value of 15 mm, only the auxiliary fuses yielded (i.e. AC
yield value of 1 and the Von Mises stress value of more than
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261 MPa) whereas at the end of loading (i.e. at the displace-
ment of 75 mm), all of the plates yielded.

The FD-TADAS-5PL model
The FD-TADAS-5PL model consisted of five triangular

plates as the main fuse and the friction pad as the auxiliary
fuse and it was modeled using the same validated method
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Fig. 9 The yielded regions and Von Mises stress distribution of D-TADAS-3PL and D-TADAS-5PL models at a displacement of: a 15 mm, b

75 mm
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in Sect. 3. Moreover, the displacement value of 15 mm
was considered as the design criterion for starting point
of the main fuse. The assigned steel material properties
of this model were similar to Table 1 and the friction pad
was considered as a brass plate (i.e. UNS-260) which has
E=1.1x10° MPa and v=0.38. Figure 10 depicts the finite
element model of FD-TADAS-5PL damper and correspond-
ing hysteretic and envelope curves which were obtained by
application of the cyclic quasi-static loading protocol shown
in Fig. 4. Regarding the linearized curves, it is seen that the
considered design criterion was fully observed and the main
fuses started working at a displacement of 15 mm.

As shown in the Von Mises stress contour of Fig. 11a,
it is observed that before starting to work of the main fuse
(i.e. at displacements less than 15 mm), the stress devel-
oped only in the plates around the friction pad without any
yielding in the model. However, the triangular plates of the
main fuse started to yield at a displacement of 22 mm and
the final yielding status of the model at the displacement
of 75 mm is shown in Fig. 11b which shows the AC yield
status along with the Von-Mises stress distribution of the
model. Regarding Fig. 11b, it is seen that only the triangu-
lar plates, which experienced stresses more than 261 MPa,
were yielded and the remaining parts of the FD-TADAS-5PL
damper remained elastic.

The SP-TADAS-2PL model

This study introduces the multi-level SP-TADAS-2PL model
in which a shear panel was used as the auxiliary fuse and
two triangular plates were considered as the main fuse. To
develop a complete tension-field action in the shear panel,
two additional flange-like elements perpendicular to the
shear panel plane were considered to form an I-shaped cross-
section. Moreover, to provide a multi-level performance of
this damper, the diameter of the assigned holes at the per-
forated plate, to which the triangular plates are connected,
was considered 30 mm larger than the pin diameter (i.e.
15 mm from each side of the center of the pin). The geo-
metrical properties of the SP-TADAS-2PL model are shown
in Fig. 12 and the material properties were assigned to this
model according to Table 1.

Figure 13 depicts the finite element model of SP-TADAS-
2PL and corresponding obtained hysteretic and envelope
curves which were obtained by application of the cyclic
quasi-static loading protocol shown in Fig. 4. Regarding
Fig. 13, it is observed that due to buckling of the shear panel
and following the development of tension-field action (i.e.
post-buckling behavior), pinching of the hysteretic curve
and strength and stiffness deterioration occurred. However,
regarding the linearized curves, it is seen that the consid-
ered design criterion was fully observed and the main fuses
started working at a displacement of 15 mm.
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Fig. 10 The finite element FD-TADAS-5PL model and obtained hysteretic, envelope (orange solid line) and linearized (green dashed line)

curves
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Fig. 11 The yielding status and Von Mises stress distribution of FD-TADAS-5PL model at a displacement of a less than 15 mm, b 75 mm
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Fig. 12 The geometrical properties of the SP-TADAS-2PL model: a the pin, b the triangular plate, ¢ the perforated plate, d the shear panel (all

dimensions are in mm)
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Fig. 13 The finite element SP-TADAS-2PL model and obtained hysteretic, envelope (orange solid line) and linearized (green dashed line) curves
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Fig. 14 The status of SP-TADAS-2PL model: a) the yielding sta-
tus and Von Mises stress distribution at a displacement of less than
15 mm, b) the yielding status and Von Mises stress distribution at the

As shown in Fig. 14a, it is observed that before start-
ing to work of the main fuse (i.e. at displacements less
than 15 mm), only the shear panel yielded. However, the
triangular plates of the main fuse started to yield after the
design criterion of 15 mm and the final yielding status of
the model along with the amount of out-of-plane defor-
mation of the shear panel at the displacement of 75 mm

@ Springer
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displacement of 75 mm, c) the out-of-plane deformation of the model
at the end of analysis

are shown in Fig. 14b and c. It should be mentioned that
the yield strength of steel material in this model was
261 MPa and considering the depicted Von Mises stress
distribution contours, the yielded regions are determined.
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Table 3 Specifications of the TADAS-DIFFMAT model

Model No. of Height Thickness Top Bottom
plates [mm)] [mm)] width width
[mm] [mm]
The 2 180 22 80 20
auxiliary
damper
The main 3 180 20 80 20
damper

The TADAS-DIFFMAT model

The TADAS-DIFFMAT model consisted of five triangular
plates which were made of different steel grade materi-
als (Table 3) and it was modeled using the same validated
method in Sect. 3. In this multi-level TADAS damper, the
yield strength of the main fuse plates was higher than the
auxiliary fuse plates in such a way that before reaching the
displacement of 15 mm, only the auxiliary plates dissipated
the input seismic energy and after meeting the design crite-
rion of 15 mm, the main plates started working and yielded.
The assigned steel material to the auxiliary plates and
main plates had a yield strength of 261 MPa and 360 MPa,
respectively.

Figure 15 depicts the finite element model of the TADAS-
DIFFMAT damper and corresponding hysteretic and

envelope curves which were obtained by the application
of the cyclic quasi-static loading protocol shown in Fig. 4.
Regarding the linearized curves, the multi-level performance
of this damper is visible and it is concluded that the con-
sidered design criterion was fully observed and the main
fuses started working at a displacement of 15 mm. In other
words, at first, all of the triangular plates behaved elastically,
and then the auxiliary plates yielded at a displacement of
approximately 5 mm, and finally, after a displacement of
15 mm, the main plates also yielded.

As shown in Fig. 16a, it is observed that before starting
to work of the main fuse (i.e. at displacements less than
15 mm), the auxiliary plates fully yielded and by approach-
ing the design criterion of 15 mm, the outer fibers of main
dampers yielded partially; but, after the displacement value
of 15 mm, the main plates yielded completely and their
contribution in dissipation of seismic energy was increased
considerably (e.g. the Von-Mises stress values more than
261 MPa and 360 MPa for the auxiliary and main plates,
respectively) (Fig. 16b).

The best multi-level TADAS damper

The purpose of this section is to select the best multi-level
TADAS damper based on the obtained hysteretic curves
and their performance parameters such as elastic stiffness,
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Fig. 15 The finite element TADAS-DIFFMAT model and obtained hysteretic, envelope (orange solid line) and linearized (green dashed line)

curves
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Fig. 16 The yielding status and Von Mises stress distribution of TADAS-DIFFMAT model at a displacement of a less than 15 mm, b more than

15 mm
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Table 4 The calculated values of the mentioned parameters for multi-
level TADAS dampers

Model Elastic stiff- Ductility Dissipated
ness [kN/mm] energy [kN.
mm)]
D-TADAS-5PL 11.38 11.51 7063.52
D-TADAS-3PL 3.82 8.38 3454.59
FD-TADAS-5PL 4.69 11.10 4956.09
SP-TADAS-2PL 109.16 34.55 19,200.68
TADAS-DIFFMAT 12.03 11.29 7036.06

ductility, and dissipated energy. To calculate these param-
eters, the obtained envelope curves in the previous sec-
tions for each model were linearized only in two forms of
bi-linear or tri-linear diagrams using the recommended
energy procedure by FEMA-356 (2000a) (Fig. 17). It is
noteworthy that the elastic stiffness and dissipated energy

were estimated as the slope of the first line and the area
under the linearized curve, respectively. Moreover, the
ductility was calculated as the ratio of the ultimate dis-
placement and the effective yield displacement. Table 4
shows the calculated values of the mentioned parameters
for multi-level TADAS dampers.

Regarding Table 4, it is seen that the SP-TADAS-2PL
has the highest values for the considered parameters and
the D-TADAS-5PL is in second place. But some important
points should be considered to choose the best damper in
this section, which are (1) excessive increase in stiffness can
have negative effects such as increasing the spectral acceler-
ation and consequently increasing seismic force and energy,
(2) the buckling of the shear panel causes the pinching and
instability of the obtained hysteretic curve and (3) in general,
the average fracture strain of steel is 0.25 and according to
Fig. 18, it can be seen that the SP- TADAS-2PL damper had
a plastic strain of 0.73 and hence the corners of the shear
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Fig. 17 The envelope (orange solid line) and linearized (green dashed line) curves of the considered multi-level TADAS dampers
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Fig. 18 The distribution of plastic strain in the considered multi-level damper models: a D-TADAS-5PL, b FD-TADAS-5PL, ¢ SP- TADAS-

2PL, d TADAS-DIFFMAT
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panel were ruptured. In other words, the high amount of
ductility and elastic stiffness in the SP-TADAS-2PL model
is due to the highly ductile behavior of the steel shear panel.
The high initial stiffness is one of the main desirable char-
acteristics of steel shear panels and regarding the experi-
mental results obtained in the research performed by Akbari
Hamed and Mofid (2015a), it was seen that the values of
demand partial ductility were high for the unstiffened steel
shear panel. As the plastic mechanism of the unstiffened
steel shear panel and the shear panel part of the SP-TADAS-
2PL model is the post-buckling strength by the development
of the tension-field action, therefore, the higher values of
ductility for this type of multi-level TADAS damper seems
normal. But, the important point to consider is that the aver-
age fracture strain of steel St37 is 0.25 and according to
the obtained results from the numerical analysis of the SP-
TADAS-2PL model, it is seen that this damper experiences
the plastic strain value of 0.73 which demonstrates that the
corners of the shear panel should be ruptured. Because,
based on the observations from the experimental research
carried out by Akbari Hamed and Mofid (2015a), the corners
of the tested unstiffened steel shear panel were torn which
confirms the aforementioned discussions. Therefore, based
on the performed studies on the considered models of this
research and according to the aforementioned points, among
the two dampers D-TADAS-5PL and SP-TADAS-2PL, the
D-TADAS-5PL model is introduced as the best multi-level
TADAS damper.

The seismic performance of a building
equipped with a multi-level TADAS damper

The building model

In this section, a 10-story two-dimensional moment-resist-
ing frame (MRF) in a high-risk seismic zone was designed
using the LRFD procedure by SAP2000 software. The story
height was 3.2 m and the model had 5 spans with a length of

6.1 m. Also, the amount of distributed dead and live loads
on the floors was considered as 500 kg/m? and 200 kg/m?,
respectively. Moreover, the assigned steel properties were
the elastic modulus of 2.1 x 10° kg/cm? and yield strength
of 2400 kg/cm? and the ultimate strength of 3500 kg/cm?.
Table 5 shows the list of the assigned profiles to the mem-
bers of the designed model in which I-shaped and box
cross sections were considered for the beams and columns,
respectively.

As the seismic performance of this building model will
be investigated using the IDA procedure, it was necessary
to assign plastic hinges to the structural members of the
designed frame. For this purpose, the bending plastic hinge
of M3 along with the interactional plastic hinge of P-M3
was assigned to both ends of beams and columns, respec-
tively, at relative distances of 0.05 and 0.95. Moreover, to
perform a comparative study on the building equipped with
a multi-level TADAS damper, the same designed MRF was
considered in which the damper was located on top of the
chevron braces. In the latter model, axial plastic hinges of
P were assigned to the mid-point of the braces. It should be
mentioned that the beam and column cross sections were
chosen in such a way that the assigned profiles can satisfy
the design specifications (e.g. AISC360, AISC341, ASCE7)
for the greater values of force and moment demands calcu-
lated in both building models. Therefore, the assigned mem-
ber profiles were kept constant in both building models to
investigate only the effect of adding the multi-level TADAS
dampers which were mounted on inverted-V chevron braces.
It is noteworthy that properties of the assigned auto plastic
hinges were calculated based on Tables 9-7.1 (Steel beams
and columns-flexure) and 9-8 (Steel braces- axial) of the
ASCEA41-17. Given that the D-TADAS-5PL damper was
selected as the best damper in Sect. 5, its envelope curve
(Fig. 8b) was assigned to the force—deformation definition
of the multi-linear plastic link element properties in the U2
direction with a Kinematic hysteresis type in SAP2000. To
validate the accuracy of using the considered multi-linear
plastic element for modeling the selected D-TADAS-5PL

Table 5 The assigned cross

Interior beams Exterior columns Interior columns

. Story Exterior beams

sections to the beams and

columns 1 IPE600
2 IPE600
3 IPE600
4 IPE600
5 IPE600
6 IPE600
7 IPE500
8 IPE500
9 IPE5S00
10 IPE450

IPE600 Box380x 254 Box400 x 254
IPE600 Box380x 254 Box380x 254
IPE600 Box300x 191 Box380x 254
IPE600 Box300x 191 Box380x 254
IPE600 Box300x 191 Box380x 254
IPE600 Box300x 191 Box320x 191
IPE550 Box250x 191 Box300x 191
IPES00 Box250x 191 Box300x 191
IPE450 Box250% 191 Box250x 191
IPE450 Box250%x 191 Box200x 127
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Fig. 19 a The considered building models with and without dampers,
b A close-up view of the location of the damper and the single model
of the D-TADAS-5PL damper, ¢ comparison of the obtained mono-

damper, its single model (Fig. 19b) was pushed up to a lateral
displacement of 75 mm using the nonlinear static analysis.
As depicted in Fig. 19c, it is concluded that there is a good
match between the pushover and envelope curves (Fig. 8b)
which were obtained from SAP2000 and ABAQUS, respec-
tively. It is noteworthy that the braces should remain in the
range of elastic behavior, but in the finite element models the
possibility of nonlinear behavior occurrence should be pro-
vided for different members of the building model; therefore,
in addition to the definition of the multi-linear plastic link
element properties, M3 and P-M3 plastic hinges, the axial
plastic hinges were assigned to the braces. Figure 19 shows
the considered building models with and without dampers
along with a close-up view of the location of the damper.

The incremental dynamic analysis
The IDA is an analysis procedure that provides the magni-

tude of structural damage for different values of earthquake
intensities using scaled accelerograms. It is noteworthy

tonic force—displacement curves for a multi-linear plastic link and the
D-TADAS-5PL model

that these analyses are performed with the selection of a
proper intensity measure (IM), which covers the full range
of structural elastic to inelastic behavior up to the ultimate
collapse status. Some parameters such as the peak ground
acceleration (PGA), the peak ground velocity (PGV) and
the spectral acceleration corresponding to the fundamental
period of the structure with 5% damping (i.e. S,(T,5%))
can be considered as an appropriate IM. For assessment of
the structural responses to seismic loads, some parameters
such as the base shear, the connection rotation, the maxi-
mum ductility of stories, the maximum roof displacement,
the maximum interstory drift ratio or various damage indi-
ces such as total cumulative dissipated energy, Park—Young
index or the stability index proposed by Mehanny (2000),
can be considered as the damage measure parameter (DM).
In this study, to perform a comparative study on the build-
ings with and without dampers, the maximum interstory
drift ratio (0,,,,) and S,(T,,5%) were selected as the DM
and IM, respectively, and they were analyzed under 11 seis-
mic records (Table 6) to obtain the IDA curves. It should

Table 6 The characteristics of

- e Record Station PGA [g] Duration [sec] R [km]
considered seismic records

Site—source distance > 10 km
Imperial Valley Calexico Fire 0.277 37.84 10.45
Kern County Taft Lincoln School 0.159 529 38.89
Loma Prieta Cliff House 0.076 40 78.5
Manyjil Abbar 0.515 53.5 12.55
Tabas Dayhook 0.324 20.98 13

Site-source distance < 10 km
Bam Bam 0.808 49.6 1.7
Cape Mendocino Petrolia 0.591 35.98 8.18
Erzincan Erzincan 0.496 20.78 4.38
Loma Prieta LGPC 0.57 25 3.88
Northridge Rinaldi Receiving Sta 0.874 19.9 6.5
Tabas Tabas 0.854 32.98 2.05
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be noted that scaling the earthquake records based on the
S.(T,5%) considers the dynamic characteristics of the struc-
ture as well as the excitation characteristics. The earthquake
records were selected based on the site-source distance so
that some of them had a distance of less than 10 km and
others had a distance of more than 10 km. Also, according
to the record sets of FEMA-P695 (2009), the considered
Cape Mendocino, Erzincan and Northridge records are in the
pulse near-field records subset with the forward directivity
effect, and the considered Manjil record is in the far-field
record set. Figure 20 shows the pseudo-spectral acceleration
spectrum for the selected records.

To have the same values for the S,(T,,5%) parameter of
all records in IDA analyses and drawing the corresponding
curves, the value of the S,(T;,5%) parameter of the records
was first changed to 1 g by applying the S,(T,)" factor (Eq. 8)
(Vamvatsikos & Cornell, 2005).

ST = e ®)
‘ S.(T1.5%)

Then, the scale factors of S,(T,)" were set using Eq. 9,
starting from 0.1 g and increased to the extent that the hori-
zontal part of the IDA curve was formed. The maximum
value of the scale factor, which is shown by n,,, was esti-
mated by the trial-and-error method for each record and
it was dependent on the earthquake intensity in which the
building model collapsed. In general, the considered interval
for the scale factors was between 0.1 g and 0.2 g; but, in the
range of inelastic behavior of the building model, smaller
values were also considered.

S(T1)" = S,(T)) xn: 0.1<n<n,,. ©9)

Global nonlinear dynamic instability is recognized by an
arbitrarily large increase in displacement response subjected
to a small increment in the IM (Jalayer & Cornell, 2009) and
the flattening of the curve or encountering by the numeri-
cal non-convergence is an indicator of it (Vamvatsikos &

Cornell, 2002a, 2002b). Moreover, the 0,,,, is known to
relate well to global nonlinear dynamic instability (Vam-
vatsikos & Cornell, 2002a, 2002b) and the onset of global
nonlinear dynamic instability occurs in 0,,,, values of more
than 5% (Jalayer & Cornell, 2009). Regarding these explana-
tions, in this study, the collapse criteria in the obtained IDA
curves of the building models were selected as one of the
points where the tangential stiffness was less than 20% of the
elastic stiffness or the interstory drift ratio (6,,,,) was equal
to 10%, whichever occurred first (FEMA-350, 2000b; Vam-
vatsikos & Cornell, 2002a). Moreover, given a 5% damping
ratio and considering the P-A effects, the nonlinear time
history analyses were performed following the applied grav-
ity load combination (i.e. 1.2 X dead load +live load) as the
initial condition.

Results of IDA analyses

As depicted in Fig. 21, it was observed that after the soften-
ing point (i.e. the effective yield point) of the bare MRF, the
structure became almost unstable dynamically and the DM
increased sharply and moved toward collapse status with
an approximately zero tangential stiffness. Whereas, in the
models equipped with a damper, the effect of multi-level
performance of the damper was observed. Moreover, an
increase in the effective yielding point of these models was
seen and the slope of the IDA curve did not become zero
after the effective yielding point. It should be mentioned
that the IDA curves of the MRF equipped with a damper
show the DM return phenomenon (i.e. the weaving behav-
ior) in most records which means that as the intensity of the
earthquake increases, the structure sometimes experiences
an increase in the DM and sometimes a decrease of it, and
this can be a positive factor in increasing the strength of
the structure and preventing its damage. Also, regarding the
multi-level performance of the considered TADAS damper,
it caused to observe the weaving behavior in the obtained
IDA curves and due to the work starting of the main fuse of
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@ Springer



Asian Journal of Civil Engineering (2023) 24:969-988

985

the multi-level dampers, there was a recovery-like point in
the IDA curves of the model with damper, which is seen in
a 0,,,, of about 0.05 for the majority of considered records.
In the obtained IDA curves, the corresponding 0,,,, value
for the recovery-like point differs slightly and it can be
concluded that this happens because of the time lag in the
performance of the main fuse of the TADAS damper in dif-
ferent stories. It is noteworthy that due to changes in the
amount of stiffness and damping of the system and hence
the amount of base shear as a result of the installation of
TADAS dampers, the plastic hinge development status was
different in the considered building models and the braces
remained elastic in all the performed IDA analyses. It can be
mentioned regarding the obtained numerical results in this
study which investigated the performance of only 2 building
models subjected to incrementally intensified 11 earthquake
records, the jumps were observed obviously in the obtained
IDA curves; but it is required to study more building models
with different characteristics to evaluate the occurrence of

this jumping and the seismic performance of the considered
multi-level TADAS dampers.

Tables 7 and 8 represent the obtained values for the effec-
tive yielding point and the collapse point of the MRF with
and without damper under the considered seismic records.
Regarding Fig. 21, the collapse criterion of a tangential stiff-
ness of less than 20% of the elastic stiffness occurred earlier
than the collapse criterion of a 0, =10%. It is observed
that the considered collapse criteria in this research, as
depicted in Fig. 21, cover the aforementioned definitions of
global nonlinear dynamic instability. It is noteworthy that
the obtained IDA curves were shown in Fig. 21 in two cases
of the individual IDA curves for each record and their cor-
responding mean, 16% and 84% fractile curves. Moreover,
the effective yielding point (i.e. Y) and the collapse point
(i.e. C) were shown on the mean curve in which the Y was
obtained by the bilinearized curve and the C point was deter-
mined in a point where the tangential stiffness was less than
20% of the elastic stiffness on the mean curve. According to

Table 7 Comparison of the

A Record set Record name MRF+TADAS Bare MRF Difference
corres'ponc'lmg. ™M va}ues for the S,(T,.5%) S.(T,.5%) (%]
effective yielding point of the
considered models Le] le]

R>10 km Imperial Valley 14 1.3 8
Kern County 1.7 0.9 89
Loma Prieta (Far) 1.6 1.3 23
Manyjil 1 1 0
Tabas (Far) 1.8 0.7 157
R<10km Bam 1.9 1.7 12
Cape Mendocino 1.1 1.1 0
Erzincan 2 1.4 43
Loma Prieta (Near) 1.8 1.4 29
Northridge 2.8 1.8 56
Tabas (Near) 2 0.9 122
Iao?rlzss ogc(l)ilrlllp?;i/lsc\)/gl?lfe;hf; the Record set Record name MRF + TADAS Bare MRF Difference
collapISJe poin%of the considered [Sa(Tl’S%) S(T1.5%) 7]
models gl Le]
R>10 km Imperial Valley 1.7 1.3 31
Kern County 1.9 0.9 111
Loma Prieta (Far) 2.2 1.3 69
Manyjil 1.3 1 30
Tabas (Far) 2.7 0.7 286
R<10km Bam 3.7 1.8 106
Cape Mendocino 1.9 1.1 73
Erzincan 3.6 1.4 157
Loma Prieta (Near) 3.1 14 121
Northridge 5 1.7 194
Tabas (Near) 4.5 0.9 400
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Tables 7 and 8, the multi-level TADAS damper had a signifi-
cant effect on the enhancement of the seismic performance
of the models along with the corresponding IM values at
the effective yielding point and the collapse point of the
building models. Regarding the individual IDA curves, it
is concluded that for both record sets, the corresponding
IM values for the effective yielding and collapse points of
the MRF equipped with a multi-level TADAS damper were
increased by 53.1% and 143.5% on average, respectively.
Moreover, considering the achieved mean IDA curves, val-
ues of the aforementioned enhancements (i.e. Y and C) were
on average 74.78% and 120.13%, respectively. It is note-
worthy that the only difference between the considered new
TADAS dampers in this study with the existing common
type of TADAS damper (Mahmoudi & Abdi, 2012; Saeedi
et al., 2016; Tsai et al., 1993) is the multi-level performance
of them and there are no quantitative differences and per-
formance enhancement in terms of the structural charac-
teristics such as strength, stiffness, ductility and dissipated
seismic energy. Regarding the obtained results of this study
as depicted in Figs. 8, 10, 13, 15 and 21, it is concluded that
the expected desired multi-level performance of these new
TADAS dampers is achieved. If the intended arrangements
for the multi-level performance of these TADAS dampers
are removed, they will have exactly the same structural per-
formance as the existing common TADAS dampers with the
same geometrical and material properties and hence, their
multi-level action will be eliminated.

As the fundamental period value of the considered resi-
dential building model equipped with the TADAS damper
was 1.54 s, based on the Iranian Standard No. 2800, the
approximate value of the pseudo-spectral acceleration of the
design earthquake for a region of high seismicity on a site
class of stiff soil equals to 0.515 g (i.e. given R=1 for the
nonlinear dynamic analysis). Considering this fact that the
pseudo-spectral acceleration values of the MCE earthquake
achieve approximately by multiplying the corresponding
values of the design earthquake by a coefficient of 1.5, it
can be seen that the pseudo-spectral acceleration value for
the MCE earthquake will be equal to 0.773 g, while the
considered building models experienced much bigger val-
ues of pseudo-spectral acceleration in the performed IDA
analyses of this study. Therefore, the seismic performance
of the MRF equipped with the D-TADAS-5PL damper was
evaluated implicitly for the maximum considered earthquake
(MCE) level and the achieved results could be generalized to
this earthquake level which is important for the evaluation
of this system.

@ Springer

Conclusions

This study introduced the multi-level shear-bending TADAS
damper and examined three types of multi-level TADAS
dampers including (1) a TADAS made by different steel
grade materials, (2) a TADAS combined with friction pads
and (3) a TADAS with different pin hole sizes. To this
aim, the considered finite element modeling procedure was
validated based on the existing results of two experimental
specimens. Then, five multi-level damper models with dif-
ferent energy dissipation mechanisms were examined using
ABAQUS software under cyclic loadings. Finally, the best
damper in terms of stiffness, energy dissipation, and ductility
was selected. Then, a two-dimensional 10-story steel frame
equipped with the selected multi-level damper was analyzed
by the IDA method to investigate its seismic performance.
The main results of this research are as follows:

1. Although the introduced SP-TADAS-2PL damper had
the highest values for the considered parameters such as
the elastic stiffness, ductility and dissipated energy; but,
regarding the negative effects of the excessive increase
in stiffness and the pinching of the hysteretic curve due
to the buckling of the shear panel along with tearing of
the shear panel with a plastic strain value of 0.73, the
D-TADAS-5PL model introduced as the best multi-level
TADAS damper. For a detailed study of the performance
of the new SP-TADAS-2PL model, its experimental
specimens should be tested under cyclic loads and the
steel material failure (e.g. fracture) should be considered
in the finite element modeling in future studies.

2. The D-TADAS-5PL damper had a stable hysteretic curve
and its multi-level performance is easily adjustable on
different earthquake hazard levels.

3. After the effective yield point of the bare MRF, the
structure became almost unstable dynamically and the
DM increased sharply and moved toward collapse status
with approximately zero tangential stiffness.

4. According to the obtained results, multi-level TADAS
dampers enhanced the seismic performance of the con-
sidered 10-story building model, significantly. It was
concluded that for both record sets, the corresponding
IM values for the effective yielding and collapse points
of the MRF equipped with a multi-level TADAS damper
were increased on average by 53.1% and 143.5%, respec-
tively. Moreover, considering the achieved mean IDA
curves, values of the aforementioned enhancements (i.e.
Y and C) were on average 74.78% and 120.13%, respec-
tively. It should be noted that only one 10-story building
model was considered in this study and to generalize
the obtained conclusions, it is required to perform IDA
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analyses on more building models with different char-
acteristics.
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