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In this study, a new hybrid damper (HD) is introduced that consists of elastomeric layers,
which act as a viscoelastic damper (VED), and metallic dampers (MDs). Metallic part is
composed of flexural yielding strips. This HD not only removes the limitations of each of
these two types of dampers, but also facilitates its application for multi-level vibration
control. Based on operational mechanism and design objectives of the proposed HD, three
specimens have been manufactured and tested under quasi-static cyclic loading to evaluate
the functional objectives. Two types of elastomers and two types of metallic dampers are
used in these specimens. Experimental results show stable hysteretic behavior and high
energy dissipation capacity. Also, the multi-phase behavior of the proposed HD confirms the
proper function that is intended. However, the HD that is made of natural rubber (NR)
and comb-teeth damper (CTD) can tolerate more cycles and possesses more ductility in
comparison with the HD made of butyl rubber (IIR) and steel slit damper (SSD). A finite
element model (FEM) is also used to simulate the behavior of the proposed HD. A good
correlation between numerical outputs, analytical equations and experimental results
indicates the accuracy of the proposed FEM.

© 2018 Politechnika Wroclawska. Published by Elsevier B.V. All rights reserved.

1. Introduction

nents from damage, control the dynamic response of
structures and increase the seismic resilience of structures.
PED systems are classified into two categories [1-3]: (a) seismic

Passive energy dissipation (PED) systems have been widely isolator (e.g. elastomeric bearings and lead rubber bearings) [4],
used in recent years to serve as structural control systems (b) energy dissipation devices that are subdivided into [5]
against natural hazards in order to protect structural compo- displacement-dependent devices (e.g. yielding metallic damp-
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er [6,7], friction damper [8] and buckling restrained brace
[9,10]), velocity-dependent devices (e.g. viscoelastic damper
[11-13] and viscous damper [14]), motion-dependent devices
(e.g. tuned mass damper and tuned liquid damper [15-17]) and
re-centering systems (e.g. rocking systems, post-tensioned
systems, self-centering braces, etc. [18]). Although energy
dissipation devices have been widely used for protecting
structures since 1990 due to their low cost and efficiency, they
still have some disadvantages. For example, displacement-
dependent devices are not effective for small vibrations due to
their high elastic stiffness [19,20]. Velocity-dependent devices
such as viscoelastic dampers have a limitation in shear
deformation capacity and there is a probability of tearing in
elastomeric layers due to increased shear strain. Moreover,
viscous dampers suffer from potential fluid leakage problems
[19]. Disadvantages are also associated with motion-depen-
dent devices that are tuned to one of the modes of vibration.
They also occupy a large portion of the volume of the structure
and lead to increased structural elements size [21].

In order to improve the performance of PED systems and
increase the efficiency of structures, several studies have been
conducted and hybrid damping systems have been intro-
duced. Kim et al. [22] proposed a hybrid damping system that
consists of a buckling restrained brace and a viscoelastic
damper which is effective for controlling vibrations caused by
wind and earthquakes in tall buildings. Moreover, Marshall
et al. [23] conducted a numerical study to evaluate the
performance of hybrid passive control devices that consist
of a buckling restrained brace and either a high-damping
rubber damper or viscous fluid damper in steel structures for
two seismic hazards. In order to improve the performance of
steel shear walls, diagonal and inverted V braces used as
energy dissipation systems, Yamamoto and Son [20] proposed
hybrid damping systems that combined them with viscoelas-
tic damper. Also, Lee et al. [24] investigated hybrid dampers
that are composed of friction dampers and steel slit dampers.
Later on, Kim et al. [25] evaluated a 15-story reinforced
concrete apartment building that was retrofitted with slit-
friction hybrid dampers. Control of structures against seismic
loads and provision of comfort for people on the top floors
against wind vibrations are essential tasks given the fact that
the inherent damping ratio of structures decreases with
increasing height. Hence, Montgomery [26] proposed a fork
configuration damper which could be used instead of coupling
beams in coupled shear walls. The fork configuration damper
consists of viscoelastic damper with reduced beam section
(RBS) connection that has been evaluated under multiple
levels of vibration. Moreover, researchers have conducted
several studies to evaluate the combination of PED systems
with semi-active/active control systems in order to reduce the
wind and seismic response of structures [2,27,28|.

Based on the above review of literature, hybrid damping
systems are classified into two main categories: (a) Combina-
tion of PED devices with semi-active/active systems e.g. base
isolation with an active or semi-active control actuator or
tuned mass dampers with an active or semi-active control
actuator [29,30]. (b) Combination of two or more energy
dissipation devices. In this case, displacement and velocity
dependent devices can be combined in parallel or series. In a
parallel system, a similar relative displacement occurs in both

dampers and as a result both dampers require a significant
amount of deformation. Also, the stiffness of the HD increases
and causes the performance of velocity-dependent device to
decrease. Therefore, one may conclude that the velocity-
dependent device is not effective for weak vibrations, while
the combination can be effective for strong vibrations [20]. In a
series system, a similar force occurs in both dampers and the
displacement that occurs in each of the element causes
dissipation of the input energy to the structure based on the
distribution of stiffness. Therefore, this kind of HD system can
be effective for weak vibrations [20].

In order to resolve the limitations of VED and MD, a new
type of HD is proposed in this study, which is also appropriate
for multi-level vibration control. In fact, the functional
mechanism of this damper is such that the input energy is
dissipated through shear in the elastomeric material and in-
plane flexural yielding in the strips. Initially, strips of MDs
were designed to prevent strain localization and early failures.
Then, the dimensions and type of elastomeric layers were
designed based on the elastic strength of strips. Three
specimens were manufactured and tested cyclically to evalu-
ate multi-phase performance. Finally, the finite element
model (FEM) was constructed and analyzed in order to assess
the behavior of the strips and HD. The simulation results were
compared with the results obtained from the experiments.

2. Description of the proposed hybrid damper
system

2.1. Concept and mechanism of operation

The configuration of the proposed HD is shown in Fig. 1. It
consists of flexural yielding strips that are connected in
parallel to each other and then connected vertically to a VED
via a connection link (CL). The slotted holes on the connection
link allow control of maximum range of displacement of the
VED. The stoppers that connect the VED to the slotted holes of
CL prevent tearing of viscoelastic layers due to large
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Fig. 1 - Configuration of the proposed HD.
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deformations. This HD can be installed between a chevron
brace and floor beam by T-shape sections of support members.

In general, it should be stated that the main function of the
proposed HD is that it can partially mitigate the limitations
associated with the VED (i.e. limited deformation capacity) and
the MD (i.e. limited level energy dissipation capacity for small
deformations). Also, the lock-up system and the use of clamps
make it possible to use the maximum capacity of each of the
dampers in the proposed HD. Moreover, the series connection
between these dampers makes the proposed system effective
for multi-level vibrations and results in multi-phase behavior.
Fig. 2 shows the behavior of the HD and the ideal hysteresis
curve.

Therefore, under weak earthquake and strong wind loads,
phase I is anticipated, in which the VED dissipates energy
through shear deformation and transforming vibrational
energy into heat due to the internal friction between polymer
chains, while the metallic yielding damper remains elastic and
does not contribute to energy dissipation. Under strong
seismic loads, phase II is anticipated for dissipating energy.
In this phase, when the horizontal displacement reaches the
maximum displacement amplitude of the VED, the mechani-
cal stoppers will function and the range of displacement of the
VED is restrained to prevent tearing of the elastomeric layers.
Thus, the rest of the horizontal displacement is transmitted to
the MD and the metallic damper functions and dissipates
energy through in-plane flexural yielding. In this case, the
efficiency of energy dissipation significantly increases com-
pared to phase I because the MD provides energy dissipating
capacity. In summary, the concept of the proposed HD can be
presented as follows:

e The maximum displacement of the VED should be deter-
mined in such a range that the MD remains elastic. VED
should be able to dissipate energy for small to moderate
levels of vibration.

e The maximum displacement of the VED should be limited to
a range that no tearing can occur in the elastomeric layers
that are bonded between the steel plates.

e The activation load in the HD system should function in the
strong range of vibrations. Hence, the maximum displace-
ment of the VED should be restricted in strong vibrations,
where the MD should dissipate energy through inelastic
deformations.

e Stoppers must be strong enough and be able to resist the
ultimate strength of the HD.

The hybrid damper can be modeled using the Kelvin-Voigt
model (KVM) for the VED and a spring for MD that are
connected to each other in series (Fig. 2a). In the frequency
domain, the damping force of the viscoelastic damper Fyg, can
be expressed using the elastic stiffness Kyg, and viscous
damping coefficient Cyg, as follows [31]:

Fye(w) = (Kve + Cvewvel)lve(w) )

Cve = 2myeowveéyg )

wve = v/Kve/mve (3)

where myg, wv, évg and i are mass, oscillating circular frequen-
cy, damping ratio and imaginary unit, respectively. By substi-
tuting Egs. (2) and (3) in Eq. (1), the force of the VED is equal to:

Fye(w) = (Kvg + 2Kyeéyel)Uve () @)

The relationship between the damping force of the metallic
damper Fy;, and displacement uy, is as follows:

FM = KMuM (5)

where Ky, is the stiffness of the metallic yielding damper. Since
the connection of the two dampers are in series, the equivalent
stiffness of hybrid damper Kyp, is calculated as follows [20]:

1/(Kup(1 + 2&upi)) = 1/(Kve(1 + 28vel)) + 1/Ku 6)

. 1
Kip (1 + 28pp1) = 5 pT 1
VE  KZp + (2Kyekvei)® K
_ 1 _ KmKve
1 28yl 1 Ky +Ku(1-28vgl)
K K K
. KuKve | 2KnuKveKuével 7)
Kve +Kum  (Kyg + Kiy)?
k = K/ (Kve + Ku) (8)

Kup (1 + 2&pi) = RKye(1 4 2REye)
= (KMKvE(1 + 2&ygl))/(Km + Kve(1 + 2&ygl)) ©)

In general, the stiffness of the VED is equivalent to or lower
than the stiffness of the MD. Therefore, the minimum value of
kis 0.5. On the other hand, the damping ratio of the VED under
severe frequency is equal to 15-20%. In addition, the stiffness
and damping ratio of the HD are k times that of the VED. Thus,
we can design the damping ratio of the HD at least between 8%
and 10%.

2.2.  Design approach and recommended details

In order to fulfill the desired objectives of the proposed HD, the
main point is that the restoring force of the VED for the target
maximum displacement in VED must be less than the elastic
strength of the MD. The elastic strength and elastic stiffness of
strips may be calculated by numerical modeling. Then, the
dimension and number of elastomeric layers can be deter-
mined based on the type of compound. On the other hand, the
geometric shape of the flexural yielding strips must be
designed such that no concentric stress may occur across
the height of the strips. When the strips of the metallic yielding
damper are subjected to in-plane shear load, V, bending
moment and shear force simultaneously occur in individual
strips of the damper. Therefore, this MD can dissipate energy
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Fig. 2 - Combined behavior of HD specimen: (a) numerical modeling and (b) idealized hysteresis curve.

through shear and in-plane bending yielding of its strips. The
proposed metallic yielding damper is composed of several
strips that act in parallel. Therefore, the lateral force resisted

by each strip is equal to:

v=V/n (10)

where v and n are the lateral shear force that is applied to a
strip and the number of strips, respectively. Steel strips of SSD
[32] and CTD [7] can be modeled as a fixed beam at both ends
with differential support movement (Fig. 3). Therefore, the
moment distribution behavior of CTD is half that of the SSD
behavior. Thus, the amount of moment over the height of the
strip may be computed as follows:

My = (eM1x)/h = vx (12)

where M, and h are the maximum moment at the ends and the
height of the strip, respectively. It should be noted that « is the
coefficient associated with the type of strip. It is equal to 2

~Ko
\.J‘:
S L:
s
S N

7
/ point

(a) M,

and 1 for SSD and CTD strips, respectively. Also, the plastic
moment is equal to:

Myx = FyZy = Fy((t«b2)/4) (12)

where Fy, Z,, t, and b, are yield stress, plastic section modulus,
thickness and width of the strip, respectively. Since the aim of
designing the strips is achievement of plastic yielding, Egs. (11)
and (12) can be used to obtain the following:

by = 2(ux/(Fytx))®® = 2Av/x (13)

where 1 is the strip shape coefficient. Therefore, the shape of
the strips should be a parabolic one. In order to prevent
premature shear failure, the minimum width of the strip must
be larger than that given by Eq. (14) [32].

bo > (2v/3v)/(Fyto) (14)

where t; is the thickness of the strip at the middle and end of
the strip in SSD and CTD, respectively. Assuming that the
shape factor (i.e. plastic section modulus to elastic section

/
/
/
/

(b)

Fig. 3 - Deformed shape and bending moment model for strips: (a) SSD and (b) CTD.
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Fig. 4 — Tensile test: (a) stress-strain curve for NR and IIR and (b) force-extension for steel.

modulus ratio) is equal to 1.5 for a rectangular shape, the
yielding strength is as follows based on Egs. (11) and (12):

Py = (aFytyb2)/6h = (2/3)Fytyr? (15)

The virtual work method can also be used to calculate the
elastic displacement and stiffness of metallic dampers.

1x68 = / (Mymy)/(ElLy)dx = 12aP/E / Wa)(xz /(t:b3))dx (16)
0

where E, I, are Young's modulus and moment of inertia at
location x, respectively.

K, — P/ — E/(12a / " 02 (03)d%)
0

= c(Etx?)/(a(h/a)™®) 17)

where cis the stiffness calibration coefficient that is less than 1
[33]. However, with decreasing the rigidity at both ends of the
strip, this coefficient decreases.
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3. Test program

3.1.  Material properties

3.1.1. Elastomeric material

VEDs are mainly made with elastomeric materials that are
vulcanized between steel plates under pressure and heat with
suitable adhesives. This type of material shows hyperelastic
and time-dependent behavior that is known as viscoelastic
material. The time-dependent behavior of VEDs will be
discussed later. In order to evaluate hyperelastic properties
of the elastomeric material, tensile tests were carried out on
tension coupons based on ASTM D412 [34]. Fig. 4a shows the
stress-strain response of the elastomeric materials based on
NR and IIR.

3.1.2. Steel

In order to evaluate the mechanical properties of the steel
plates, tensile tests were conducted on steel dogbone speci-
mens based on ASTM A370 [35]. The tension coupons were cut
from the same material that was used in the construction of
MDs by using a water jet machine. Fig. 4b shows the force-
extension response of the steel coupon specimen.

(b) photograph of HD1

Fig. 5 - Specimen HD1.
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Note :All dimensions mm 200(L)*80(W)*10(t)*2La

(a) Geometry of HD2

il

(b) photograph of HD2

Fig. 6 - Specimen HD2.

3.2.  Construction and assembling of the specimens

In this study, three specimens were manufactured with
different geometrical strips, elastomeric compounds and
loading protocols. Initially, two HD specimens were manu-
factured as follows: (a) HD1 composed of CTD and VED based
on NR compound (b) HD2 composed of SSD and VED based on
IIR compound. Figs. 5 and 6 show the details and dimensions of
the HD1 and HD2, respectively. Later, the third specimen (HD3)
was fabricated similar to HD1 given the performance of the

Fig. 7 - VED specimen.

two previous hybrid dampers, ie. the appropriate shear
displacement capacity of HD1. The main difference between
HD1 and HD3 was the loading protocol used for the tests, that
will be discussed later.

The metallic parts of the HD, including CTDs and SSDs were
made of ST37 steel plates with a thickness of 10 mm by water
jet cutting. The main purpose of using this method of cuttingis
its high accuracy, which prevents generation of residual stress.
The height to width ratio of the strips (i.e. aspect ratio) was set
equal to 4.5 and 4.2 for CTD and SSD, respectively in order to
have dominant flexural behavior in the strips of the MDs.
Moreover, a pair of clamps were used to restrain out-of-plane
deformation and prevent local buckling in each of the strips.
Afterwards, two elastomeric layers with dimension of
80 x 200 x 10 mm were vulcanized and adhered between the
support member and the two steel plates (Fig. 7). Then, the
connection link was used to connect them with high-tension
bolts (HV10.9), so that the maximum displacement of VED was
controlled by stopper bolts (HV12.9). It should be noted that the
maximum shear deformation of the VED was restricted to
150% and the diameter of stopper bolts was 22 mm. The main
objective of using high-tension bolts instead of welding is that
it is an easy method for assembling the elements, eliminates
the uncertainties caused by welding and prevents damage in
the elastomeric layers. In addition, the bolts were fastened
with lock nuts in order to prevent the bolts from falling off and
losing the pre-stress under cyclic loading. It should be noted
that when the VED and MD are assembled together, the pre-
tension that occurs in the bolts results in undesirable
debonding between the elastomeric layers and the steel
plates. Therefore, two slotted holes are fabricated on the
support member that are longer than the maximum shear
displacement of VED and their sole function is to restrain the
cover plates and support member from out of plane displace-
ment.

3.3. Test setup

Fig. 8 shows the designed test setup. As seen, the test setup
consists of a 50 ton vertical actuator and reaction frames that
are mounted on the strong floor. Then, a short loading column
with four linear bearings is placed on the actuator and load cell



590 ARCHIVES OF CIVIL AND MECHANICAL ENGINEERING 19 (2019) 584-597

Column

Hybrid Damper
Ly

= Rigid Frame

L+ Roller Bearing
Rigid Frame

Load Cell

Fig. 8 — Test setup.

in such a way that one side of the flange of the short loading
column with roller bearings is connected to the reaction frame.
Afterwards, the test specimens are installed between the short
loading column and the reaction frame. Finally, a displace-
ment-controlled loading protocol is applied to each HD
specimen quasi-statically. The main purpose that linear
bearings were employed between the reaction frame and
the short column is to prevent the short column from out-of-
plane deformation and damage to the loading device.
Moreover, a set of LVDTs were positioned to measure the
relative VE and MD displacement and also the out-of-plane
displacement of one strip.

100

3.4.  Loading protocol

The test specimens were subjected to the following sequence
of fully reversed sinusoidal cyclic loading according to ASCE7-
16 [36]. Three stages of displacement-controlled cyclic loading
designed to evaluate the performance of HD, were applied to
the specimens. The first stage is designed to investigate the
performance of VED (Phase I) and the second and third stages
are meant to evaluate the performance of the combined
behavior (Phase 1I) of HD given that the target maximum
displacement amplitude of MD is considered equal to 40 mm
and 60 mm for each of the stages, respectively. It should be
noted that the third stage of the loading protocol is to
investigate maximum shear displacement capacity in HD,
while no failures occur in the second stage. Based on the
maximum shear displacement of VED, a cyclic loading
including displacement amplitudes of 1, 3, 5, 7, 10, 15 mm
with 3 number of cycles for phase I were conducted. Thus, the
metallic damper must tolerate ten, five and three cycles
corresponding to 0.33, 0.67 and 1 times the target maximum
displacement amplitude according to ASEC7-16 loading
protocol. The loading protocol is shown in Fig. 9. The main
difference between HD1, HD2 and HD3 is the target maximum
displacement of MD, so the target maximum displacement of
HD3 is considered based on two previous specimens and
without increasing it.

4, Test results
4.1.  Hysteresis response

The force-displacement hysteresis curves for the first and
second specimens are shown in Figs. 10 and 11, respectively.
The figures clearly show the multi-phase behavior of each of
the components under the set of loads in the loading protocol.
The experimental results indicate stable hysteric behavior
without any sudden degradation in strength and stiffness and

dVED

dys* = dyp—15 =40 mm

dys* = dyp — 15 =60 mm
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Fig. 9 - Cyclic loading protocol for HD specimens.
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Fig. 12 - Hysteresis curve of HD3: (a) phase I, (b) phase II with the maximum displacement of 60 mm for CTD.

appropriate energy dissipation capacity for multi-level vibra-
tions. VED in phase I has sufficient damping as seen in Figs. 10a
and 11a. It can be observed that the damping capacity for the
displacement range of 15 mm of VED is at least 10% while the
displacement range of CL was measured by LVDT3 to be less
than 2 mm. This indicates that in this phase the MDs remain
elastic and do not provide any damping capacity. It should be
noted that damping capacity goes up with increasing rate of
loading or decreasing displacement of VEDs, which will be
discussed later. Also, the rate of variation of damping is
different depending on the type of elastomeric compound. In
the first cycle after an increase in displacement, there is a
reduction in strength in phase I. The main reason for this is the
Mullins effect by which the softening phenomenon occurs at
the beginning of deformation cycles due to breaking of weak
bonds.

Given target maximum displacement of 40 mm for MDs,
the hysteresis curves for two specimens in phase II loading
protocol are shown in Figs. 10b and 11b. Since the hysteresis
behavior was completely stable for two specimens and no
failures occurred in the strips and there was no degradation in
strength, the target maximum displacement was increased to
60 mm and they were loaded cyclically according to Section 3.4
(Figs. 10c and 11c). At the end of the loading protocol, the HD1
specimen could still dissipate energy because there were no

evidence of cracking, failure or reduction of strength of the
strips or the elastomeric layers. Therefore, the last cycle of the
cyclic loading was repeated and after completion of the
protocol considered in Section 3.4, seven cycles with a range of
75 mm were applied. After the 5th cycle at this amplitude, the
strength of HD1 began to reduce as seen in Fig. 10d. Finally, the
cyclic test was stopped at the 7th cycle of the same amplitude
because the maximum and minimum strength at zero
displacement decreased as much as 15% while there were
no cracks or failures in HD1. However, at the beginning of the
loading protocol for the second specimen HD2 with 75 mm
displacement, one of the strips of the MDs failed (Fig. 11c).
Since HD1 could tolerate more cycles in comparison with HD2,
the third specimen, HD3 was constructed similar to HD1 with a
slight modification. In this specimen, a steel plate was placed
between the two layers of MDs and then three clamps were
attached to each other by high strength bolts. The main
objective of this is to prevent the teeth from moving toward
each other that was observed in the cyclic test of HD1. Fig. 12
shows the hysteresis behavior of the third specimen, HD3, in
phase I and phase IIL

(b)

Fig. 13 - Experimental test: (a) test setup and (b) VED specimen.
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Table 1 - Loading protocol for VED.

Freq. Strain% Number of cycles
Testl Test2 Test3 Test4 Test5 Test6
0.1 10 30 50 70 100 150 15
0.2 10 30 50 70 100 150 15
0.3 10 30 50 70 100 150 15
0.5 10 30 50 70 100 150 15
1 10 30 50 70 100 150 15
1.5 10 30 50 70 100 150 15
4.2. Equivalent damping of VEDs n=Gr/Gs = F5/F; = tané (18)
In order to evaluate the dynamic properties of VEDs, small
scale samples of VEDs were manufactured and subjected to ~ Ks = F1/uo = (nveGsA)/h (19)

sinusoidal excitations. Fig. 13 illustrates the VED specimens
and the test setup used. Since elastomeric materials are
dependent on strain and strain rate, a test program with
different frequency and strain was designed. Based on
previous research [13,37,38], the material tests were designed
to obtain the mechanical properties of the VED under loading
conditions that may occur under low-to-strong earthquakes.
Table 1 shows the cyclic loading tests. This test program
involves shear strain range between 10% and 150% and
frequency between 0.1 and 1.5%Hz.

The experimental results show a stable hysteresis behavior
with high energy dissipation, Therefore, the Kelvin—-Voigt
modeling (KVM) technique is utilized to define the behavior of
viscoelastic dampers considering the experimental results and
the hysteresis curves that are approximately in the form of full
ellipse. Damping capacity /2, and stiffness coefficients Ksg, of
the VEDs may be obtained as follows:

where Gs is shear storage modulus and G; is shear loss modu-
lus. nyg, h, A are number, thickness and shear area of the
viscoelastic layers, respectively.

Fig. 14 shows the dynamic parameters of VED based on NR
and IIR. The results show that the equivalent damping ratio of
VEDs based on IIR is at least 15% while the equivalent damping
ratio of VE damper based on NR is 13%. However, the main
difference between NR and IIR viscoelastic dampers is that the
latter has more damping capacity, while the former has a
higher stiffness.
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Fig. 14 - Dynamic parameters for IIR and NR viscoelastic damper: (a) loss factor and (b) storage modulus.
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190

235

CTD SSD

Fig. 15 - The geometry of an individual strip.

5. Numerical study
5.1.  Finite element modeling

In order to simulate and predict the behavior of HD, the finite
element method (FEM) and ABAQUS software [39] has been
used. Initially a single strip of MDs was modelled (Fig. 15) and
its nonlinear behavior was investigated. Each of the strips was
modeled using three-dimensional solid elements and qua-
dratic reduced-integration elements (C3D20R). The data
related to the tensile coupon test were used to define the
linear and nonlinear behavior of steel strips. The engineering
stress—strain results that were obtained from the coupon test
were first converted to true stress-strain information by using
the following equation.

0.98
0.96
0.94
0.92

0.9
0.88
0.86
0.84
0.82

0.8

Normalized Stress

(o] 50 100

oc=P/A (20)

¢ = Ln(Ao/A) (21)

where Ay and A are the initial and current section area of the
specimen, respectively. The isotropic-kinematic hardening
model was used in order to take the hardening behavior of
the strips into account. On this basis, it was assumed that the
yield surface increases according to the following equation:

o =00+ Q. (1—e ") (22)

where oy and ¢, are the initial yield stress and equivalent
plastic strain, respectively. Also, Q. and b are the material
parameters. It should be noted that the calibrated values of the
model for the strip of steel sample, including oo, Q.. and b are
equal to 285 MPa, 50 MPa and 5, respectively.

Three-dimensional solid reduced-integration hybrid con-
tinuum elements (C3D20HR) were used in modeling elasto-
meric layers. The hyperelasticty of the VE material was
obtained from tensile test that are characterized by different
forms of strain-energy density functions, w, and can be
calculated as follows:

oW = /(Tijasijdu (23)

where W, o;; and &; denote the stored strain energy per unit
reference volume (v), the components of stress and strain
tensors, respectively. Moreover, time-dependent behavior
can be investigated by using creep and stress relaxation tests.
Therefore, a relaxation test was carried out under constant
30% shear strain for under 250(s) for the NR viscoelastic damp-
er in order to simulate the VED in FE software. Then, the
software calculates the prony series coefficients by using
the following:

N

gr(t) = 1= g;(1—e"1) (24)
i=1

150 200 250 300

Time (s)

Fig. 16 - Relaxation test response for the VED based on NR.
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Fig. 17 - Stress distribution over the height of strips in different stages of displacement loading: (a) Von-Mises stress of CTD
and (b) Von-Mises stress of SSD.

Table 2 - Elastic parameters of studied strips.

Py (N) K. (N/mm) 8y (mm)
CTD Analytical equations 5889 3005 1.96
Finite element model 5709 2869 1.99
SSD Analytical equations 5945 5945 1
Finite element model 6007 6390 0.94
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Fig. 18 - Comparison of finite element hysteretic curve with test result of the HD3.

where gr denotes the dimensionless shear relaxation modu- 5.2. Numerical results
lus, and g; and 7; are constant parameters. Fig. 16 shows the

variations of stress versus time. Fig. 17 shows the stress contour plot for each type of strip.

Plastic deformation with uniform distribution is completely
observed over the height of strips as expected. Afterwards, the
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yield strength, elastic stiffness and initial yield displacement
were determined by monotonic loading and were compared
with analytical equations. There is a good agreement between
the results obtained as it can be seen in Table 2. Finally, the
behavior of HD3 specimen was simulated using the FEM.

A comparison of results obtained from experimental tests
and numerical simulation are shown in Fig. 18. It can be seen
that the numerical simulation correctly predicts the multi-
phase behavior of HD. In displacement ranges less than 15 mm
(phase I), the metallic damper remains elastic and the
numerical model shows that energy dissipation occurs by
viscoelastic dampers. However, existing inaccuracies in
installation of HDs and the attachment of screws to the ends
of slotted holes in the displacement range less than the
intended displacement range to activate the stoppers, are
primary reasons that the experimental results show some
difference with numerical simulations at displacement ranges
more than 15mm. Nevertheless, the overall agreement
between the results may be considered satisfactory.

6. Conclusions

A new type of HD that consists of VED and MD is introduced in
this study. In order to investigate the multi-phase behavior of
HDs, three specimens were manufactured and tested under
cyclic loading according to ASCE7-16. Analytical equations and
numerical simulations were used in the design of the speci-
mens and then the results were compared with those of
experimental tests. The main results from this research may
be summarized as follows:

The series connection of VED and MD using fuse system
leads to prevent tearing elastomer layers under strong
vibrations. VED can dissipate energy for weak level vibrations,
while the MDs remain elastic. But, both dampers can dissipate
energy under strong vibration. Experimental results confirmed
proper multi-phase performance.

At small vibration levels, the VED specimens had a
damping ratio higher than 10%, which is provided by
elastomeric layers. Generally damping in VED specimens
show a significant dependence on strain amplitude and
excitation frequency. However, the dependency of VED on
strain amplitude and excitation frequency based on NR is
more remarkable than that of VED based on IIR.

The experimental results show that special geometry of
metallic strips and the use of special clamps to restrain out-of-
plane buckling of strips cause the ductility of strips to increase.
The HD based on CTD showed 75 mm shear displacement
capacity, while the HD based on SSD showed 55 mm shear
displacement capacity.

The analytical equations for designing the geometry of
strips show that there is a good correlation with numerical
simulations in such a way that uniform stress distribution over
the height of the strips is guaranteed. Also, the FEM could
correctly predict the behavior of HD.

The cyclic loading tests showed that the proposed HDs
possess stable hysteretic behavior and high energy dissipation
capacity. Therefore, it can be used as a fuse mechanism for
dissipating the input seismic energy in structures.
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