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Abstract: Although concentrically braced frame (CBF) systems enjoy high elastic stiffness and lateral
strength, they show a low seismic energy absorption capacity. This dilemma is due to the buckling
of CBFs’ diagonal members under compressive loading. To overcome the shortcoming, researchers
have proposed the use of dampers to improve the behavior of CBF systems. Among the proposed
dampers, the metallic shear damper is the most popular thanks to its suitable performance as well
as its economic profit. The main shortcoming of the shear dampers is low stiffness. Therefore,
in this article, an innovative approach is proposed to improve the behavior of the shear dampers.
Subsequently, strengthening the shear damper with X-stiffeners is proposed, and its behavior is
evaluated numerically and parametrically. Results indicate that by adding the X-stiffeners, the
ultimate strength and elastic stiffness of the shear dampers are enhanced considerably. However, the
properties of the stiffeners do not impact the stiffness in the nonlinear zone. Moreover, the behavior
of the dampers is affected by parameters such as the ratio of the strength of the web plate to the flange
plates, the ratio of the X-stiffeners to the flange plates, and the p factor. To consider the parameters
to predict the behavior of the damper, required equations are proposed which demonstrate a good
agreement with finite element results.

Keywords: shear damper; diagonal stiffener; concentrically braced frame system; strength; stiffness;
finite element

1. Introduction

Among the conventional lateral load-bearing systems, namely concentrically braced
frame (CBF), eccentrically braced frame (EBF), and moment resisting frame (MRF), the
CBF system has the highest lateral elastic stiffness and ultimate strength but has the lowest
ductility [1]. The inherent property of the low ductility of the CBF system is owing to
the buckling of the diagonal members of the brace, which causes the system to have low
energy dissipation and low ductility. In the inelastic zone, this buckling also degrades
lateral stiffness and strength. Because of this important problem, the CBF system is not
suitable for high seismic risk zones in spite of its considerable high lateral elastic stiffness
and lateral strength.

During the past decades, researchers have been trying to overcome the weakness of
CBF systems. To do so, improvement of the CBF systems’ behavior utilizing dampers such
as metallic dampers [2—4], viscous dampers [5-7], friction dampers [8-10], and buckling-
restrained braces (BRBs) [11-14] has been shown to be a successful approach to achieving
the aim.

Buildings 2022, 12, 1794. https:/ /doi.org/10.3390/buildings12111794

https://www.mdpi.com/journal /buildings


https://doi.org/10.3390/buildings12111794
https://doi.org/10.3390/buildings12111794
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0001-8696-8992
https://orcid.org/0000-0002-9431-7820
https://orcid.org/0000-0003-4204-1743
https://orcid.org/0000-0001-9173-1068
https://doi.org/10.3390/buildings12111794
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings12111794?type=check_update&version=1

Buildings 2022, 12, 1794

20f17

Manufacturing and producing these dampers need special equipment (or high-tech
technology) and specialist engineers, which increases the dampers’ cost. The increase in
construction costs due to the high price of the dampers means that they are not economically
justified to be used for conventional structures.

Among the available dampers, metallic dampers are more economical than others,
which is achieved through the inelastic deformation of the metallic material [15]. Various
metallic dampers have been proposed to enhance the behavior of the CBF systems, includ-
ing TADAS [16-18], ADAS [19], slit damper [20,21], and shear dampers [22-24]. These
devices have mainly been designed to be incorporated into the bracing systems of structural
frames. The main feature of the dampers is changing the buckling of the diagonal brace
elements of the CBFs so that the dampers yield before other elements.

A comparison of the performance and the economic aspects of metallic dampers
illustrates that shear dampers are more popular because they are more economical and
easier to construct and install than others [25]. Shear dampers prevent the buckling of
the diagonal member of the CBF systems. Therefore, its behavior is enhanced. Although
the shear dampers improve the behavior of the CBF systems in terms of ductility and
energy dissipation, they reduce the stiffness of the CBF systems [23,25,26]. However, the
EBF systems are accounted as shear dampers that have a ductile behavior under seismic
loading. The performance of the EBF systems is affected by the performance of the link
segment. Comprehensive findings reported in [27-30] clarified that a properly designed
shear link can provide a ductile and stable behavior under cyclic loading. Bahrami and
Heidari [31,32] investigated the structural response of the EBFs and BRBs having different
kinds of links.

The main shortcoming of the EBF systems is the difficulty of replacing the link after
a severe earthquake because the link is a part of the floor beam, and if the floor beam
also carries the gravity load, the costs and problems of replacing the link beam will be
much higher. In some cases, repairing the brace may not be economically acceptable. To
overcome these disadvantages, the EBF systems were developed by Seki et al. [33] as an
efficient lateral load-resisting system using the vertical shear link as V-EBF systems. In
V-EBFs, a shear link is attached between the floor beam and chevron brace. The use of the
V-EBF systems instead of the conventional EBFs was recommended in [34-36] to improve
the ability of replacement after severe earthquakes. The main flaw of the V-EBF system:s is
their lower elastic stiffness and higher construction cost compared with conventional EBF
systems [37].

Generally, the mentioned dampers, such as metallic dampers, viscous dampers, and
friction dampers, and also shear links (EBFs, V-EBFs, and shear dampers) are installed
between the chevron brace and floor beam; however, they can be attached directly to
the diagonal brace elements. Installing the damper between the chevron CBF and floor
beam causes difficulty in construction because it needs additional gusset plates. Moreover,
they impose high force on the floor beam. Accordingly, for these systems, a beam with
a high moment of inertia is required. Due to transferring stresses from the damper to
the floor beam, the floor beam may experience nonlinear behavior. For these situations,
replacing the damper and floor beam after earthquakes is complicated, especially when
the floor beam carries the gravity loads. Although directly installing dampers on the
diagonal members of the CBFs solves this problem and improves the behavior of the CBFs,
as mentioned before, they reduce the elastic stiffness and ultimate strength of the CBFs. To
overcome this shortcoming, in the current article, an innovative shear damper (I-shaped
damper diagonally stiffened with X-stiffeners) is introduced and studied numerically and
parametrically. The main feature of this damper is to improve the stiffness and strength
of the I-shaped shear damper. The proposed damper is also detailed in such a way that it
would not be complicated to construct and install. The advantages of the system, such as
simplicity in construction, low cost of preparing the damper, and easy replacement after an
earthquake, justify the damper from an economic point of view. Furthermore, the required
equations for the design of the damper are driven and presented.
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2. Proposed Damper

The proposed damper consists of five plates: shear plate, flange plate, X-stiffeners,
middle plate, and boundary plates. Figure 1 displays the schematic view and details of the
proposed damper. The middle plate and boundary plates do not contribute to resisting
the applied load. It is expected that the shear plate, flange plate, and X-stiffeners share
the shear strength. It is observed from Figure 1 that the damper is simple to construct and
install. Because this damper can be made outside the building site under strict supervision
and then installed on the site, it can eliminate overhead welds and reduce construction and
implementation times. These advantages make the damper cost-effective; its construction
and installation do not impose much cost on the building. In addition, it enjoys easy
replacement after a severe earthquake. Confining the yielding in the proposed damper
causes limited damage, and the element outside the damper remains elastic. The remaining
structural elements outside the damper reduce repair costs after a severe earthquake,
which can be acknowledged as an important factor in justifying the economical nature of
this damper.

Proposed damper
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Figure 1. Schematic view and details of proposed damper.
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3. Design of Proposed Damper
3.1. Mechanism of Damper

To design the proposed damper, it is expected that hinges will be formed, as illustrated
in Figure 2, in the shear plate, flange plate, and X-stiffeners. The derived equations are
based on the assumption that their accuracy is examined using finite element (FE) results
in the next section.

Plastic hinge-shear

Plastic hinge-shear

Hinge formation in Web plate

V
f Plastic hinge-flexural

Loading

Vf Plastic hinge-flexural

7=

Hinge formation in flange plate

I Elastic
[ Plastic

Plastic hinge-axial

[ ]

Hinge formation in X-stiffeners

Figure 2. Expected hinge formation over proposed damper.

3.2. Ultimate Strength

According to AISC [38] regarding I-shaped shear links (p < 1.6), the ultimate strength
is determined by V), = 0.6F,,bt, where Fyy, b, and t,, are yielding stress of the web plate,
length of the web plate that is equal to e for the proposed damper, and the web plate
thickness, respectively. In this equation, although the shear strength of the flange plate
or the load carried by the flange plate is ignored, researchers confirmed in [39-41] that
the flanges of I-shaped shear links increase the ultimate shear strength of the shear links.
Thus, in this article, it is assumed that the web plate, flange plate, and stiffeners transfer
the applied load to the damper. Therefore, the shear strength (nominal shear capacity) of
the damper is proposed as:

V, = n(Vp + Vf + Vst) 1)

where 7 is the number of the web plates, and Vf and Vi represent the shear strength
of the flange plate and X-stiffeners, respectively. Additionally, V) is the shear strength
of the web plate which is equal to the plastic shear strength and is calculated using the
following equation:

Vp = 0.6Fub'ty 2)
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In computing V), the shear capacity of the flange plates is not ignored. For this reason,
the thickness of the flange plates is added to the length of the web plate, which gives
b =b+2t £

Equation (1) can be rewritten as follows in which the factors § and ' are defined as
B = % and B/ = “;—;

Vo =nVy(1+B+p) (3)

Based on [23,24], it is assumed that the ultimate strength of the flange plate using the

plastic theory is given when the flexural hinges are formed at the two ends of the flange

plates. Therefore, Vy is obtained as V; = 41\:,’” where M, is the plastic moment of the

bet?
flange plate. Knowing M, = %Fy £, Vris achieved as:

bet?
f°f
Vi = Fy 4)

where F,r and h are the yielding stress and height of the flange plate, respectively. It is
assumed that the length of the plastic hinge on the two ends of the flange plates is about
10% of h of the flange plate. Accordingly, the distance between the plastic joints is equal to
W = 0.8h.

3.3. Elastic Stiffness

In accordance with the theory of analysis, the equivalent spring of stiffness acts
as parallel springs. Hence, Equation (5) is proposed to calculate the stiffness, K, of the
proposed damper:

K= n(K, +Kf+K) ()

To show that the stiffeners, as well as the ultimate strength, are affected by g and §/,
Equation (5) can be written in the form of:

AP AP /
K = nK, 1+A—fﬁ+A—S/ﬁ (6)

where K, K¢, and K; are, respectively, the stiffness of the shear plate, flange plate, and
X-stiffeners. To determine K}, it is assumed to be a shear plate under pure shear, where its

stiffness is calculated as K, = X—;. Ap is calculated using Equation (7).

_ (T, 20y
Bp = (G + EsinZ«x)h @

In this equation, G is the shear modulus and E is the Young’s modulus. Using
E = 2(1+ 9)G and the Poisson’s ratio ¢ = 0.3 for steel, the stiffness is determined as

Ap = % (Tcr + %) Then, K}, is calculated as:

0.3Et,bF,
Kp _ P=oyp (8)
h(Ter + <gm
(TC’ sm2a)

It was assumed that the field action in the shear plate is formed along the X-stiffeners.
Thus, its angle is assumed to be a. In addition, 0}, is defined as the equivalent stress that is
calculated using [42]:

—1.57.,sin20 + \/(1.5rcrsin20c)2 — 2(sin*a 4 0.75sin?2a) (37,2 — F,?)

9
(sin*a + 0.75sin22a) ©)

(Tty =
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In this equation, based on the stability theory of plates, the buckling capacity of the

shear plate is determined as 7., = , /Ky (();/iy)E < f%’ where the coefficient K, is obtained
using Equation (10):
K, = 534+ 4(b/h)? b>1 10)
Ky = 4+5.34(b/h)? b<q
Referring to Figure 2, the stiffness of the flange plate is determined as:
24Elf
Ky = L3 (11)

where I;is the moment of inertia of each flange plate.

Moreover, the X-stiffeners act as a truss where their two ends have been joined to the
boundary flange plates using pin connection. According to the principal theory of analysis,
its stiffness is calculated as:

EA
K;s = ZT cos? (12)

where L is the diagonal length of the X-stiffeners and coefficient 0.75 is applied to L, and A
is the sectional area of the X-stiffeners that equals A = bst;. This equation can be simplified
as Ks = Ebsts L2+h2

3.4. Design of Elements outside Damper

To assure the action of the proposed damper as a ductile fuse, this damper should
yield before other elements. Therefore, it is recommended to design the element outside
the damper by the simplified coefficient as follows:

Vigesign = max(Q), 1.25Ry) V,

where V;, is obtained by Equation (3) and () is the overstrength of the damper. () is
determined as the nominal strength, V;;, divided by the strength corresponding to the first
hinge formation, V;.
Vi
Q= A (13)
Since at the beginning of the hinge formation, all components are involved, V; is
calculated as:

Vi = Vp + 8pKs + ApKs (14)

By knowing A, = %, the equation can be simplified as:

K¢+ K
Vs_Vp(1+ f;p ) (15)

Finally, () can be calculated as:

1+ 3+
=% % (16)
1+Kf+K5

This equation confirmed that Qis obtained greater than 1. With introducing the
parameters f = (where P = v, ) and g/ = , (where ¢/ = %), the overstrength is
1+y'+¢

1+Kf§+l(s%/'

simplified as () =
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To assure the suitable performance of the proposed damper, no local buckling must be
permitted. As a consequence, L/t; and bs/ts should be limited. The optimum value of the
ratios is suggested in the next sections according to the FE findings.

4. Parametric Study

In the investigation of the behavior of the proposed damper, some variables are ex-
pected to affect the behavior of the damper according to the proposed equations. Therefore,
some variables are defined in this study.

Numerical models, including g’ = 0.15 to 1.21, are designed and evaluated. To do so,
first, a model with [3’ = 0.15 is designed, then it is increased two times as [3’ =0.15, 0.30,
0.6, and 1.21. The main purpose of defining this model is to cover models with p’ <1 and
B’ > 1 with respectively ¥’ < 1 and ¥’ > 1, meaning that the shear strength of the web plate
is respectively lower and larger than the strength of the X-stiffeners. In addition, numerical
models including ¥ = 0.73 to 5.54 are designed. To achieve this, the thickness of the web
plate, fp, is considered constant (6 mm), and the thickness of the flange plate, t, is increased.
Like f/, the main aim of introducing B is to be lower and greater than 1. For < 1, the
strength of the web plate is lower than the strength of the flange plate, whereas, for g > 1, it
is the opposite.

According to AISC [38], the parameter p = e/(Mp/Vp) is measured as a key parameter
to categorize the behavior of the shear links into the mechanisms of shear (o < 1.6), shear-
flexural (1.6 < p <2.6), and flexural (p > 2.6). In p, Mp is the plastic moment, and Vp is the
plastic shear capacity of the link, and e is the link length. e is known as a key parameter,
while by its reduction, the mechanism tends to have shear behavior.

Since, according to AISC [38], shear links with p < 1.6 expect to have a shear mecha-
nism, models with different p equal to 0.25, 0.18, 0.13, and 0.11 are evaluated. These models
are accounted as very short links. Although all the models are with p < 1.6, unlike the
suggestion of AISC [38], it is expected that p affects the behavior of the shear links (the
proposed damper).

5. Numerical Simulation
5.1. Numerical Models

For the simulation of the numerical models in this study, the FE method was utilized
by the ANSYS software. All the components were simulated using SHELL181 elements
that are capable of accounting for buckling, nonlinearity, and large displacement. During
the analysis, nonlinearities regarding both the materials and geometry were considered.

To investigate the behavior of the damper, the numerical models were designed
according to the goals of the parametric study. Consequently, the numerical models are
listed in Table 1. In all the models, i = 140 mm, ¢, = 6 mm, and bs = bf = 160 mm were
selected. In this table, a designation was considered for each model. The designation of
each damper consists of four parts. The first part represents the type of damper; I for the
I-shaped dampers and X for the dampers with X-stiffeners. The second part stands for p.
The third part introduces B, and the fourth part represents '. Since the I-shaped dampers
do not have f/, N (not applicable) was used for them.

5.2. Boundary Conditions and Materials

To study the proposed damper, the bare damper was analyzed as a simplified damper,
demonstrated in Figure 3. Since the beam to columns is connected using pin connection,
the main frame does not affect the behavior of the damper. Therefore, the main frame
is not simulated. In addition, since this study deals with determining the performance
of the proposed damper and examining the accuracy of the proposed relations, only the
bare damper is considered. In a future study, the interaction between the damper and the
diagonally braced frame will be considered.
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Table 1. Properties of numerical models.

Model t¢ (mm) i B ts (mm) B BIB

1-0.25-5.54-N 10 0.25 5.54 — — —

T £ 1-0.18-2.58-N 15 0.18 2.58 — — —
g 1-0.13-1.51-N 20 0.13 1.51 — — —
G 1-0.11-1.01-N 25 0.11 1.01 — — —
1-0.09-0.73-N 30 0.09 0.73 — — —
X-0.25-5.54-1.21 10 0.25 5.54 25 121 459
X-0.25-5.54-0.60 10 0.25 5.54 5 0.60 9.18
. X-0.25-5.54-0.30 10 0.25 5.54 10 0.30 18.35
5 X-0.25-5.54-0.15 10 0.25 5.54 20 0.15 36.70
8 X-0.18-2.58-1.21 15 0.18 258 25 1.21 2.04
b= X-0.18-2.58-0.60 15 0.18 2.58 5 0.60 4.08
N X-0.18-2.58-0.30 15 0.18 258 10 0.30 8.16
g X-0.18-2.58-0.15 15 0.18 258 20 0.15 16.31
E X-0.13-1.51-1.21 20 0.13 1.51 25 121 115
g X-0.13-1.51-0.60 20 0.13 1.51 5 0.60 2.29
g X-0.13-1.51-0.30 20 0.13 1.51 10 0.30 459
£ X-0.13-1.51-0.15 20 0.13 1.51 20 0.15 9.18
§ X-0.11-1.01-1.21 25 0.11 1.01 25 1.21 0.73
5 X-0.11-1.01-0.60 25 0.11 1.01 5 0.60 1.47
2 X-0.11-1.01-0.30 25 0.11 1.01 10 0.30 2.94
e X-0.11-1.01-0.15 25 0.11 1.01 20 0.15 5.87
g X-0.09-0.73-1.21 30 0.09 0.73 25 1.21 0.51
X-0.09-0.73-0.60 30 0.09 0.73 5 0.60 1.02
X-0.09-0.73-0.30 30 0.09 0.73 10 0.30 2.04
X-0.09-0.73-0.15 30 0.09 0.73 20 0.15 4.08

Lateral loading

—

Imposed load to diagonal brace

/

U, =U,=U, =
6,=6,=6.=0

Figure 3. Boundary conditions of simplified damper.

Additionally, A36 steel with a yield strength of 235 MPa, Young’s modulus of 200 GPa,
and Poisson’s ratio of 0.3 were employed for all the components.
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5.3. Verification of FE Results

For verification of the FE results of this study, the result of an experimental test reported
in [42] is compared with the FE result. The laboratory model consists of an I-shaped shear
damper with a height of 80 mm for each web plate and a thickness of 2 mm for the web
and flange plates.

In the experimental test, plates with a thickness of 25 mm were selected for the top
and middle plates. Furthermore, 6-mm plates were connected to the top and bottom of the
main web and flange plates. All the elements were created with A36 steel material.

Figure 4 clarifies that there is a good agreement between the FE result and experi-
mental test result. As shown in the figure, the damper carries the applied loading without
degradation up to 7 mm (rotation of 8.5%), which is considerable. Moreover, no fracture oc-
curred in the damper up to 14 mm displacement (rotation of 14.5%), which is an important
feature, as high rotation capacity without failure.

190

& 6 —— Experimental
Displacement (mm)

Figure 4. Comparing FE result with experimental test result.

6. Results and Discussion
6.1. Comparing Dampers with and without X-Stiffeners

To consider the effect of the diagonal stiffeners on the behavior of the I-shaped damper,
their load-rotation and stiffness-rotation graphs were achieved. Figure 5 illustrates the
typical graphs for the dampers with p = 0.25 and p = 0.09. According to the figure, the
diagonal stiffeners improved the behavior of the I-shaped dampers in linear and nonlinear
zones. However, there is not a considerable effect on the stiffness at rotation over 0.005.
The obtained results of the damper with and without stiffeners are compared in Table 2.

Based on the table, low t; (thin stiffeners) improve the ultimate strength (F,) between
19 and 54%, whereas it can be reached 3.5-6.94 times. On the other hand, by adding the
stiffeners, F, is enhanced 1.19-6.94 times depending on the properties of the stiffeners
and dampers. Meanwhile, the elastic stiffness is improved by the thin and thick stiffeners,
respectively, between 31-60% and 2.89—4.48 times. This value for V; is measured between
20-74% for the thin stiffeners and 2.89-4.48 times for the thick stiffeners. It is confirmed
that the thin stiffeners have the most effect, respectively, on K, V;, and F,, while the thick
stiffeners have the most influence, respectively, on F;,, Vs, and K.

By adding the thin stiffeners, () is reduced around 10%, whereas by increasing t;, it is
improved between 21 and 55%.
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Table 2. Comparing results of damper with and without stiffeners.

Stiffened Damper
Model tr(mm) ¢, (mm) [4 B F, (kN) K (kKN/mm) Vs Q I-Shaped Damper
FE, K V. Q

[-0.25-5.54-N 10 0.25 5.54 484.8 1126.2 31525 154

[-0.18-2.58-N 15 0.18 2.58 583.9 1254.7 35048 1.67

1-0.13-1.51-N 20 0.13 1.51 728 1438 400.11  1.82

[-0.11-1.01-N 25 0.11 1.01 917 1684 469.75 195

[-0.09-0.73-N 30 0.09 0.73 1155 1989 556.27 2.08
X-0.25-5.54-1.21 10 2.5 0.25 5.54 748.60 1803.44 54961 136 154 160 174 0.89
X-0.25-5.54-0.60 10 5 0.25 5.54 1100.05 2405.06 67329 163 227 214 214 1.06
X-0.25-5.54-0.30 10 10 0.25 5.54 1958.83 3434.85 961.64 204 404 3.05 3.06 1.32
X-0.25-5.54-0.15 10 20 0.25 5.54 3366.46 5047.38 1413.2 238 694 448 448 155
X-0.18-2.58-1.21 15 2.5 0.18 2.58 815.29 1928.81 53995 151 140 154 154 091
X-0.18-2.58-0.60 15 5 0.18 2.58 1207.04 2532.93 709.09 1.7 207 202 202 1.02
X-0.18-2.58-0.30 15 10 0.18 2.58 2107.93 3572.84 1000.3 211 3.61 285 285 1.26
X-0.18-2.58-0.15 15 20 0.18 2.58 3531.51 5209.52 1458.6 242 6.05 4.15 416 145
X-0.13-1.51-1.21 20 2.5 0.13 1.51 961.15 2099.45 58772 164 132 146 147 090
X-0.13-1.51-0.60 20 5 0.13 1.51 1376.29 2696.73 75496 182 1.89 1.88 1.89 1.00
X-0.13-1.51-0.30 20 10 0.13 1.51 2252.87 3730.70 10445 216 310 260 261 1.19
X-0.13-1.51-0.15 20 20 0.13 1.51 3665.94 5368.18 1503 244 504 373 376 134
X-0.11-1.01-1.21 25 2.5 0.11 1.01 1136.27 2325.69 651.07 175 124 138 139 0.89
X-0.11-1.01-0.60 25 5 0.11 1.01 1575.04 2908.92 81438 193 172 173 173 0.99
X-0.11-1.01-0.30 25 10 0.11 1.01 2448.17 3924.41 1098.7 223 267 233 234 114
X-0.11-1.01-0.15 25 20 0.11 1.01 3835.65 5544.21 1552.3 247 418 329 330 127
X-0.09-0.73-1.21 30 2.5 0.09 0.73 1370.11 2604.33 665.22 1.9 119 131 120 091
X-0.09-0.73-0.60 30 5 0.09 0.73 1822.76 3167.79 886.87 206 158 159 1.59 0.99
X-0.09-0.73-0.30 30 10 0.09 0.73 2692.03 4155.37 11634 231 233 209 209 1.11
X-0.09-0.73-0.15 30 20 0.09 0.73 4039.66 5743.36 1608.1 2.51 350 289 289 1.21

—X-0.25-5.54-1.21
2000 ¢ 0.25-5.5
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Figure 5. Comparing results of dampers with and without X-stiffeners (for dampers with p = 0.25 and
0 =0.09).



Buildings 2022, 12, 1794 11 of 17

6.2. Effect of p

To evaluate the effect of p on the performance of the dampers, the results are listed
based on p in Table 3. Comparing the results indicates that although the reduction of p
improves the results of both types of dampers, the I-shaped damper is more sensitive than
the stiffened damper with X-stiffeners. When p is reduced from 0.25 to 0.09 (2.7 times), the
F, of the I-shaped dampers is improved by 1.2-2.38 times, whereas it is between 1.05 and
1.66 times for the stiffened dampers with X-stiffeners. Among the obtained results, p has
the largest effect, respectively, on Fy, K, Vs, and Q) for the I-shaped dampers. However, for
the stiffened dampers, p has the largest effect, respectively, on Vi, F,,, K, and Q.

Table 3. Listed F;, K, Vs, and Q) based on p.

Damper with p =i (I =0.18, 0.13, 0.11, and 0.09)

Divided by Damper with
Model P F, (kN) K (kKN/mm) Vs (kN) Q p=025
E, K Vs Q

1-0.25-5.54-N 0.25 484.76 1126.24 315.25 1.54

1-0.18-2.58-N 0.18 583.88 1254.71 350.48 1.67 12 111 111 1.08

1-0.13-1.51-N 0.13 727.55 1437.6 400.11 1.82 15 1.28 1.27 1.18

1-0.11-1.01-N 0.11 917.02 1684.32 469.75 1.95 1.89 1.50 1.49 1.27

1-0.09-0.73-N 0.09 1155.3 1989.45 556.27 2.08 2.38 1.77 1.76 1.35
X-0.25-5.54-1.21 0.25 748.6 1803.44 315.25 1.54
X-0.25-5.54-0.60 0.18 815.29 1928.81 556.27 2.08 1.09 1.07 1.76 1.35
X-0.25-5.54-0.30 0.13 961.15 2099.45 1413.17 2.38 1.28 1.16 4.48 1.55
X-0.25-5.54-0.15 0.11 1136.3 2325.69 1458.58 242 1.52 1.29 4.63 1.57
X-0.18-2.58-1.21 0.09 1370.1 2604.33 1503.03 2.44 1.83 1.44 4.77 1.59
X-0.18-2.58-0.60 0.25 1100.1 2405.06 350.48 1.67
X-0.18-2.58-0.30 0.18 1207 2532.93 549.61 1.36 1.10 1.05 1.57 0.82
X-0.18-2.58-0.15 0.13 1376.3 2696.73 539.95 1.51 1.25 1.12 1.54 0.91
X-0.13-1.51-1.21 0.11 1575 2908.92 587.72 1.64 1.43 121 1.68 0.98
X-0.13-1.51-0.60 0.09 1822.8 3167.79 651.07 1.75 1.66 1.32 1.86 1.05
X-0.13-1.51-0.30 0.25 1958.8 3434.85 400.11 1.82
X-0.13-1.51-0.15 0.18 2107.9 3572.84 673.29 1.63 1.08 1.04 1.68 0.9
X-0.11-1.01-1.21 0.13 2252.9 3730.7 709.09 1.7 1.15 1.09 1.77 0.94
X-0.11-1.01-0.60 0.11 2448.2 3924.41 754.96 1.82 1.25 1.14 1.89 1
X-0.11-1.01-0.30 0.09 2692 4155.37 814.38 1.93 1.37 121 2.04 1.06
X-0.11-1.01-0.15 0.25 3366.5 5047.38 469.75 1.95
X-0.09-0.73-1.21 0.18 3531.5 5209.52 961.64 2.04 1.05 1.03 2.05 1.04
X-0.09-0.73-0.60 0.13 3665.9 5368.18 1000.28 2.11 1.09 1.06 2.13 1.08
X-0.09-0.73-0.30 0.11 3835.7 5544.21 1044.49 2.16 1.14 1.1 222 1.1
X-0.09-0.73-0.15 0.09 4039.7 5743.36 1098.74 2.23 1.20 1.14 2.34 1.14

6.3. Effect of B

While developing the relationship to predict the behavior of the proposed dampers, it
was revealed that 8" improves the performance of the dampers. This issue is confirmed by
the plots in Figure 6 regarding the comparison of the load-rotation graphs of the dampers.

Figure 7 displays the impact of g’ on F,, K, Vs, and Q. As shown in this figure,
increasing B’ enhances the mentioned parameters, but the rate of the enhancement for
each parameter is different. F, and K have the same improvement related to f’. Sim-
ilar enhancement related to B’ is also observed for Vs and Q. According to the fig-
ure, ' has an approximately linear relation with F,, K, and Vi, which is confirmed by
K =nK, (1 + i—;ﬁ + i—:ﬁ’) and V,, = nV,(1+4 g+ p'). However, f’ has nonlinear relation

/
M. Since B completely
changes p, F, and K are sensitive to p. For a primary design, F;,, and K are proposed as:

with () because it has emerged in the denominator of () =
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6.4. Effect of Ls/ts and bs/ts

In Figure 8, the structural performance (F,, K, Vs, and ()) are drawn versus slenderness
ratio (Ls/ts) and bs/ts. As expected, by the reduction of the mentioned ratios, F,, K, Vs, and
) are improved. This figure indicates that F,, Vs, and K are affected by Ls/ts and bs/ts.
The dependence of the parameters on Ls/t; can be categorized into three parts: Ly/ts < 18,
20 < Ly/ts < 30, and Lg/ts > 30. In the first part, the maximum reduction occurs, the rate of
reduction dwindles in the second part, and the third part shows a smooth reduction. Since
in the first and second parts, F,, is very sensitively dependent on Ls/t;, the range of 30 < Ly/t;
< 80 is proposed for the design of the stiffeners. As similar performance is seen for bs/t;s in
three parts of bs/ts < 15, 15 < bs/ts < 30, and bs/ts > 30, then 30 < bs/ts < 60 is recommended.

4000 | —p=0.25 4000 | —p=0.25
—p=0.18 | —p=0.18
gsooo —p=0.13 53000 | —p=0.13
p=0.11 | p=0.11
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Figure 8. F;, K, V5, and Q) versus Lg/t; and bs/ts.
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O is also affected by Ls/ts, bs/ts, and p. For small Lg/ts and bs/ts, the effect of p on Q) is
ignorable, and it is recommended to have () = 2.5 in the design of elements outside the
damper. However, for Ls/t; lower or greater than 40 and for bs/ts lower or larger than 30,
the rate of reduction in () is changed, which is related to p. Consequently, for achieving a
high value of ), Ls/ts and bs/ts should be greater than 40 and 30, respectively.

6.5. Effect of ts/trand ts/ty

In addition to knowing the effect of ts/t; and fs/t, on the performance of the damper,
selecting an appropriate ratio is important in the primary design. The proper ratio of ¢/t
and f;/t, in the primary design not also reduces the trial and error to achieve the optimal
design but also guarantees the suitable performance of the damper. Accordingly, F,, K,
Vs, and Q) are plotted versus ts/tf and ts/t, in Figure 9. It can be concluded from the figure
that increasing either ts/tf (8'/B) or ts/t, improves the performance of the dampers. The
noticeable issue is that this improvement with the increase in t;/t, is inconsiderably affected
by p, while the increase in t,/ff is significantly affected by p. Therefore, it can be stated that
increasing the t/t, directly increases F,, K, Vs, and Q). To achieve a better F, and K, this
figure indicates that ts/tp should be larger than 1, while for ) it is recommended to have
ts/ty > 1.5. However, with ts/tf > 1, a suitable result is obtained.

~3000
E ’5‘3000 —p=0.25
: 2000 :2000 p= 812
= —p=0.
1000 = 1000 p=0.11
04 ) SN ik
0 1 2 3 4
ts/tp
1600 1600
1200 1200
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Figure 9. Effect of ts/tf and ts/t, on Fy, Vs, K, and Q.
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6.6. Accuracy of Proposed Equations

To assure the accuracy of the proposed equations in predicting the structural per-
formance (F;, K, Vs, and Q) of the proposed damper, the outcomes from the proposed
equations are compared with the FE results in Table 4. The comparison demonstrates
a good agreement between the results from the proposed equations and the FE, which
illustrates the acceptable accuracy of the proposed equations.

Table 4. Comparing results from proposed equations with FE.

del FE Proposed Equations FE/Proposed Equations
Models
F,, (kN) K (kN/mm) (@) F,, (kN) K (kN/mm) QO F, (kN) K (kN/mm) QO
1-0.25-5.54-N 484.76 1126.24 1.54 400.46 719.15 1.42 0.93 1.57 0.93
1-0.18-2.58-N 583.88 1254.71 1.67 469.03 887.67 1.57 0.94 1.41 0.94
1-0.13-1.51-N 727.55 1437.60 1.82 565.03 1187.39 1.72 0.95 1.21 0.95
1-0.11-1.01-N 917.02 1684.32 1.95 688.46 1662.03 1.83 0.94 1.01 0.94
1-0.09-0.73-N 1155.30 1989.45 2.08 839.31 2355.34 1.92 0.92 0.84 0.92
X-0.25-5.54-1.21 748.60 1803.44 1.36 715.04 1378.93 1.39 1.02 1.31 1.02
X-0.25-5.54-0.60 1100.05 2405.06 1.63 1029.63 2038.72 1.60 0.98 1.18 0.98
X-0.25-5.54-0.30 1958.83 3434.85 2.04 1658.80 3358.28 1.78 0.87 1.02 0.87
X-0.25-5.54-0.15 3366.46 5047.38 2.38 2917.14 5997.42 2.10 0.88 0.84 0.88
X-0.18-2.58-1.21 815.29 1928.81 1.51 783.61 1547.45 1.60 1.06 1.25 1.06
X-0.18-2.58-0.60 1207.04 2532.93 1.70 1098.20 2207.24 1.67 0.98 1.15 0.98
X-0.18-2.58-0.30 2107.93 3572.84 211 1727.37 3526.81 1.81 0.86 1.01 0.86
X-0.18-2.58-0.15 3531.51 5209.52 2.42 2985.71 6165.94 2.10 0.87 0.84 0.87
X-0.13-1.51-1.21 961.15 2099.45 1.64 879.61 1847.17 1.71 1.04 1.14 1.04
X-0.13-1.51-0.60 1376.29 2696.73 1.82 1194.20 2506.96 1.75 0.96 1.08 0.96
X-0.13-1.51-0.30 2252.87 3730.70 2.16 1823.37 3826.52 1.86 0.86 0.97 0.86
X-0.13-1.51-0.15 3665.94 5368.18 2.44 3081.71 6465.66 2.13 0.87 0.83 0.87
X-0.11-1.01-1.21 1136.27 2325.69 1.75 1003.04 2321.82 1.80 1.03 1.00 1.03
X-0.11-1.01-0.60 1575.04 2908.92 1.93 1317.63 2981.60 1.83 0.95 0.98 0.95
X-0.11-1.01-0.30 2448.17 392441 2.23 1946.80 4301.17 1.93 0.87 0.91 0.87
X-0.11-1.01-0.15 3835.65 5544.21 2.47 3205.14 6940.31 2.18 0.88 0.80 0.88
X-0.09-0.73-1.21 1370.11 2604.33 1.90 1153.90 3015.12 2.08 1.01 0.86 1.09
X-0.09-0.73-0.60 1822.76 3167.79 2.06 1468.48 3674.90 1.91 0.93 0.86 0.93
X-0.09-0.73-0.30 2692.03 4155.37 2.31 2097.65 4994.47 2.00 0.86 0.83 0.86
X-0.09-0.73-0.15 4039.66 5743.36 2.51 3355.99 7633.61 2.23 0.89 0.75 0.89

7. Conclusions

An innovative damper was introduced and investigated numerically and paramet-
rically in this article. In addition, required equations were suggested for the design and
prediction of the performance of the system. Results indicated that the suggested equa-
tions are in good agreement with the FE results. Moreover, the findings are summarized
as follows:

Adding the X-stiffeners to the I-shaped dampers improves their performance.
Low t; increases F,, between 19 and 54%, whereas it can reach 3.5-6.94 times by thick
stiffeners. Additionally, the elastic stiffness is enhanced by the thin and thick stiffeners,
respectively, between 31-60% and 2.89—4.48 times.

e By adding the thin stiffeners, () is reduced around 10%, whereas by increasing t;, it is
improved between 21 and 55%.

e  Although p affects the response curve of the dampers, F;, and the elastic stiffness do
not have an impact on the stiffness in the nonlinear zone.

e Fory'<lor V) < Vs, the largest reduction of F;, and K occurred. However, in ' >1or
V) > Vs, the reduction tends to coincide with different values of p. Therefore, when
Y <lor V), < Vs, Fy and K are considerably sensitive to p.
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e  Considering the behavior of the dampers, it was indicated that better performance of
the damper is obtained when Vs > V.

e  The dependence of the parameters; F;,, K, Vs, and Q2 on L;/t; can be categorized into
three parts: Ls/ts < 18,20 < Ls/ts < 30, and Ls/ts > 30. In the first part, the maximum
reduction occurs, the rate of reduction dwindles in the second part, and the third part
shows a smooth reduction.

e  Since for Ls/ts < 18 and 20 < Ly/ts < 30, F, is very sensitively dependent on Ly/t;, the range
of 30 < Ls/ts < 80 is proposed for the design of the stiffeners. A similar performance is
seen for be/ts in be/ts < 15, 15 < be/ts<30, and bs/ts > 30, then 30 < bs/ts < 60 is recommended.

e  For small Ly/ts and bs/t;, the effect of p on () is ignorable, and it is recommended to
have () = 2.5 in the design of the elements outside the damper. However, for Ly/t;
lower or greater than 40 and for bs/ts lower or larger than 30, the reduction rate of () is
changed, which is related to p.

8. Recommendations for Future Works

It is recommended to investigate the strengthening of the reinforced concrete (RC)
with the proposed damper. It is expected that the proposed damper shows a suitable
performance for strengthening the RC frames. However, it is necessary to compare it
with other conventional systems for reinforcing the RC frames. A comprehensive study is
required to evaluate the interaction between the damper and RC frame, the connection of
the damper to the RC frame, and achieving the effective structural parameters.
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