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Damage to structures with the concept of inelastic behavior and consequently hysteresis energy is very close. Therefore, it can be
said that hysteresis energy at these levels can be a significant criterion for designing or controlling the structure. In this research,
the first three steel frames of 4, 8, and 12 floors with the medium bending frame system have been designed with the statically
equivalent method according to valid international regulations; then, all frames have been subjected to nonlinear dynamic analysis
by seven accelerometers. The purpose of this study is to investigate the distribution of damage, energy, relative displacement, roof
displacement, and base shear in the studied frames. In the following, the necessity of using the retrofitting method to reduce the
relative displacement is described based on the regulations. Then, viscoelastic dampers are used to strengthen and reduce damage
in the studied frames in the face of distant field records. The obtained results indicate that despite the uniform distribution of
resistance in the height of the floors, the hysteresis energy distribution and damage diagrams do not follow this distribution and
other parameters such as hysteresis energy, which play a major role in structural members’ damage, should be included in the
design process. In this research, viscoelastic dampers have been used for retrofitting. The results show that this type of damper

shows good performance in reducing damage under earthquakes in the remote area.

1. Introduction

On average, 10,000 people annually suffer from earthquakes
in the world. The studies performed by UNESCO indicate
that the financial damage caused by the earthquake during
1926-1950 was about $ 10 billion. During this time, two
cities and 200 villages were destroyed in Central Asia [1].
Since then, several cities have been established, consisting of
Ashgabat (1948), Aqdir (1960), Escopé (1963), Managua
(1972), Gamona and Tangshan (1976), Mexico City (1985),
and Spitaka (1988). Kobe (1995), cities in Turkey and Taiwan
(1999), and hundreds of villages were razed to the ground by
earthquakes [2]. The historical writings witness the human’s
long-standing concern about the dangers of earthquakes [3].

That is why man is trying to deal with this natural phe-
nomenon, in which he has made significant progress [4].
However, he has still not been able to achieve complete
safety and security, both physically and materially, due to the
extreme complexity of such phenomenon [5]. When an
earthquake occurs, a lot of energy enters the structure, and it
should absorb or lose this energy in different ways [6]. The
members of the structure enter the inelastic range against the
seismic energy, which is a considerable amount, so that they
can absorb this energy through changing their deformations
[7]. When the members of the structures enter the inelastic
range, permanent deformations occur in the structure,
which it is necessary to replace or strengthen those members
that are too deformed or can no longer be used with new
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members, which is difficult to do and the cost is high [8].
Therefore, as the dampers are placed in the structure, these
dampers prevent other structural components from entering
the inelastic range through absorbing seismic energy [9]. Thus,
the various components of the structure still retain their us-
ability after the earthquake and they can only be replaced or
repaired by visiting the dampers if necessary [10].

Using the viscoelastic materials in vibration control
dates back to the 1950s, when Ross et al. used them in the
aerospace industry to control vibrations and prevent fatigue
in aircraft fuselages [11]. However, it was first used in civil
engineering in 1969, when 10,000 viscoelastic dampers were
used in the twin towers of world trade to withstand the wind
[12]. Then, 260 viscoelastic dampers were used in the 73-
story Columbia structure in the United States in 1982, and
16 viscoelastic dampers in the 60-story structure were used
to resist wind vibrations in 1988. Further, it is used in the
roof of the China-Tom railway station in Tapie, Taiwan in
1994, and the Torishima Tower in Japan in 1999 [13, 14]. In
1991, Zhang and Song installed three types of viscoelastic
dampers with different specifications in a five-story steel
building and investigated the factors affecting the perfor-
mance of viscoelastic dampers through seismic table tests,
such as temperature and frequency [15]. They found that
these types of dampers have a great impact on reducing
structural responses at all levels [16]. In 2003, Madsen et al.
conducted some studies on viscoelastic dampers, indicating
that first the performance of dampers changes in the face of
various earthquakes, leading to the different frequency
content of earthquakes; and second, the viscoelastic dampers
perform better in the lower floors, where it is closest to the
input energy source [17].

In 2003, Tezkan and Uluca performed some parametric
studies on models of steel structures with a different number
of floors and openings and evaluated the impact of the
amount of additional damping to the structure through
viscoelastic dampers, as well as the frequency content of
earthquake stagnation on the performance of this type of
dampers [18]. In addition, they proposed an optimal dis-
tribution pattern of dampers at the height of the structure
[19]. In 2004, Min examined 18 types of building frames with
different heights and with lateral bearing systems of bending
frame, bracing frame, and hybrid frame and investigated the
effect of using viscoelastic dampers in reducing the seismic
responses of structures, such as the displacement of the top
floor and the force created in the members [20]. In 2006,
Graham and Powell investigated the irregular three-di-
mensional models of structures and evaluated the perfor-
mance of viscoelastic dampers in reducing seismic responses
by considering the effect of soil-structure interaction [21].

2. Material and Methods

2.1. Energy Equations in a MDOF with Nonlinear Behavior.
The inelastic behavior increases the effective natural cycle
period or decreases the frequency of the structure and the
damping ratio of the structure [22]. Considering the funda-
mental energy equation in free multidegree systems, the dif-
ferences between elastic and inelastic analysis can be found in
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[m){Gi (£)} + [l (0 + (K] {u (8)) = [m){ii, (0} . (1)

All dynamic properties, including stiffness, mass, and
damping of the system, remain constant and unchanged
during excitation in the elastic linear state [23]. However, the
dynamic properties of the structure undergo some changes
through passing this area and entering the inelastic area [24].
That is, they can be considered as a variable function of time
[25]. In conventional structures, the amount of mass alone
does not change during the response as shown in

[m){Gi (£)} + e (D15 (0} + [k (0] (1)) = ~m) iy (1)},
2)

where the hardness and damping parameters are time-
varying functions [26]. Thus, the values of such quantities
should be used at all times instead of using constant values of
hardness and damping [11, 27]. Akiyama found that E; in
the system of one degree of freedom is a very good estimate
of the energy entering the multistory building with a natural
frequency equal to the frequency of the system of one degree
of freedom [28]. Although no parametric study has been
performed to investigate such a relationship with the ab-
solute input energy, the results of the vibrating table test on a
6-story steel structure with concentric bracing confirm the
existence of such a relationship [29]. In damage assessment,
it is important to find a clear and measurable quantity to
provide the amount of damage that the structure suffers
from [30]. During the last 20 to 30 years, significant amounts
of research have been conducted to improve and increase the
accuracy of damage assessment methods [31].

The force created in this system is due to stiffness and
damping [32]. The part related to the hardness is the product of
the stiffness of the damper in the displacement and the part
related to the damping is the product of the speed multiplied by
the damping of the damper [33]. Therefore, the force generated
in this system will be in the form of a sine expression with phase
difference related to displacement because the sum of the terms
sine and cosine is equivalent to the sine expression with phase
difference [34]. In addition, if the stress resulting from the
division of the shear force on the surface of the viscoelastic
material (A) is used instead of force, it can be expressed as

7(t) = 7, sin (wt + 0). (3)
The amplitude of stress and strain is assumed to be

proportional to each other through the viscoelastic linear law
[35]. In this case, equation (3) is expanded as equation (6):

7(t) = y,G” sin (wt + 0)

(4)
=9,(G" cos 8 sinwt + G sin & cos wt).
7(t) = yo (G’ sinwt + G” cos wt), (5)
12
G = [6’2 + G”Z] . (6)

According to Figure 1, one of the reasons for this issue
which indicates the dynamic increase coefficient based on
the ratio of excitation frequency to the natural frequency of
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FiGure 1: The dynamic increase coefficient based on the load
frequency to the natural frequency of the modeling system [36].

the structure is that increased damping is effective only in
the main frequency range of the structure which has the
greatest effect, and the effect of increasing damping is less
effective in other ranges [37]. Therefore, it seems reasonable
to consider the main frequency [38].

2.2. Kelvin Model. This model is usually used to model solid
viscoelastic materials and the material is modeled as a spring
and linear dampers in parallel (Figure 2). In addition, the
strain in the spring and damper is equal and the total stress is
equal to their total stress as equation (8) [40]:

e=¢ =¢&, (7)
0 =0, +0, (8)

The hardness and damping values for modeling such
materials are obtained from equation (10) [41]:

G, A
Kd = —(Z) s (9)
n
C,= W (10)
w -

In most designs, the distribution of viscoelastic dampers
is uniform throughout the building. In addition, the dis-
tribution in proportion to the displacement of classes or in
proportion to the stiffness of classes is suggested [16].

3. Numerical Analysis

3.1. FE Model and Loading. The amount of damage to the
floors and frames is compared and a solution to reduce the
amount of damage among the members of steel frames with
the medium bending frame system is provided. In addition,
three steel frames of 4, 8, and 12 floors with the same height
of 3 meters were first selected for all floors to evaluate the
vulnerability of steel frames based on energy concepts
(Figure 3). Then, the lateral loading of each frame was
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FiGure 2: The Kelvin analytical model for viscoelastic materials
[39].

performed in the same conditions and implemented
according to the criteria stated in the building design
regulations against earthquakes in a statically equivalent
way. The design of the frames was performed by the al-
lowable stress method, relying on the equal resistance
distribution in the floors. Then, they were subjected to
seven scale-accelerated earthquake-mapped
accelerometers.

In addition, a viscoelastic damper is added to the initial
bending frame in the middle openings of the frame in all
classes for reinforcement. The total dead load plus 20% live
load is considered as a mass to analyze the time history of
structures. The Perform3D software uses the relative energy
method to calculate kinetic, damping, elastic, and hysteresis
energies. Then, the sum of the above energies as input energy
is considered. In all stages of nonlinear analysis of frames in
Perform3D software, the P — A effect is considered. It is
necessary to select earthquake records to perform nonlinear
dynamic analysis of time history. Therefore, seven field
earthquake records of seven remote field earthquakes have
been selected and converted into design earthquakes and
then applied to frames. Table 1 displays relatively complete
specifications of such records under distant field
earthquakes.

Since the viscoelastic damper and its design method
discussed before, the steps of the design method of such
damper and how to model it in Perform3D software are
explained in this section. In this research, the Kelvin
mathematical model has been used as a spring and parallel
damper to model the viscoelastic damper. In addition, the
dampers are designed and their properties are determined
according to the frequency of the structure in the state of the
structure without dampers and assuming an ambient tem-
perature of 24°C and a strain of 20% (one-third of the
maximum strain created in the damper) and assuming
damping 15%. Thus, the shear storage modulus and shear
loss modulus were first determined by the following dia-
grams based on the frequency of the structure in the damped
state based on Soong’s studies and his design method
(Figure 4).

In this study, 7=1.1 as G’ and G" are determined; the
damper area is calculated by the equations presented in
Chapter Two. In addition, the thickness of the damper is
determined from the maximum allowable deformation of
the damper, which was calculated to be 3.74 cm. It is worth
noting that the stiffness of the dampers was determined by
the ratio of the stiffness of each class, which are given in
Tables 2-4.
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FIGURE 3: The specifications of (a) 4, (b) 8, and (c) 12-story frame sections.

3.2. Numerical Verification. The three-story structure pre-
viously tested by [42] was modeled through the Kelvin
mathematical model in this software to validate the accuracy
of viscoelastic damper modeling. As shown in Figure 5, the
viscoelastic damper was placed diagonally across all floors.
The specifications of the sections used in this structure are
mentioned in Table 5.

The viscoelastic damper placed in this structure was
designed and tested under the temperature, frequency,
strain, lateral displacement, and damping of 28°C, 1.6 Hz,

60%, 0.5%, and 15%, respectively. In addition, the type of
viscoelastic material used in this experiment is 3M ISD 110
with shear storage modulus of G/ = 0.06 kN/cm? and ;7 = 1.
The dimensions of the viscoelastic damper used in this study
are mentioned in Table 6.

In addition, the amount of damper’s hardness is con-
sidered as 3.5kN/cm. The structure mentioned above was
subjected to the 0.5g earthquake. The hysteresis curve re-
lated to this type of damper is considered as one of the
prominent features of viscoelastic dampers. As mentioned in
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TaBLE 1: The record characteristics of distant field earthquakes.
Earthquake Component Magnitude PGA (g) Distance from fault (km) Year
Landers JOS000 Mg =74 0.274 21.2 1992.06.28
Kocaeli ARC000 Mg =17.8 0.218 17 1992.08.17
Imperial Valley H.VCTO075 Mg =69 0.122 43.5 1979.10.15
Tabas BAJ.L1 Mg=74 0.094 121.2 1978.09.16
Loma Prieta A3E090 Mg=171 0.084 57 1989.10.18
Parkfield C12320 Mg = 6.1 0.063 17.3 1969.06.28
San Fernando WTWO025 Mg = 6.6 0.061 60.7 1971.02.09
1.00 - 1.00 -
5 T 2 T 21°C:;
g = 24°C
] o

€ 0.10 4 £ 0.10 4 LL8CT

zﬂ ] 2 ] 1327

3 . e - 369G

2 i g i L40°C T

= 4 i
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0.1 1.0 10.0 0.1 1.0 10.0
Frequency (Hz) Frequency (Hz)
() (b)
FIGURE 4: The shear storage and loss modulus based on the frequency [13].
TaBLE 2: The hardness and damping information of viscoelastic dampers in 4-stage frame.
Floor number 1 2 3 4
Hardness (kg/cm) 10833.4 7265.9 4818.9 3241
Damping (kg-s/cm) 2388.5 1594.6 1057.6 711.3
TaBLE 3: Hardness and damping information of viscoelastic dampers in 8-level frame.

Floor number 1 2 3 4 5 6 7 8
Hardness (kg/cm) 23672.7 14889.8 12378.3 10483.6 8519.1 7434.1 4210.6 3151.5
Damping (kg-s/cm) 8295.2 5217.6 4337.5 3673.6 298.2 2605 147.5 110.3

TaBLE 4: Hardness and damping information of viscoelastic dampers in 12-story frame.

Floor number

Hardness (kg/cm)

Damping (kg-s/cm)

Floor number

Hardness (kg/cm)

Damping (kg-s/cm)

QN U1 W N~

28.5
57.2
52
3.2
2.2
18.2

44.2
3.1
13.9
358
89.8
11.7

7
8
9
10
11
12

51
83.1
94.9
55.8

6.5

5.3

97.6
69.5
37.4
78.3
31.2
64.2
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FIGURE 5: The dimensions and size of the building under test [42].
TaBLE 5: The specifications of the sections of the elements [42].
P " Beam Column
arameter
1** floor 2" floor 3" floor 1* floor 2™ floor 3" floor
Area (cm?) 7 6.85 6.1 9.1 7.6 7.6
Moment of inertia (cm®) 135 122 64.9 107 86 86
Bending anchor (cm3) 28.5 26.8 18.7 29.9 24.3 24.3

TaBLE 6: The dimensions and size of the viscoelastic damper [42].

Type of damper Area (cm?) Thickness (cm)
Viscoelastic 8.38 3.1

chapter two, this type of curve consists of combined curves
of the viscous part, which is horizontal oval, and the elastic
part, which is linear, and finally, the hysteresis curve of the
viscoelastic damper is elliptical. The hysteresis curve of this
damper was investigated to validate the modeling of vis-
coelastic dampers in Perform3D software. The following
hysteresis curve was obtained from the Chang experiment
on the structure above under the El Centro earthquake
(Figure 6). The shape of the hysteresis curve resulting from
modeling is illustrated in Figure 7.

Examining the hysteresis curves related to the Chang
experiment and the hysteresis curve resulting from modeling
in Perform3D software indicated that the hysteresis curve
obtained from the modeling and the curve obtained from the
experiment are very similar and the periods of rotation and
load are very close to each other. Therefore, the accuracy of
viscoelastic damper modeling was proved by Perform3D.

4. Results and Discussion

4.1. The Relative Floors Displacement. The results of relative
displacement of floors for all frames of 4, 8, and 12 floors
were calculated. In addition, the diagram of maximum
relative displacement in altitude for different earthquakes

-20 -15  -10 -5 0 5 10 15 20

Deformation (mm)

FIGURe 6: Curve of viscoelastic damping hysteresis under the El
Centro earthquake [42].

around the fault is shown. According to the rotation time of
the studied frames, being equal to 1.09, 1.8, and 2.3 seconds
for 4-, 8-, and 12-floor frames, respectively, the actual rel-
ative lateral displacement of the design at the center of mass
for buildings with a major periodicity greater than or equal
to 0.7 seconds shall not exceed the floor height of 0.02 [43].
Figure 8 shows the maximum relative displacement of the 4-
story frame below the far-field records in damped and
nondamped modes, respectively. Figure 8 indicates that the
mean relative displacement of the floors under the seven
accelerometers of the remote area is within the permissible
limits of the regulations; however, since the restrictions of



Load (kN)

Deformation (mm)

FIGURe 7: The hysteresis curve resulting from modeling in
Perform3D.

the regulations have not been observed under the two
records of Lomaprita and Landers, the results after atten-
uation with dampers were also reviewed. As shown in
Figure 8, the mean relative displacement of the floors has
decreased significantly and is within the allowable range
under all earthquakes.

Figure 9 shows the maximum relative displacement of
the 8-story frame under the far-field records, in damped and
nondamped conditions. The results of relative displacement
for distant seismic earthquakes in Figure 9 indicate that such
values on average for classes 7 and 8 exceeded the allowable
range of the regulations. Additionally, since it is not within
the allowable range for other classes under the Lomaprita
and Landers earthquakes, the dampers were added to all
classes for retrofitting, in which the results indicate a large
decrease.

Figure 10 shows the maximum relative displacement of
the 12-story frame below the far-field records, in non-
damped and damped conditions. The results of relative
displacement for distant earthquakes in Figure 10 indicate
that such values were on average within the permissible
limits of the regulations, except in the 12 floor. However,
since the allowable range has been exceeded for other classes
under the earthquakes of Lomaprita, Landers, and Tabas, the
dampers have been added to all classes for reinforcement,
indicating a large decrease.

4.2. The Seismic Input Energy considering Tabas Earthquake.
The input energy of the structure under each earthquake is
partly lost due to damping and nonlinear behavior (hys-
teresis energy) and the rest is absorbed in the structure in the
form of kinetic energies and elastic strain, which is finally
lost by the dampers after the earthquake. For example, the
results of the analysis of the input energy in different terms,
under the Landers and Tabas records before and after the
damping was added to the structure under distant field
earthquakes for all frames are shown in Figures 11 and 12.
Not all cases were mentioned due to the duplication of
descriptions of time history forms related to other earth-
quakes. The results of the time history of the energy input of
the 4-story frame under the earthquake around Tabas before
and after the addition of a viscoelastic damper to the frame
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are shown in Figure 11. As shown in Figure 11, the con-
tribution of hysteresis energy applied to the frame due to the
earthquake of the far field is very small (Figure 11). Further,
the amount of hysteresis energy and consequently the
damage to the structure are reduced and the amount of
hysteresis energy reaches almost zero.

Figure 13 shows the results of the time history of the
energy input of the 8-story frame under the earthquake
around Tabas before and after the addition of the viscoelastic
damper to the frame. Similar to the 4-story framework, the
contribution of hysteresis energy in the total input energy is
low. In addition, adding a damper to the frame leads to
absorbing a large portion of the energy by the damper and
reducing the amount of hysteresis energy, which is directly
related to structural damage.

Figure 12 shows the results of the time history of the
energy input of the 12-story frame under the earthquake
around Tabas, before and after adding the viscoelastic
dampers to the frame. The description of this section is
similar to the one provided for the 8-story frame, observing
that, as the height of the structure increases, the contribution
of hysteresis energy in the input energy increases under far-
field records, leading to a decrease by adding a damper to the
structure.

4.3. The Damage Distribution in the Height of the Study
Frames. After examining the energy in the previous sec-
tions, this section examines the damage index at the height
of the study frame. It is worth noting that the park-stigma
damage relationship was used in calculating the damage
index [44]. Then, the results related to the 4-, 8-, and 12-floor
frames under the far-field records in damped and non-
damped conditions are presented as diagrams for com-
parison. Figure 14 shows the values of the damage index
related to the 4-story frame floors below the far-field records
in the conditions without dampers and with dampers, re-
spectively. The damage index values are greatly reduced by
adding a damper to the floors.

Figure 15 shows the damage index values for the 8-story
frame floors below the far-field records in damped and
nondamped conditions. As shown, the greatest damage
under distant earthquakes is related to the Lomaprita and
Landers earthquakes, which occur in floors 2 to 6, respec-
tively. In addition, it is observed that the damage index
values are greatly reduced through adding a damper to the
floors.

Figure 16 shows the damage index values for the 12-story
frame floors below the far-field records in damped and
nondamped conditions. As shown, the greatest damage
under distant earthquakes is related to the Lomaprita and
Landers earthquakes, which occur in floors 2 to 11, re-
spectively. In addition, it is observed that the damage index
values are greatly reduced through adding a damper to the
floors.

4.4. The Roof Displacement. The maximum displacement of
the roof in centimetres under distant field earthquakes in
damped and nondamped conditions is shown in Table 7,
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FIGURE 9: The results of relative displacement of floors in an 8-story frame under damp area records without and with dampers.
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FiGure 10: The results of relative displacement of floors in a 12-story frame under far-field records without and with dampers.
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FiGURE 11: Four-story frame under the record of Tabas with and without damper.
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FIGURE 12: 12-story frame under the record of Tabas with and without damper.
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FIGURE 13: Eight-story frame under the record of Tabas with and without damper.

respectively. In addition, the base shear values increase asthe  layers, so that 54%, 45%, and 48% reduction are observed for
height of the structure increases. The base shear values are ~ 4-, 8-, and 12-floor frames under remote area earthquakes,
greatly reduced through adding dampers to the structural — respectively.
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FiGUure 15: The results of damage distribution in 8-story frame floors under distant field records without and with damper.
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FIGURE 16: The results of damage distribution in 12-story frame floors under distant field records without and with damper.
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TaBLE 7: Roof displacement values in centimetres for remote area records.
4-story frame 8-story frame 12-story frame
Earthquake ) ) . ) . .
Without damper With damper Without damper With damper Without damper With damper
Landers 17.4 9.24 49.9 16 43.2 20.9
Parkfield 20.4 10.3 64 48 90 39.6
Loma Prieta 27.6 8.4 59.5 35.2 43.6 324
Tabas 8.28 3.84 30.4 16.7 48.2 18.7
Kocaeli 12 5.52 37.4 17.92 36.4 19.1
Imperial Valley 8.88 5.4 29.4 13.8 19.8 12.2
San Fernando 8.28 4.08 21.1 11.2 13.7 8.28

5. Conclusion

Controlling the values related to the relative displacement of
the floors according to the regulations resulted in exceeding
the values from the allowable limits of the regulations.
Therefore, the middle opening of all the floors of the studied
frames is equipped with viscoelastic dampers to strengthen
the above frames. Then, controlling the relative displacement
values of the floors indicated that adding dampers to the
structure greatly reduces the relative displacement. Then, the
results obtained from parametric studies on the studied
frames under far-field records were compared with dampers
and without dampers in two cases. As the number of layers
in the frames increases, the hysteresis energy also increases.
The amount of hysteresis energy absorbed by far-field
earthquakes is great. Adding viscoelastic dampers to the
frames causes a large part of the input energy to be absorbed
by the dampers and greatly reduces the hysteresis energy.
The structural damage is greatly reduced due to the fact that
hysteresis energy is directly related to damage. Examining
the base cut in the studied frames indicated that, as the
number of floors increases, the amount of base cut increases.
Adding a viscoelastic damper to the frames greatly reduces
the amount of base shear, and this reduction is low for far-
field earthquakes. Comparing the amount of roof dis-
placement before and after the addition of dampers to the
structure indicated that the dampers have significantly re-
duced the amount of roof displacement, which is on average
more for distant earthquakes.
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