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Abstract:

Dampers are employed to improve the cyclic behavior of structures against wind- and
earthquake-induced loads. Rotational friction dampers (RFDs) dissipate energy through
reciprocal rotation. The present research investigates the behavior of steel frames with concrete-
filled columns under three different frames of identical configurations for beams and columns
but different positions for the bracing and RFD systems to see the effect of eliminating a part of
the bracing member. Two loading schemes were considered to study the behavior of the
introduced frames. In the first stage, the frames were subjected to vertical loading coupled with
a cyclic load at the beam level. In the second stage, however, the cyclic load at beam level was
replaced with earthquake acceleration at the structure base. All sample frames were then
modeled and analyzed in finite-element software. Applying the bracing system coupled with the
RFD reduced the base shear compared to the structure without the bracing and RFD systems,
although the reduction was not the same for all frames with different bracing schemes.
Moreover, compared to the frame without the RFD, the damper could limit the structural drift
in 6 models, though it boosted the drift in 1 model. Results showed that RFDs can dissipate
seismic energy through rotational friction slippage. The dampers could dissipate up to 90% of
the energy induced by lateral loads to the structure. Also, removing a portion of the bracing
member was found to be useful for architectural purposes.

1. Introduction

with the structure. The idea of using CFT (concrete-filled
tube ) steel frames with bracings and rotational friction

Various - energy dissipation systems have been investigated
to protect structures and their inhabitants against wind and
earthquake forces. The braced frame is the most common
form of frame resistance against lateral forces in steel
structures. The concentrically braced frames, although
economical and highly stiff, have several shortcomings such
as buckling of the bracing member. In addition, they also
have architectural limitations concerning the execution of
openings, which could be improved by using the new
devices for energy dissipation and their proper combination
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dampers is presented to enhance the performance of steel
frames. The present research has introduced a seismic
retrofitting plan, in which several rotational friction dampers
are connected to the beams and columns at the corners of the
steel frame. In the previous research, the rotational friction
dampers were mainly parts of the bracing system placed at
the beginning, end, or middle of the bracing member. In the
present scheme, the diagonal member of the bracing has
been ultimately removed. Another advantage of this scheme
is that during severe earthquakes the bracing would not
suddenly experience nonlinear deformations and the lateral
strength of the structure would not diminish at the next
cycles or stronger earthquakes under diminished strength
and stiffness. On the other hand, rotational friction dampers
could lead to further energy dissipation in systems that lack
dampers. Among the main characteristics of near-field
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earthquakes are the lack of wide bands of corresponding
accelerograms and the presence of pulse-like characteristics.
One of the most critical characteristics of earthquakes in the
near field is that such earthquakes are not broadband and
have pulse-type properties. One of the most critical
characteristics of near-field earthquakes is the superiority of
the wave-like over the mode-like behavior of the structure.
Ambraseys et al. [1-2] [3] investigated the near-field
horizontal and vertical earthquake ground motions.
Considering the difference between near-fault and far-fault
ground motions, Somerville[4], investigated the engineering
characterization of near-fault ground motions. Kohrangi et
al. [5] investigated the pulse-like versus non-pulse-like
ground motion records. Khansefid [6] studied the pulse-like
ground motions of the Iranian plateau. Xu et al. [7]
inspected a combined rotational damper. Sajad Veismoradi
et al. [8] analytically examined a new self-centering
rotational friction damper. Javidan et al. [9] developed a
seismic resistance system containing a steel frame connected
to the pin and rotational friction dampers. Mirzabagheri et
al. [10] evaluated the performance of rotational friction
dampers in several units of steel frames under lateral
excitations and concluded that increasing the number of
damper sheets would enhance energy dissipation. Through
the analysis of 3-, 7-, and 12-story frames, they observed an
improvement in the seismic behavior of the structure with
rotational friction dampers. Eldin et al. [11] studied the
slotted steel dampers with friction pads under cyclic loading.
The test results showed that the dampers had stable behavior
during the loading and a desirable performance in
minimizing damage probability. Later, they investigated a 4-
story structure, and the results agreed with the experimental
findings. Kim et al. [12] investigated a new type of
connection, including post-tensioned elements, to present a
self-centering capacity and friction mechanism for energy
dissipation, concluding that the frictional behavior of the
friction damper was stable, repeatable, and predictable. Kim
et al. [13] investigated three 12-story structures with slotted
dampers. They performed the optimal distribution of steel
and dampers and concluded that the seismic responses of the
base shear were reduced, with a difference of <10% in the
three models. Kim et al. [14] studied the optimal distribution
of friction dampers for a concrete structure and concluded
that friction dampers reduced the inter-story drift by 30-40%
and dissipated about 70% of the lateral force. Anooshehei et
al. [15] [16]experimentally examined the cyclic behavior of
friction dampers having metal pads with alloys of aluminum,
ST37 steel, and galvanized steel. According to the
acceptance criteria, they concluded that the abrasion of ST37
steel and galvanized steel was high, but the aluminum pad
was acceptable and could be replaced after the earthquake.
Jarrahi et al. [17] investigated the simultaneous optimization
of the location and friction parameters of the rotational
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friction damper. The optimization results revealed that a
portion of the input energy was absorbed by the rotational
friction damper, simultaneously reducing its value.
Increasing the rotational friction dampers at the optimal
locations could guarantee the structure under a real
earthquake. Morgen et al. [18] evaluated the seismic
response of pre-fabricated concrete frames with friction
dampers and concluded that the friction damper caused
further energy dissipation in the frame. Moradi et al. [19]
investigated the new ideas in terms of controlling vibration
in structures using friction dampers and concluded that the
presence of friction dampers could reduce the seismic
demand in the structural members. The behavior of friction
dampers depended on the sliding surface and could further
dissipate energy at small displacements, raising their
potential application in concrete structures. Bonchev et al.
[20] studied the rotational friction dampers as links between
columns and examined several steel frames with different
stories, concluding that the rotational friction damper
reduced the base shear and structure displacement values,
with no need for maintenance throughout the structure’s life.
Montuori et al. [21] presented a new method, known as the
plastic mechanism theory, for designing an earthquake-
resistant system by combining a moment-resisting frame and
a bracing system equipped with friction dampers. They
concluded that friction dampers caused a reduction in the
inter-story drift, thus reducing damage to the structure.
Naeem et al. [22-23] studied the seismic retrofitting of
structures using rotational friction dampers with restoring
force. The damper consisted of a rotational friction pad with
strong helical springs. Residual deformation in the structure
of dampers was one of the problems concerning the use of
passive dampers for protection against earthquakes,
reducing the operational efficiency. Nevertheless, this
structure could return to its original state. Qu et al. [24-25]
performed an experimental study on the friction damper
equipped with brake pads between steel sheets in the space
between two shear walls. The designed dampers in the
connecting beams could greatly enhance the seismic
performance of the structure. The friction pads in both
conducted tests revealed a stable hysteresis response with
complete energy dissipation. Barzegar et al. [26]
numerically evaluated the friction damper, investigating a 5-
story structure under seismic loading and a 20-story
structure under seismic and wind loads separately. The
results showed that dampers with maximum capacity did not
have an optimal performance. Shirkhani et al. [27]
performed time history analyses on 3-, 7-, and 12-story steel
frames to investigate their behavior, concluding that the
friction damper reduced the stories' drift and their maximum
displacement. Shariatmadar et al. [28] presented a practical
and efficient method for precise modeling and proposed a
simple model of buckling—restrained bracings. Yildirim et
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al. [29] performed a case study that included seismic
retrofitting of an industrial structure made of steel frame
with prefabricated concrete peripheral walls. They
concluded that friction dampers helped maintain the desired
performance goals. Langley et al. [30] performed some
experiments on the rotational friction dampers in an
industrial frame with concrete walls, indicating that the
rotational friction damper could significantly dissipate
energy. The results proved that the connection could bear
large displacements without losing strength and sustaining
the design load. Zahrai et al. [31] studied a structure with
bracings and friction dampers and concluded that friction
dampers could reduce the dynamic load functioning on the
structure. Hosseini et al. [32] examined the seismic
performance of a novel structural system with cyclic
motions and columns equipped with friction dampers at the
base level. They concluded that the novel structural system
led to the more economic design of columns in ordinary
buildings. Guo et al. [33] studied the performance of friction
dampers for the seismic response control in a high-speed
railway bridge-track system. They concluded that the
rotational friction damper contributed effectively to
improving the seismic performance of the bridge structure.
Zhang et al. [34] studied the self-centering steel frames with
intermediate columns containing friction dampers and
concluded that the friction damper could increase the global
lateral stiffness while also protecting the main components
of the system. Oance et al. [35] investigated the seismic
analysis of steel structures using friction dampers and
concluded that considering the relative independence of the
dampers under environmental conditions, the friction
dampers were appropriate options for the structural capacity
improvements in terms of energy dissipation. Santos et al.
[36] evaluated the friction dampers’ response against impact
loads with large strains, concluding that the impact loads
with large strains increased the friction damper force and
reduced the ductility capacity. These friction dampers create
a type of sliding joint. Beheshti-aval et al. [37] investigated
a hybrid friction damper with a concentrically braced steel
frame and concluded that energy was dissipated by friction
in weak to intermediate ground motions, but energy was
absorbed by yielding in strong ground motions. In addition,
they could be utilized to retrofit existing buildings with
narrow bracing members designed solely based on tension.
These dampers could easily be substituted with new dampers
in case of damage after a strong earthquake. Zhang et al. [38]
proposed a prestressed steel frame with intermediate
columns containing friction dampers for a large span in an
active seismic zone and an important valuable structure.
Tafakori et al. [39] investigated the application of friction
dampers in tall steel buildings and concluded that increasing
damping in a structure could adversely affect the structure’s
performance in some cases. Taiyari et al. [40] inspected a
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damage-based design method for a multi-story structure
with chevron-braced steel frames equipped with friction
dampers, evaluating three multi-story steel frames based on
the proposed method. They identified and analyzed the
sliding force of the friction damper and the stiffness ratio of
the system as two important factors and concluded that the
highest damage corresponded to the sliding force higher or
lower than the sliding force of the damper. Lee et al. [41]
proposed a seismic design method for friction dampers
based on the distribution of the shear force in the story and
concluded that the sliding force of the damper was <0.3 of
the shear force. Sanghai et al. [42] studied the optimal
positioning of friction dampers in a building concerning soil
nonlinearity and concluded that the friction dampers
effectively limited plastic hinges in the main structure
members. Furthermore, where the nonlinearity of soil was
taken into consideration, a lower number of friction dampers
would be needed. Miguel et al. [43] presented a new method
in the frequency domain for the simultaneous optimal design
of positions and the number of friction dampers. Saeed-
monir et al. [44] investigated a modified friction damper for
diagonal bracing of structures and concluded that the
proposed damper showed a stable hysteresis cycle under
harmonic loading in the laboratory. It absorbed considerable
force and reduced displacement and shear base values in the
examined structure. Latour et al. [45] explored the beam-to-
column connection equipped with a friction damper,
investigating the beam-to-column connection with a friction
damper in two states and highlighting improved connection
performance by the friction damper. Suk et al. [46] studied
the friction behavior of spherical (multi-directional)
dampers and concluded that the shear load capacity of the
damper did not change at different frequencies. Solaimani-
nezhad et al. [47] studied the steel off-center bracing (y-
shaped) with low ductility, equipped with a rotational
friction damper, reporting reduced stiffness by 20-35% and
increased energy dissipation by approximately 50%. Maleki
et al. [48] investigated the behavior of steel frames with
concrete-filled tubes in two states, including a structure with
and without bracing and rotational friction dampers.

2. Structure modelling and configuration of
the proposed models

The present article has modeled a new combination of
composite steel frames (Figure 1), using CFT columns to
increase the strength and bearing of the columns. The
specimens included a frame with concrete-filled tube
columns and IPE section beam and fixed connections,
without bracings and rotational friction dampers (Figure 1-
a), named the base frame. The second specimen, named the
CFT-BM frame, was the base model incorporating
horizontal and diagonal bracings with box sections, fixed
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connections, and two series of rotational friction dampers
(Figurel-b), named CFT-BM frame. Finally, the third
specimen was a frame without diagonal bracing but with
vertical bracing (Figuer 1-c), named CFT-M. It is worth
noting that the dimensions and properties of the similar
members were identical in all the specimens. the frame
without bracing was made by ABAQUS software to
investigate the performance of braced frame with rotational
friction damper. The study considered composite columns
with square box section of 30x30cm dimensions and 2.5cm
thickness, IPE300 steel beam section and bracing with the
box section of 12x12cm dimensions and 0.5cm thickness,
CFT columns with beam and bracing, modeling other
components of the frame as solid. The rotational friction
dampers were made of steel plate (long plate with a 458-cm
length, 15-cm width, and 1-cm thickness and short plate with
a 33-cm length, 15-cm width, and 1-cm thickness). The Tie
constraint was implemented to model the welded edges to
the structure, and surface-to-surface Contact constraint was
used in the software to define sheets with contact.

Fig. 1: a) CFT frame b) CFT-BM frame c) CFT-M frame

The rotational friction damper is shown in Figure 2.

Fig. 2: Rotational friction damper

3. Validation

First, the laboratory specimen in research conducted by
Mualla et al. [49] (numerically shown in Figure 3) was
modeled using the finite element software ABAQUS. Then,
the specimen was subjected to lateral load (shown as
displacement in Figure 4). The axial load generated due to
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the displacement was then derived from the results of
numerical analysis to draw the corresponding hysteresis
curve. The finite element analysis results agreed with the
results obtained from the laboratory specimen (Figure 5-a).
- Subsequently this model - was analyzed under the
influence of the Elcentro-NS acceleration component. The -
analysis outcome were in good agreement with the results
presented for the laboratory sample. It is shown in (Figure
5-b).

Fig. 3: Specimen of the rotational friction damper modeled for
validation

Displacement(mm)
o

0 0.2 0.4 0.6 0.8
T(S)

Fig. 4: Diagram of applied displacement on the modeled
laboratory specimen
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Fig. 5: a) Comparison between the hysteresis curves of the
laboratory specimen by Mualla et al. [49] and the finite element
analysis results, b) Comparison of the location change diagram of
Movala et al.'s laboratory sample with limited implementation
analysis

4. Analytic relationships

Figure 6 presents the rotational friction damper and the
position of the parameters used in the relationships. Also,
Figure 7 illustrates the schematic diagram for theoretical
calculations.

Friction Pads with Outer radius, R and
Inner radius R/

Fig. 6: Rotational friction damper [48]

[
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The research results of Guo et al. [33], Shrestha et al. [50],
Chen et al [51], and those obtained by Kim et al.[52] were
utilized to calculate the stiffness of the rotational friction
damper.

| yield strength (f)

IT"D—I Enlarged:t
l Hinge

AL

Fig. 7: Simplified schematic diagram for theoretical calculations
[51]

The applied load on the rotational friction damper is
calculated from Equation (2):

R

R
M =IdM =J.27rr2ﬂpdr=§7wp(R3—Rf) 1)
R1

R1

E____ ™ Y o
"B+ (HI2)?  Lcos(al2)

H, =2Lcosé, 3)

6, =6,+do @)

H =H,-H, =2L(cosé, —cos(b, +db)) (5)

In the above equations, Fy is the rotational friction force at
each joint, M represents the resistant moment against
rotational friction at each hinge, n shows the number of
hinges, L is the effective length of the sheet, with the
location of a angle shown in Figure 6. Also, | represents the
friction coefficient, P is the unit load, R; indicates the inner
radius of friction pad, and R is the outer radius. Here, 8, and
6, are the included angles before and after deformation, and
H; and H; indicate the respective heights before and after
deformation. H is the height of the friction damper before
and after rotation, calculated from Equation (5).

To perform structural analysis in the present study, the
structures were subjected to cyclic loading based on the
loading protocol for displacement generated under seven
near-field ground motion records taken from the PEER
website. The characteristics of these seven earthquakes are
given in Table 1.
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Table 1: Properties of the accelerograms

PGA Vs30 Rjb

Earthquake Station Year @ misec  (km)
Imperial valley ElCentro 1940 6.95 2134  6.09
Northridge Beverly Hills 1994  6.69 355.8 23.50

San Fernando Hollywood Star 1971 6.91 316.4 22.77

Tabas Boshrooyeh 1978 7.35 3245 24.07
Duzce Bolu 1999 7.14 2935 12.02
Kobe Amagasaki 1995 6.9 256 11.34
Kobe Kakogawa 1995 6.9 213 22,50

Here, Vs. 30 Shear wave speeds up to a depth of thirty
meters from the earth’s surface. As shown in the table, Rjb
is the distance of the site to the imaged surface from the
rupture site, and fh0/fc0 represents the ratio of initial biaxial
compressive yield stress to initial uniaxial compressive yield
stress, with a default value of 1.12. Finally, Kc is the ratio of
the second stress invariant on the tensile meridian to the
compressive meridian at the initial yield, with the default
value of 2/3 (Abaqus User Manual, 2008).

Tables 2 and 3 show the mechanical properties of concrete
material and the strength properties of steel material,
respectively.

Table 2: Mechanical properties of the concrete material [48]

- e g 2 >
2o 2o @2 58 s S 2
2 £ 28 £ < = S w v = ]
g i¢ 2E Zg @2
~ oK Q9 c o >
035 < i}
2400 0.14 13-15 38 1.12 0666 0.1 0.001

Table 3: Mechanical properties of the steel material

Density
(kg/m?)
Elasticity
Modulus
Poisson’s
Ratio
Yield Stress
(MPa)
Ultimate
Strength
(NDAa)
Ultimate
Strain (%)

o
w
w
©
W
©
o
o
=
3

7850 196 47

5. Loading in ABAQUS software

The beam was exposed to a load of 1.8 tons per meter length
and adequate lateral support. The load on the left and right
columns was 97.14 and 96.42 tons, respectively. The lateral
loading applied on the columns was according to
“Instructions for using dampers in design and strengthening
of buildings” [53] and ASCE 7-16 [54-55] (Figure 8)
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Fig. 8: Loading protocol applied to the specimens[48]

Figure 9 shows the position of the loads, the distance
between the center of columns, and the height of the frame
up to the position of applied cyclic load for the braced steel
frame with composite columns and rotational friction
dampers in the CFT-BM specimen (The dimensions and
loading of all the specimens were identical).

K 96.42t
1.8 t/m on

97.14ton

/

Fig. 9: Braced frame with rotational friction dampers in CFT-BM
specimen[48]

6. Discussion and investigation of results

Figures 10-16 show the base shear values of frames (under
cyclic loading according to the loading protocol for
displacement generated by seven near-field ground motion
records acting on the structure).

—CFT
3000 | —— CFT-BM
—— CFT-M

2000
1000
0

-1000
-2000
-3000 T (s)

Base Shear(KN)

Fig. 10: Base shear diagram under the Northridge Earthquake
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The results obtained from the loading of the specimens
studied under Northridge loading show that the maximum
base shear value was 3045 KN, 1103 KN, and 1138 KN in
the base, CFT-BM, and CFT-M frames, respectively. In
other words, the presence of the damper caused a 60%
reduction in the base shear value in the CFT-BM frame and
a 59% reduction in the base shear value in the CFT-M
frame.

—CFT
3000 CFT-BM

—— CFT-M
2000

1000

0

2 -1000

Base Shear (KN)

-2000
T(s)
0 4 8 12 16 20 24 28

Fig. 11: Base shear diagram under Imperial Valley El Centro
Earthquake

-3000

The results obtained from the loading of the specimens
studied under Imperial Valley El Centro loading show that
the maximum base shear value was 2943 KN, 1349 KN, and
1379 KN in the base, CFT-BM, and CFT-M frames,
respectively. In other words, the presence of the damper
caused a 54% reduction in the base shear value in the CFT-
BM frame and a 53% reduction in the base shear value in the
CFT-M frame.

2000 ,—— CFT

- —— CFT-BM
5 1000 —— CFI-M
1

2 0

2

(0]

é -1000

T(s)

-2000
0 4 8 12 16 20 24 28

Fig. 12: Base shear diagram under Tabas Earthquake

The results obtained from the loading of the specimens
studied under Tabas loading show that the maximum base
shear value was 1800 KN, 221 KN, and 315 KN in the base,
CFT-BM, and CFT-M frames, respectively. In other words,
the presence of the damper caused an 87% reduction in the
base shear value in the CFT-BM frame and an 82%
reduction in the base shear value in the CFT-M frame.

Numerical Methods in Civil Engineering, 9-4 (2025) 9-23
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— CFT-BM
3000 CFT
2000

1000

-1000
-2000
-3000

Base Shear (KN)
o
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Fig. 13: Base shear diagram under Turkey Duzce Bolu
Earthquake

The results obtained from the loading of the specimens
studied under Turkey Duzce Bolu loading show that the
maximum base shear value was 2713 KN, 1601 KN, and
1711 KN in the base, CFT-BM, and CFT-M frames,
respectively. In other words, the presence of the damper
caused a 41% reduction in the base shear value in the CFT-
BM frame and a 37% reduction in the base shear value in the
CFT-M frame.

2000
1000
0

-1000

Base Shear (KN)

-2000

Fig. 14: Base shear diagram under KOBE Amagasaki
Earthquake

The results obtained from the loading of the specimens
studied under KOBE Amagasaki loading show that the
maximum base shear value was 1966 KN, 1475 KN, and
1677 KN in the base, CFT-BM, and CFT-M frames,
respectively. In other words, the presence of the damper
caused a 25% reduction in the base shear value in the CFT-
BM frame and a 15% reduction in the base shear value in the
CFT-M frame.
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2000 | _ cpp
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Fig. 15: Base shear diagram under the KOBE Kakogawa
Earthquake

The results obtained from the loading of the specimens
studied under KOBE Kakogawa loading show that the
maximum base shear value was 1970 KN, 1314 KN, and
1555 KN in the base, CFT-BM, and CFT-M frames,
respectively. In other words, the presence of the damper
caused a 57% reduction in the base shear value in the CFT-
BM frame and a 49% reduction in the base shear value in the
CFT-M frame.

Base Shear(KN)
o

s 8
g 3

Fig. 16: Base shear diagram under San Fernando Earthquake

The results obtained from the loading of the specimens
studied under San Fernando loading show that the maximum
base shear value was 3727 KN, 1253 KN, and 1341 KN in
the base, CFT-BM, and CFT-M frames, respectively. In
other words, the presence of the damper caused a 66%
reduction in the base shear value in the CFT-BM frame and
a 64% reduction in the base shear value in the CFT-M frame.

7. Structure displacement due to applying
earthquake acceleration to the structure
base

The structures' displacements under earthquake acceleration

for the introduced ground motions are shown in Figures 17-
23.
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Fig. 17: Diagram of the structure displacement due to the Turkey
Duzce Bolu earthquake acceleration

The results obtained from the loading of the studied
specimens under Turkey Duzce Bolu loading indicate that
the maximum displacement of the CFT frame was 1.4 cm at
T=7 seconds and 1.00 cm at T=30 seconds in the CFT-M
frame. Within the time interval of 0-20 seconds, the
maximum displacement of the CFT-M frame was 0.3 cm,
equal to 17% of the maximum displacement of the CFT
frame within the same time interval.

2 ——CFT
A ——CFT-M
o1
-
S
e 0
[&]
)
2 -1
(&)
2 T(S)

0 5 10 15 20 25 30 35 40

Fig. 18: Diagram of the structure displacement due to the San
Fernando Hollywood Stor earthquake acceleration

The results obtained from the loading of the studied
specimens under San Fernando Hollywood Stor loading
indicate that the maximum displacement of the CFT frame
was 1.8 cm at T=39 seconds and 0.50 cm at T=30 seconds
in the CFT-M frame. Within the time interval of 0-45
seconds, the maximum displacement of the CFT-M frame
was 0.5 cm, equal to 30% of the maximum displacement of
the CFT frame within the same time interval.

2
g ——CFT
S ——CFT-M
=1
c
(5]
£
Q
J0
o
2
&)
1 TS

0 5 10 15 20 25 30 35 40

Fig. 19: Diagram of the structure displacement due to KOBE
Kakogawa earthquake acceleration
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The results obtained from the loading of the studied
specimens under KOBE Kakogawa loading indicate that the
maximum displacement of the CFT frame was equal to 1.3
cm at T=30 seconds and 1.3 cm at T=40 seconds in the CFT-
M frame. Within the time interval of 0-20 seconds, the
maximum displacement of the CFT-M frame was 0.3 cm,
equal to 50% of the maximum displacement of the CFT
frame within the same time interval.

2 —CFT
= ——CFT-M
o —WH'A'A‘I o
= Ty 7 Ve
c
: N
2 -2
o
2
04 T(S)

0 5 10 15 20 25 30

Fig. 20: Diagram of the structure displacement due to Northridge
Beverly Hills earthquake acceleration

The results obtained from the loading of the studied
specimens under Northridge Beverly Hills loading indicate
that the maximum displacement of the CFT frame was 1.3
cm at T=8 seconds and 2.00 cm at T=30 seconds in the CFT-
M frame. Within the time interval of 0-25 seconds, the
maximum displacement of the CFT-M frame was 0.4 cm,
equal to 31% of the maximum displacement of the CFT
frame within the same time interval.
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Fig. 21: Diagram of the structure displacement due to the KOBE
Amagasaki earthquake acceleration

The results obtained from the loading of the studied
specimens under KOBE Amagasaki loading indicate that the
maximum displacement of the CFT frame was 1.2 cm at
T=17 seconds and 0.9 cm at T=8 seconds in the CFT-M
frame. Within the time interval of 0-30 seconds, the
maximum displacement of the CFT-M frame was 0.9 cm,
equal to 75% of the maximum displacement of the CFT
frame within the same time interval.
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Fig. 22: Diagram of the structure displacement due to Imperial
Valley El Centro earthquake acceleration

The results obtained from the loading of the studied
specimens under Imperial Valley El Centro loading indicate
that the maximum displacement of the CFT frame was 0.6
cm at T=12 seconds and 2.5 cm at T=35 seconds in the CFT-
M frame. Within the time interval of 0-20 seconds, the
maximum displacement of the CFT-M frame was 0.6 cm,
equal to the maximum displacement of the CFT frame
within the same time interval.
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Fig. 23: Diagram of the structure displacement due to the Tabas
Iran Boshrooyeh earthquake acceleration

The results obtained from the loading of the studied
specimens under Iran Tabas Boshrooyeh loading indicate
that the maximum displacement of the CFT frame was 0.8
cm at T=22 seconds and 1.7 cm at T=35 seconds in the CFT-
M frame. Within the time interval of 0-30 seconds, the
maximum displacement of the CFT-M frame was 0.3 cm,
equal to 43% of the maximum displacement of the CFT
frame within the same time interval.

8. Base shear of the structures due to applying
earthquake acceleration to the structure base

Figures 24-30 show the base shear values of the structures
under the earthquake acceleration for the introduced ground
motion records.
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Fig. 24: Base shear of the structure under the Turkey Duzce Bolu
earthquake acceleration

The results obtained from the loading of the studied
specimens under Turkey Duzce Bolu loading indicate that
the maximum base shear value of the CFT and CFT-M
frames was 353 KN and 504 KN, respectively. In other
words, the presence of the damper increased the base shear
value by 43% in the CFT-M frame.

1000
2 —CFT
500 —CFT...
g
20
n
3500
m
-1000 T(S)

0 5 10 15 20 25 30 35 40 45

Fig. 25: Base shear of the structure under San Fernando
Hollywood Stor earthquake acceleration

The results obtained from the loading of the studied
specimens under San Fernando Hollywood Stor loading
indicate that the maximum base shear value of the CFT and
CFT-M frames was 490 KN and 548 KN, respectively. In
other words, the presence of the damper increased the base
shear value by 12% in the CFT-M frame.
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Fig. 26: Base shear of the structure under the KOBE Kakogawa
earthquake acceleration

The results obtained from the loading of the studied
specimens under KOBE Kakogawa loading indicate that the
maximum base shear value of the CFT and CFT-M frames
was 427 KN and 6117 KN, respectively. In other words, the

18

Numerical Methods in Civil Engineering, 9-4 (2025) 9-23

presence of the damper increased the base shear value by 14
times that of the base shear in the CFT-M frame.

Sy —
=
< —CFT-M
g
2 0
(7p]
[«5]
wn
@
-500 T(S)
0 10 20 30 40

Fig. 27: Base shear of the structure under KOBE Amagasaki
earthquake acceleration

The results obtained from the loading of the studied
specimens under KOBE Amagasaki loading indicate that the
maximum base shear value of the CFT and CFT-M frames
was 342 KN and 451 KN, respectively. In other words, the
presence of the damper increased the base shear value by
32% in the CFT-M frame.
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Fig. 28: Base shear of the structure under the Northridge, Beverly
Hills earthquake acceleration

The results obtained from the loading of the studied
specimens under the Northridge Beverly Hills loading
indicate that the maximum base shear value of the CFT and
CFT-M frames was 582 KN and 590 KN, respectively.
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Fig. 29: Base shear of the structure under Imperial Valley El
Centro earthquake acceleration

The results obtained from the loading of the studied
specimens under Imperial Valley El Centro loading indicate
that the maximum base shear value of the CFT and CFT-M
frames was 513 KN and 838 KN, respectively. In other
words, the presence of the damper increased the base shear
value by 63% in the CFT-M frame.
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ig. 30: Base shear of the structure under Iran Tabas Boshrooyeh
earthquake acceleration

The results obtained from the loading of the studied
specimens under Iran Tabas Boshrooyeh loading indicate
that the maximum base shear value of the CFT and CFT-M
frames was 782 KN and 781 KN, respectively.

IFigs. 31-37 present the hysteresis curves for each of the
used records.
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Fig. 31: Hysteresis curve under the KOBE Amagasaki
Earthquake

The area under the curve of hysteresis for the CFT, RFT-
BM, and RFT-M frames was measured at 1340440648 (kn-
mm), 131857855 (kn-mm), and 188117124 (kn-mm),
respectively. This shows that the dampers on the RFT-BM
and RFT-M frames could dissipate 90.2% and 86.0% of the
induced energy, respectively.
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Fig. 32: Hysteresis curve under Imperial Valley EIl Centro
Earthquake
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The area under the curve of hysteresis for the CFT, RFT-
BM, and RFT-M frames was measured at 58578723 (kn-
mm), 36460733 (kn-mm), and 53240402 (kn-mm),
respectively. This shows that the dampers on the RFT-BM
and RFT-M frames could dissipate 37.8% and 9.1% of the
induced energy, respectively.
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Fig. 33: Hysteresis curve under Tabas Earthquake

The area under the curve of hysteresis for the CFT, RFT-
BM, and RFT-M frames was measured at 47795421 (kn-
mm), 15218616 (kn-mm), and 11296898 (kn-mm),
respectively. This shows that the dampers on the RFT-BM
and RFT-M frames could dissipate 68.2% and 76.4% of the
induced energy, respectively.
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Fig. 34: Hysteresis curves under the Northridge Earthquake

The area under the curve of hysteresis for the CFT, RFT-
BM, and RFT-M frames was measured at 87161738 (kn-
mm), 10426431 (kn-mm), and 11692592 (kn-mm),
respectively. This shows that the dampers on the RFT-BM
and RFT-M frames could dissipate 83% and 86.5% of the
induced energy, respectively.
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Fig. 35: Hysteresis curves under the San Fernando Earthquake

The area under the curve of hysteresis for the CFT, RFT-
BM, and RFT-M frames was measured at 1673689788 (kn-
mm), 159284446 (kn-mm), and 265945367 (kn-mm),
respectively. This shows that the dampers on the RFT-BM
and RFT-M frames could dissipate 90.5% and 84.1% of the
induced energy, respectively.
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Fig. 36: Hysteresis curves under the Duzce Bolu Earthquake

The area under the curve of hysteresis for the CFT, RFT-
BM, and RFT-M frames was measured at 58034863 (kn-
mm), 24137805 (kn-mm), and 19426366 (kn-mm),
respectively. This shows that the dampers on the RFT-BM
and RFT-M frames could dissipate 58.4% and 66.5% of the
induced energy, respectively.
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Fig. 37: Hysteresis curves under Kobe-Kakogawa Earthquake

The area under the curve of hysteresis for the CFT, RFT-
BM, and RFT-M frames was measured at 58034863 (kn-
mm), 58578723 (kn-mm), and 53240402 (kn-mm),
respectively. This shows that the dampers on the RFT-BM
and RFT-M frames could dissipate -0.9% and 8.3% of the
induced energy, respectively.

In the above hysteresis curves, the base shear value in the
CFT frame is higher than that of the CFT-BM and CFT-M
frames due to the presence of the rotational friction damper.
The rotational friction dampers have effectively dissipated
the input energy, and most of the energy is dissipated
mechanically.

9. Conclusion

The present article evaluated the effect of rotational friction
dampers on displacement and base shear in composite steel
moment-resisting frames under cyclic loading at the beam
level. - Additionally, the impact of earthquake acceleration
on the structure base was assessed both with and without
bracing and rotational friction dampers. The following
results were obtained after performing the modeling and
analyses in the finite element software:

1-The base shear of the CFT-BM frame under cyclic loading
decreased due to the presence of bracing and rotational
friction dampers. The decreased value varied from 15 to
82%. When the base shear in the base structure is maximum,
the percentage of the base shear reduction in the CFT-BM
structure is maximum. Also, when the base shear in the base
structure is minimum, thpercentage of the base shear
reduction in the CFT-BM structure is minimum.
2-Considering the base shear curves, the CFT-M frame
exhibits a performance similar to that of the CFT-BM frame
under cyclic loading, indicating a 1-10% higher than that of
the CFT-BM frame. Removing the two diagonal members
of the bracing caused a 1-10% increase in the base shear of
the CFT-M compared to the CFT-BM structure.
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3-The lateral displacement of the CFT-M frame under the
effect of earthquake acceleration, applied to the base of the
column, decreased by 23-83% during the first 25 seconds for
the CFT frame in 5 cases, increased by 15-81% in 2 cases,
decreased in one case and increased in 10 cases from the
25th second to the end of the analysis.

4-The base shear of the CFT-M frame under the applied
earthquake acceleration to the base of the column did not
considerably change compared to the CFT frame in 3 cases,
but it increased the base shear by 12-63% in 4 cases.
5-According to the studies performed by Kim et al. [12],
Bonchev et al.[17], Montuori et al. [18], Shirkhani et al. [22],
and Saeed-monir et al. [39], rotational friction dampers
cause a reduction in the structure displacement by 30-40%,
which is in agreement with the results of the present study.
6-According to the research conducted by Zhang et al. [29],
friction dampers could increase the lateral stiffness of
frames. Also, based on the analysis performed by Barzegar
et al. [21], dampers with maximum capacity did not lead to
an optimal performance. Tafakori et al. [34] concluded that
friction dampers could affect structural performance in some
conditions, which agrees with the results of the present
study.

7-The hysteresis curves shown in Figs. 31-37 exhibit an
increase in the base shear value. Rotational friction dampers
have dissipated most of the seismic energy mechanically.
8-Although the reduced weight of the structure is not
significant due to the removal of two diagonal members of
the bracing -, the space created in the frame plane is precious
for architectural purposes.
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