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Abstract Review History
Designing earthquake-resistant structures and mitigating the resulting damages has always Received: Aug 25, 2024
been a critical concern. One effective approach to reduce seismic vibrations in steel frames is the Revised: Oct 22, 2024
use of cable bracing systems. However, a limitation of cable braces is that not both brace Accepted: Nov 20, 2024
members engage fully under lateral loads. Another method to enhance structural performance

under seismic forces is the use of dampers. In this study, magnetorheological (MR) dampers and ~ <€ywords

cable braces are simultaneously employed. MR dampers, widely used in vibration and impact Magnetorheological (MR)
control systems, are semi-active devices. When the MR fluid is subjected to a magnetic field Damper

generated by an electromagnetic coil, iron particles in the fluid align and form linear chains Cable Bracing

parallel to the magnetic flux. Without an applied magnetic field, the MR fluid behaves like a Steel Frame

conventional fluid. This research implements cable braces combined with MR dampers in steel
frames. Initially, previous studies on cable braces in structures are reviewed, followed by
investigations on MR dampers in various structural systems, and then studies combining cables
with MR dampers are examined. Prior research has mainly focused on semi-active cable braces
with MR dampers in cable-stayed bridges, modeled in Ansys and OpenSees software with
favorable results. This study extends the application to steel frames modeled in SAP2000. The
MR damper model used is RD-1005-3, manufactured by Lord Corporation. Validation of the
damper in the software is performed using the Torabi model, while the Abhari model is utilized
for cable braces. The aim of this study is to evaluate the behavior of steel frames equipped with
cable braces and MR dampers under nonlinear static analysis and nonlinear dynamic time-history
analysis considering P-Delta effects and large displacements. To assess the proposed system’s
efficiency, four types of steel frames—with no cables or dampers, with cable braces, with MR
dampers, and with both cable braces and MR dampers—featuring one-span and two-span
configurations, are selected. Their behavior under nonlinear static lateral loads and seismic
excitations is analyzed in SAP2000. Nonlinear static analysis results for the one-span frame
indicate the highest lateral displacement occurs in the frame without cables or dampers. Adding
cable braces reduces lateral displacement significantly, while adding MR dampers alone causes
negligible change. The combined system yields the lowest lateral displacement; for example,
displacement at node 4 decreases by approximately 81.34%. Dynamic time-history analyses of
the one-span frames under the Trinidad, Landers, and Tabas earthquakes show that adding cable
braces significantly reduces lateral displacement and internal forces in beams and columns in all
cases. Adding MR dampers alone most effectively reduces these responses under the Trinidad
earthquake. The combined system further improves reductions under all earthquakes. Overall, the
one-span steel frame with both cable braces and MR dampers exhibits the best seismic
performance. Similar trends are observed for two-span frames, where cable braces reduce lateral
displacement and internal forces in all earthquakes. MR dampers alone show the most significant
reductions under the Trinidad earthquake. The combined system consistently achieves the
greatest reductions. For instance, under the Landers earthquake, lateral displacement at node 4 in
the two-span frame reduces by 86.23% with cable braces alone, and by 92.34% with the
combined system. In summary, the proposed cable brace and MR damper system effectively
improves seismic performance by substantially reducing lateral displacements and internal forces
under lateral loads.
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Fig. 1. MR fluid magnetic particles a) without magnetic field b) with application of magnetic field [3]
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Fig. 2. Schematic Bouc-Wen model for MR dampers [2]
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Table 1. Characteristics of MR damper model RD-1005-3 used [16]

Variables Amounts
Compressed Length 150 Mm
Unfolded Length 208 Mm
Body Diameter 41.4 Mm
Rod Diameter 10 Mm
Weight 800 gr

Minimum Tensile Strength 4.4 KN

Damping force (N)
o
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Fig. 3. RD-1005-3 model MR damper diagrams a) force-displacement loops b) force- velocity loops [13]
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Table. 2. Damping coefficient and damping exponent of MR dampers model RD-1005-3 [18]
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Current (A)

Cg (0 Cg o
0 557 030 585  0.34
0.25 2011 031 1632  0.34
0.50 2645 019 2700 0.8
0.75 3310 021 3150 021
1 4032 021 4150 021
_ 2700 + 2645 N.s kef. s o)
C=21 2 26725—" = 26725
2 m Cm
0.28 +0.19
G=—0r 7 0235 ™
2
2T 2T rad (Y’)
On =7 T oq12a - 02872
1
. = )

—_= n = =
% = 100 - K =100C X w,, = 267.25 x 55.872

kgf
— K = 14931.79 —
Cm

Jmlosd gl (9) st 3 ol ot S s il
ool 0l aglie 5 I b el bl Jis (6 5 5000lS
beslKoks olasie -¥-¥

g o2 L Sy onl s el Sl ik
A a3 (A= /Y0) b gt ) b adlaie 5 ¥ S
s Landers Tabas slaad s (il Oled aw bl glaadl 4
Seoelos e ol o ad s slas, S5 lasiia 5 Trinidad

el ol 0313 OLES (O) g s st oo Sley amese ,U

Al plej] s -Y-Y

S Lo e 5l asped SEMR S e Sl oslinal 4 a5 L
Sl e SAP2000 i35l 5 s el iyl [15] 15 b s
BERRGIIV PSS W AP v & @b.}lg_onTw; 4._,@\.:3) ol
ol ot oals OLES e Slad () IS

ools OLE Ky Uy 5 odd o5 s b Jlail puae e
5Ca sKa Loiiw Sloe s ol e Sl ol
wn L SO0 bS5 Py bl a8k awls m Lo S o
sl e3ls OLE () Jsiir 53 g palie .l il o3l 0L

. Plt=pgsinwnt

L Joint2
m
— =1 Cd
K=
-:._\__\_‘ J
2 = e
=,
> = .
* Jointl

R IR e 9,‘;»’;?',?4*,;57,:- dbe Sles ¥ IS
Fig. 4. Schematic of mass- spring- damper model studied by Torabi
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Table 3. Damper specifications provided by Torabi [15]

Variables Amounts
Spring stiffness in linear mode (Ks) 100 K,lps
n
. - Ki
Damper stiffness in linear mode (Kg) 0 ,lps
mn
. . . Kips
Damper stiffness in nonlinear mode (Kg) 10000 —
n
Damping of the damper member in linear mode (Cy) 0 Kips.s
m
Damping of the damper member in nonlinear mode (Cyg) 1 Klr,)s' s
m
; 2
Mass of the node (m) 1 Klp,S' s
n
Loading amplitude (Py) 10 Kips
Loading frequency (w;,) 10 @
S

Y “;UZ J&J,M:G LS‘).’J‘)S JJ.AL::M :bﬁld.}wé}:ﬂgg}ﬁ CL:J wu.n ¥ J}.X’.
Table 4. Comparison of the results of computer analysis of the created model with the Torabi model for displacement of U, node 2

Output intime  Torabi results [15]

Present analysis results

Difference percentage

0.5s -0.1048
5s -0.8887
11s 0.99453

-0.1051 0.209
-0.8914 0.298
0.9943 0.023
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Table 6. Comparison of lateral displacement of node 4 in steel

Sl Joo gl eslanal 5550 4315 glas, S5 Clasie O Jyder
Table 5. Characteristics of earthquake records used for dynamic

flexural frame with cable bracing analysis
Lateral displacement Difference Earthquake . PGA  PGA (g) after
Station name
(Cm) percentage name (9) the scale
Abhari model 1221 Tabas Tabas 0.8360 0.35
[6] ' 0.245 Landers Baker fire station 0.1077 0.35
Analyzed 12.18 Trinidad 10 Dell overpass- 5 ;5 0.35
model w ground
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Table.7. The lateral displacement of node 4 in the direction of the X-axis in the one-span frames under nonlinear static analysis

Lateral displacement  Percentage difference with steel

The investigated frame of the node 4 (Cm)  frame without cable and damper

Steel frame without cable and damper 11.691 0
Steel frame with cable brace 2.325 -80.11

Steel frame with MR damper 11.691 0
Steel frame with MR damper and cable brace 2.182 -81.34
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Fig. 8. Lateral displacement of node 4 in the X direction in a one-span steel frame with cable brace and MR damper under different earthquakes
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Table 8. The maximum and minimum values of lateral displacement of node 4 in the one-span frames investigated under different

earthquakes.
Lateral displacement in X direction under time-history analysis
(Cm)
Type of frames Trinidad Landers Tabas
Min Max Min Max Min Max
Steel frame without cable and damper -0.5806 0.5584 -0.3473 0.3222 -0.5955 0.5536
Steel frame with cable brace -0.2092 -0.1097 -0.2231 -0.1055 -0.2285 -0.1108
The percentage difference of }?ritt?g v\rlow in absolute terms with the 63.96 decrease 35.77 decrease 61.63 decrease
Steel frame with MR damper -0.2730 0.2714 -0.2356 0.2433 -0.3323 0.3045
The percentage difference of }?ritt?g v\rlow in absolute terms with the 52 98 decrease 29.95 decrease 44.20 decrease
Steel frame with MR damper and cable brace -0.2075 -0.1068 -0.2078 -0.1074 -0.2262 -0.1077
The percentage difference of }?ritt?g v\rlow in absolute terms with the 64.27 decrease 40 16 decrease 62.02 decrease
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Table 9. Maximum and minimum lateral displacement values of node 4 in two-span frames under different earthquakes

Type of frames

Lateral displacement in X direction under time-history analysis
(Cm)

Trinidad Landers Tabas

Min Max Min Max Min Max

Steel frame without cable and damper

Steel frame with cable brace

The percentage difference of the top row in absolute terms with
the first row

Steel frame with MR damper

The percentage difference of the top row in absolute terms with
the first row

Steel frame with MR damper and cable brace

The percentage difference of the top row in absolute terms with
the first row

-0.6693  +0.6558  -0.3970  +0.3642 -0.5218  +0.5051
-0.0507 -0.0036 -0.0547 +0.003 -0.0549 +0.005

92.42 decrease 86.23 decrease 89.48 decrease
-0.2555  +0.2525  -0.2330 0.2436 -0.3350  +0.2855
61.83 decrease 38.64 decrease 35.80 decrease
-0.0220 +0.0199 -0.0304 +0.0243 -0.0265 0.0235

96.72 decrease 92.34 decrease 94.92 decrease
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