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ABSTRACT: In the recent past, the application of various types of passive dampers (e.g., yielding
metallic dampers) has become a common practice for improving seismic performance of the under-
construction buildings and rehabilitation of existing constructions. In this study, a new elliptical metallic
damper was introduced to improve the seismic behavior of existing steel structures. Among other
parameters, geometrical characteristics are known to affect the seismic performance of the constructions
rehabilitated with the proposed elliptical damper. Accordingly, the performance of the proposed damper
was investigated through accurate numerical studies on various types of dampers considering various
damper dimensions, ellipse major and minor axes length-to-plate thickness ratios, and placements of
elliptical shear diaphragm. To study the proposed elliptical damper in terms of its effect on the seismic
behavior of rehabilitated buildings, three benchmark structures with 3, 9, and 20 stories were used.
Further, far-field and near-field earthquake records were used to undertake nonlinear dynamic analyses.
In this work, the proposed elliptical damper was verified by the Abaqus finite-element software,
and nonlinear time-history analyses were conducted in the SAP2000 software to check for seismic
performance of rehabilitated structural frames with the considered damper. Results of the nonlinear
dynamic analyses indicated the appropriate performance of the proposed elliptical damper in terms of
reducing the seismic responses of the rehabilitated structures and suitable behavior of the proposed
elliptical damper in dissipating the imposed earthquake energy to the structures. Based on these results,
upon rehabilitation with the proposed damper, the 3-, 9-, and 20-story structures exhibited smaller
maximum lateral roof displacements by 66, 64, and 31%, respectively..
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1- Introduction

Passive structural control systems represent one of the
best approaches to establish safety and improving seismic
performance of a building. The application of energy dissipa-
tion systems is very efficient for this purpose, as is recently
regarded by researchers and structural design engineers. With
no need to any external source of energy or complex me-
chanical and/or electronic systems, passive control systems
offer easy-to-implement and economically efficient solu-
tions, making them classified as one of the top instruments
for reducing adverse impacts of dynamic forces on structures.
Yielding metallic dampers are among the most common pas-
sive energy dissipation systems, which have long been a hot
topic to researchers in the field of structural control because of
their simple design, easy construction, stable behavior against
lateral loads applied to the structure, and tolerance to envi-
ronmental factors. Being displacement-dependent dampers in
nature, the yielding metallic dampers can desirably dissipate
the input energy to the structure due to their robust yielding
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character and the inelastic behavior of the metals.

Maleki and Bagheri [2 ,1] studied the behavior of hal-
low and concrete-filled steel pipes to investigate their ap-
plicability as a seismic hysteresis damper under shear stress.
Analytical results showed that the stiffness and strength of the
pipe dampers increase linearly and nonlinearly with the pipe
length and thickness, respectively, and decrease with the pipe
diameter nonlinearly.

Cheraghi and Zahrai presented a composite system of
two independent passive control instruments with different
strength and stiffness levels. This yielding damper was made
up of multiple coaxial steel pipes of various diameters. The
obtained hysteresis curves showed that the proposed damper
behaved at multiple levels, therefore dissipating energy at dif-
ferent seismic levels [3]. In another piece of work, Zahrai
and Cheraghi tested a multi-level pipe damper. Application
of this multi-level system in steel structures showed that the
seismic demand of the rehabilitated structures decreases with
the help of these dampers [4].
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Fig. 1. Demonstration of the proposed elliptical damper.

In the present work, numerical analyses were conducted
in Abaqus, and ranges were proposed for effective geometri-
cal parameters of the yielding damper to ensure the formation
of plastic hinge in the proposed elliptical damper. In addi-
tion, given the selected elliptical geometry of the proposed
damper, various axis lengths (within the proposed ranges for
the geometrical parameters) were considered to provide the
designer with more options for seismic retrofit, as compared
to other types of dampers.

To investigate the seismic behavior of the 3-, 9-, and
20-story benchmark frames, dynamic analyses were per-
formed under far- and near-field earthquake records in dif-
ferent areas with different seismicity levels before and after
rehabilitating the frames with the proposed elliptical yielding
damper. The analyses were based on lateral roof displace-
ment, inter-story drift, and energy dissipation capacity.

An elliptical yielding damper is composed of vertical and
horizontal steel plates. The vertical plates of the proposed
damper, which includes elliptical rings, yield under the effect
of the lateral displacements due to the formation of plastic
hinges, thereby dissipating the induced earthquake energy.
The horizontal plates on the top and base of the damper, how-
ever, serve as support to the middle part (vertical plates) of
the damper, not to mention their role in connecting the damp-
er to the beam and bracing system, as observed in Fig. 1. A
major advantage of elliptical dampers compared to circular
plates is the variable nature of the ellipse axis lengths, which
provides the structural designer with more options compared
to the case with circular dampers.

2- Methodology and Analysis

Firstly, the model of the proposed elliptical damper was
verified in the Abaqus finite-element software by comparing
the numerical results to the experimental data published by
Ebadi et al. [5], with the results successfully verifying the
modeling output of the Abaqus software. The stress-strain
curve of the steel material used in the modeling of the pro-
posed elliptical damper was obtained by performing tensile
tests on standard samples of the steel plate experimentally

(Fig. 2).
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Fig. 2. Stress—strain curve of used steel

In this research, the elliptical rings of the yielding damper
with different thicknesses were modeled in the Abaqus soft-
ware. In this research, seismic assessment of the structures
equipped with the proposed yielding dampers was performed
on the three benchmark structures presented by Ohtori ef al.
with 3, 9, and 20 stories /6]. Using the link element in the
SAP2000 software, characteristics of the proposed elliptical
damper were applied to the structural frames, and the out-
put hysteresis curve from the SAP2000 software for the Wen
nonlinear element was compared to the curves obtained from
the Abaqus software. The comparison indicated that the two
software tools exhibited very close results, as observed in
Fig. 3.

In this paper, optimal lateral stiffness distribution over
structure height was adopted to achieve uniform relative dis-
placement at stories. Then, nonlinear time-history analysis
was performed to study the effect of the applied retrofit by the
proposed elliptical damper on the structures in the SAP2000
software. The earthquake records used in the study by Ohtari
et al. include near- and far-field accelerograms.
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Fig. 3. Comparison of hysteresis curves from the Abaqus
and SAP2000 software
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3- Conclusion

Results of this research can be classified under two broad
categories. In the first category, 16 elliptical rings were mod-
eled in the Abaqus finite-element software and subjected
to accurate numerical modeling. Outputs showed that hori-
zontal placement of the elliptical rings (HED) with a longer
width improved the damper performance in terms of lateral
stiffness, yield strength, and energy dissipation capacity. In
the second category, the characteristics obtained from the
finite-element method, including effective stiffness and yield
strength, were declared in the SAP2000 software by means of
the Wen nonlinear link element. Subsequently, the 3-, 9-, and
20-story structures were compared before and after rehabili-
tation with the proposed elliptical damper based on nonlinear
analysis under near- and far-field earthquake records.

Results showed that, on average, the use of the proposed
elliptical damper reduced maximum inter-story drift of the 3-,
9-, and 20-story structures by 71, 78, and 51%, respectively,
while decreasing the maximum lateral roof displacement by
66, 64, and 31%, respectively, dissipating 62, 63, and 84% of
the input energy to the structure.
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Fig. 1. The proposed elliptical damper.
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Fig. 5. Tensile testing to determine the steel character-
istics.
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Fig. 8. Horizontal elliptical damper (HED).
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Table 2. Geometrical properties, lateral stiffness, and yield strength of various plates for the proposed damper.

Type ao(mm) bo(mm) Aa=aAb(mm) t(mm) ai (mm) bi (mm) S (mm) K (N/mm) Py (N)
VED-SA-01 100 150 25 10 75 125 17663 2794 7567

VED-SA-02 100 150 25 15 75 125 17663 4197 11406
VED-SA-03 100 150 25 20 75 125 17663 5601 15276
VED-SA-04 100 150 25 25 75 125 17663 7038 19188
VED-SB-01 100 150 50 10 50 100 31400 15047 33028
VED-SB-02 100 150 50 15 50 100 31400 22720 49701
VED-SB-03 100 150 50 20 50 100 31400 30501 66462
VED-SB-04 100 150 50 25 50 100 31400 38445 83379
HED-SA-01 150 100 25 10 125 75 17663 5639 14967
HED-SA-02 150 100 25 15 125 75 17663 8652 22627
HED-5A-03 150 100 25 20 125 75 17663 11749 30357
HED-SA-04 150 100 25 25 125 75 17663 14968 38207
HED-5B-01 150 100 50 10 100 50 31400 53758 64357
HED-$B-02 150 100 50 15 100 50 31400 81759 97231
HED-SB-03 150 100 50 20 100 50 31400 109809 130126
HED-SB-04 150 100 50 25 100 50 31400 138280 163320
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Fig. 9. Plans of the 3-, 9, and 20-story benchmark structures.
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Fig. 10. Facade of the 3-, 9, and 20-story benchmark structures.

VPAD



VWeo BAPYY dxbo NF-Y Jl.u) A b)l.e..m AT 0,93 ‘,..S)ml ul)a.c L;“’*\*@(" 4:)..“.3

----- DISP-FORCE DAMPER = = D|SP-FORCE WEN LINK
200
150 memmm==1
100 m_:ﬁ -
Z 50 ’,._r-r-&';?'ﬂll 7 I 1 |
W2 , hat i '/ 1 , (] /l [ 1
: 0 / . ) '/ /’ (] ] /’
2 ! / / /I' /7 -=/
-50 —_— e e ==
-100 , -
—=ra=
-150
-200
-40 -30 -20 -10 0 10 20 30 40

Displacement (mm)

SAP2000 g ABAQUS 1351 .55 (yun 5 pinmd (sixo g5l dunmliio 1) JSC5

Fig. 11. Comparison of hysteresis curves from the Abaqus and SAP2000 software.
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Fig. 12. Comparison of roof displacement of the 3-story benchmark structure before and after rehabilitation with the
proposed elliptical damper.
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Fig. 13. Comparison of roof displacement of the 9-story benchmark structure before and after rehabilitation with
the proposed elliptical damper.
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Fig. 14. Comparison of roof displacement of the 20-story benchmark structure before and after reha-
bilitation with the proposed elliptical damper.
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Fig. 15. Comparison of percent inter-story drift of the 3-story benchmark structure before and after rehabilitation
with the proposed elliptical damper.

00 03latsl ¢ gy 3y90 b o3l 3o s (e g a3l
g o 033 Linles A L ojle G Glids 35,5 s duoyd Sl Ll
5855 By (o )y oy s S woyd IVl S sS plie
i o Sl pesl 3 Slas maw do gy Y/0 | S sS b sy /Y
O oy 958 il 5Slee g oy> 0 B a0y Y0 I S5
IYV] 255 o
ot 3 8 g G50 ¥ ol (st 1,5 o (sl 10 U
395 o0 0blin (AND S5 1> &S 4sSilad .l 00 Ayl (g5l
b ¥ (glie 00 (giluge 0jles 53 (oleidey (195 (o 5o 5l o3lis
9 sl 005 003 OF i 4y ik 555 s oo il 4y i
5l addy (o2 odliwl 5 )Slas do )3 1) 0l (gilunge 0jl (93, Slas o
A 4 lib 5,5 cans Sl Jials (b)a JSs 5 el ool
3,Slee do 3 1y i (g5l 05l (63 Sas laws 5 ol 0l duo 3 FY

1549

xSl olse 9o slin VF BV sy S5 5 45 jghailen
& plasle L85 aib 4w plitle » pl sbuls Sl ials
Sl e jials asb o AV dib Cony lesle 5 45F aib
g5 p Swwy ool 4 e Lie loblo aw ja )3 el (8005
Slse 3 ol 53 LS e o a8 a5 53 jelne sbyleile
ww glue glaglailo loj) 3 Sloe (ot Sloj a3l Jlow
@ S oy 055 (phn Slye b odd (Gilugy aib & g aib

Gl ol aids Cunn loidlo

Olids oo Ko pns S =Y =¥
ojl Zewly (gl pially (o yiare 1 (S Gl (s (8l S0y
23, Oless b lojls Lgl)}l L MT o]}ﬁp b fpuliime blsyl & Al o

olysa cul ojlu Gl oo sy pel)ly 1 a5 Gl )5 G 20



VWeo BAPYY dxbo NF-Y Jl.u) A b)lo..m AT 0,93 ‘)“S)ml ul)a.c L;“’“\-‘-@(" d:)uu

0358 reld Sye) Sletitin Sy bawgs 00l Slagtne (5551 Y =¥
Hos o

I sl sdes Lt sl oanlite BB Yo B IA S5 55 48 6sSilan
oty (sla Sl ot >,Slac bugs ol > 43 L 53,
NUPSICING SPSE ST E PPN
) ol el 5l Sy Jolbe LSt Jome ooloidiy 065 o
ey 098 s Lo ySie (L) g boislon e Jiod ]

¥ ool oad (gilue ojle 42 (53959 35l Oliee (@)IA UK 0
et 0 el S1ye bawgs o Slodts (551 J 9 Uso 4l
ol 5 Cond ol 5> ol oas o3l Lt gyt ) y90 059> A 5l o
(Slute 03l &1 (6399 (S35l I 20> PV &S dge odaliie g5 oo S
e Cal 048 Sagne (195 (o 0395 il STyee (ol Lo 0
NURSUIE N PRNPREIINIJE JERENEII WS I
Cunl 03900 Spsis 1y o3l cpl 40 (63959 (5551 51 o > AV (oolpig
ol & 93509 3 Sl lie 2950 0> (PPA S5 )5 o8
oS day o0 103 DO 4 g )95 S35 0jo> A I cod ail ¥ ol
SMagl Gl oo (A)DNA UK )3 .l o o3l L (C)IA S 4o
OF wan Slpe bawg 1) Jlaidyse ojlo 4 (39)9 5l e PR
2g05 odnlie (golpiddi

5 5 Al Aol (gl ojl & (539)5 (531 Ol VA USG5
(53l 5 e o el Sy g (55,1 il Sl S
090 059 A3l5 Sl o 3jlae cpl (ANVA S 50 Ll oads oald L
959 550 3l Aoy OV wad o ol &S Cusl sdalie LB gyt !
Sl Glise ol 008 Slone (3l STpee Lawgs ojleo nl &
Al Sl cod jlaisyge e bwgi 0l (ilute ojle 4 3909 555
ojlo oyl Db o omd (DPNA UK 3 & cul dopy BY dngiole
ool 48)S )13 @ ydig S35 ojen djlj Pl cod &5 eud (il
oilo & (6399 S35 3l Jopd FY (oolpidiy 089 milud Slye alews
sdaliie |y g9d9e cnl Gl (ENA S8 )3 o sl 035" Sl |
Voad il ojl 4 (939)9 55 5l ol Slans (5551 )l 3503
2 &S 039 Mo yd £ lie 4 (eolpiudy 0 Mg malud (ST ue lawgl dids
ol sanlie B (AN JS

saals (d)Id g (€D (sla s )3 sl 0313 3gup0 4dBy (o (5,13 0 400
bl 5 g 02y 10)3 AV 5 VR e i Sl 33 s Sl
Cowl Mb L{U)] 4939@&)13): o)ﬂ)db)ﬂwgia‘nmuoﬁ)gﬁ

OF Sl dhog & e clpledlo db A ojle
oalS b gyl jed 059 Al Sl cod unl sud (g5l (ool
@ b Gl es o S S doyd bl 3 g VF
IS s a8 conl Bl &)l oS LS o3 L asds o o0,Shes o
ol cpl o Jials dasiale Al oly sl o saalio LB (a)VF
sanlie b8 (D)VF UK 13 a5 sl o yd V8 0sd (gjlute o5l (sl
o) o PR ialS b g dye SOop ojes A5 5l cod g e
L gl b Sl el (60 Slas o i (65l o3l (gl ol
deu.BLb)lpdlp@bwsdd)lb))o)ﬁ;d))ﬁoﬁ@m
a8 A3l5 cuslBolis Sl cov g Cal saalie LB (C)VF IS5
OB b o5 e STye Lo (gilage il Slib 555 S o>
o 4 03 3 L Gig) 908 bl (9Sles a5l a0 )3 4
2 &S Al wle dgp oS ol L ddds o ooy (60, Sles
ol oanlie BB (d)VE S5

390 05> A3 5l cov &S L slapledle aib Ve ojle
(63l il 5 005 (g3lgg 03l AT o yele il 4B S )8 5 ]
Sy oy 3 )Ses haw 3 93 1 (el (95 pan ST b oS
Cans doyd YA lie (idlS b o (gl 05l p0 Lol A adBy o
St o 3 Sl s ot 5 il ol 510> 35
o3k 50 .l sdalice BB dyg0 cpl @)V S p3 oS 008 Ly Judas o8
Uil Ao 3 YV liee 4y ytel )l cpl ddgiale a5 51 cod snd (g jlupg
Veoojle ol o 1) Glads 55 Caws dop el sdoy FA tals
o a5 dgad ot liin 65 i 0Xigus palud )SThe Lo (g5l 4t
O Sles paw 4 wad 3 L S el il leidle cpl (g0 Sas
dl).» )...nl)b U”‘ )‘..\.Qn o dﬁﬁl) LO.s)‘ pS L5’|)> L: 4959 « d)l.)).g 0 2
DR Oliee 4 gS S35 09> Al Cod gilu I o Qe Lo (pren
gaw & 0ad B L Gl el (93)Skes o g @l el ao )
S5 > a5 4Bl a5 (23 L Ay (g il oy 3 Ses
ol oanlie b8 3yg0 oyl (d)VY

V5AY



Wee VY dio NF-Y JL“’ A o)l.ow: PAI 0)9 ‘)AS).:.AI ul)o.c uw.b.e(c du).a.w

e=fles Structure with HED damper e=fles Structure with HED damper
e=@==Jncontrolled structure e=@== ncontrolled structure
9 r 9 -
8 F s
7 F 7}
_ 6 F 6 F
) —
3 g
— 5 | 2
z =5
° S
= ]
L &
4t 4 |
3 F 3 L
2 F 5 L
' 0 0.5 1 1.5 ! . . .
’ drif o ’ 0 0.5 1 1.5
Max inter-story drift ratio ¢ . . .
y ? Max inter-story drift ratio %
(a). El Centro (b). Hachinohe
enllem Structure with HED damper —— Structure with HED damper
e=@== Jncontrolled structure e=@== Jncontrolled structure
9 r 9
8 8
7 F 7
6 6

Story level
(2]
T
Story level
(9]

4 | 4

o L 3

L 2

1 - - ; ! '
0 1 2 3 0 2 4

Max inter-story drift ratio % Max inter-story dift ratio %

(¢). Northridge (d). Kobe
i (955 ot 5T a0 b 80w (55l 03w b Lo 4l A 05w LD 39 38 Cod o yd duy e N8 S

Fig. 16. Comparison of percent inter-story drift of the 9-story benchmark structure before and
after rehabilitation with the proposed elliptical damper.
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Fig. 17. Comparison of percent inter-story drift of the 20-story benchmark structure before and
after rehabilitation with the proposed elliptical damper.
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18. Comparison of input energy to the 3-story benchmark structure and dissipated energy by the
proposed elliptical damper.
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Fig. 19. Comparison of input energy to the 9-story benchmark structure and dissipated energy by the proposed el-
liptical damper.
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Fig. 20. Comparison of input energy to the 20-story benchmark structure and dissipated energy by the
proposed elliptical damper.
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Fig. 17. Comparison of percent inter-story drift of the 20-story benchmark structure before and after reha-
bilitation with the proposed elliptical damper.
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Fig. 18. Comparison of input energy to the 3-story benchmark structure and dissipated energy by the proposed
elliptical damper.
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