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Optimal Design and Performance Assessment of Viscous Dampers in Steel Frames

Based on Life Cycle Cost
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ABSTRACT: In recent years, it is tried to express the expected performance of structures as financial
and social measures. In this study, an algorithm for the optimal design of viscous dampers with the goal
of achieving minimum total cost is presented. For this purpose, an appropriate cost model to determine
the initial cost of equipping structures with viscous dampers has been presented and the expected
costs of the structure due to possible earthquakes over its life cycle have been estimated using life
cycle cost analysis (LCCA). The results of this analysis have been used in an optimization algorithm
with the aim of achieving the minimum total cost of structures. To evaluate the seismic behavior of
structures, the Endurance Time (ET) method is used as a dynamic analysis method which requires much
less computation effort than conventional time history methods. In this regard, three-moment frames
with 3,7 and 15 stories having weakness in initial design are modeled nonlinearly, and then, using a
genetic algorithm, the optimum arrangement of linear and nonlinear viscous dampers along with the
damping exponent (Alpha) is acquired. Two closed-form methods have also been used for the design
of viscous dampers, namely energy-based damping design and displacement-based design. Finally, the
performance of the structures has been evaluated and compared under 12 far-field and 12 near-fault
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ground motion records.

1- Introduction

Many research works have been done on the performance
assessment of structures equipped with viscous dampers [1,
2]. Life cycle cost analysis (LCCA) has been introduced in
the construction industry to take into account the economic
considerations in decision-making [3]. By using this analysis,
one can estimate the expected costs of possible earthquakes
over the life cycle of structures. In the area, Bahmani and
Zahrai [4] proposed a new method to characterize the
nonlinear viscous dampers. They determined the optimum
retrofitting level (ORL) and used the inter-story drift ratio
as the effective parameter to calculate the failure cost of
structures. In 2016, Basim et al. [5] presented a novel design
approach based on the total value of the structure using
the benefits of the Endurance Time (ET) method. Their
proposed method for calculating the life cycle cost using
the ET method can greatly reduce the amount of required
computation effort and allow the use of cost as an objective
function in the optimization process which is addressed in
the current study.

By using the aforementioned method in this study, it is
attempted to propose a suitable solution for the optimized
design of viscous dampers based on the life cycle cost. Thus,
steel structures equipped with linear viscous dampers are
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designed to have the lowest total cost over their lifetime.
Also, in structures equipped with nonlinear viscous
dampers, in addition to the damping values, the optimal
damping exponent (« ) is also determined based on the
minimum total cost of the structures. To estimate the initial
cost, an appropriate cost model is presented here and on the
other hand, expected costs due to possible earthquakes are
estimated based on a common framework in the technical
literature. The total cost of the structure (the sum of the initial
cost and the lifetime cost) as an objective function is used
in an optimization algorithm. The results of the proposed
framework are compared with the results of two closed-form
methods, namely, energy-based damping design (UD and
SPD) and displacement-based design (DBD). In addition,
the performance of the structures has been evaluated and
compared under 12 far-field and 12 near-fault ground motion
records.

2- Cost analysis
2- 1- Life cycle cost

Calculating the Life Cycle Cost (C .) requires
determining the number of damages that occur during an
earthquake in a structure. Damage may be expressed using
different Damage Indices (DI). An example is a relationship
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Fig. 1. . Comparison of ET Curve for 7-storey structure with
different damper designs with allowable limits of ASCE41-13.

between the inter-story drift ratio and the limit states used
in ATC-13 [6]. The life cycle cost (C, ) is calculated as the
sum of the calculated cost according to the various damage
indices (Eq. 1).

DI i
CLC(IBS): ECLC(LS) (1)

Each cost component due to a damage index is a function
of the sum of the limit state costs of the system according to
Eq. 2.

Cri(t,s) = > f(Cis.t,5) @

In this equation, n is the number of limit states considered
for each damage index. includes damage repair cost, loss of
contents cost due to inter-story drift, loss of contents cost due
to floor acceleration, loss of rental cost, cost of income loss,
cost of injuries, cost of human fatalities. The quantification
of these damages as economic parameters depends on many
local and social considerations and is addressed in work
by Wen & Kang [7]. According to the method proposed by
Basim et al. [5], the expected costs due to future earthquakes
can be calculated using the ET method to acquire the
structural responses at various hazard levels and the mean
cost parameters from [6] and [8].

2- 2- Initial Cost

The initial cost of $600 per square meter is assumed for
the entire area of the bare building. This study requires the
estimation of the initial cost of the dampers in the process of
cost analysis and since no appropriate cost model has been
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Fig. 2. Comparison of cost components for different damper
designs and without damper for one square meter in the 7 story
structure.

reported for the initial cost of FVDs, a simple cost model is
proposed in this study based on a survey on Maurer’s products
(MHD). This model is used here to estimate the initial cost of
dampers in terms of the damping force and stroke of dampers

(Eq. 3).

MHD Price = 6295.552 x exp(0.5 x
(((log(F)x1000—14.732) / —0.545)* + (1.06 E +47) (3)
xexp(—0.5 x ((log(stroke) — 464.046) / —32.452)?))

where F and stroke represent the force induced in the
damper at a velocity of 1 m/s and the allowable displacement
of the two ends of the damper, respectively.

3- Results and Discussion

In this study, three steel moment frames with 3, 7 and
15 stories and weaknesses in their initial design have been
investigated. OpenSees software was used to conduct
time history analyzes. The viscous dampers are optimally
designed for structures to have the minimum total cost. In the
first step, the linear viscous dampers are optimally designed
and in the next step, the damping exponent (« ) is added
to the optimized parameters, and the damping coefficients
and damping exponent (« ) are optimally designed for the
nonlinear dampers.

Figure 1 shows the ET Curve for the 7 story structure
with various designs of viscous dampers to compare their
seismic performance at different hazard levels according to
ASCE41-13 [9]. The nonlinear optimum dampers have the
best performance among others.

Figure 2 shows the cost components per square meter for
the 7 story structure with different designs of dampers. The
structure equipped with optimal nonlinear viscous dampers
with an optimum alpha value of 0.3 has the lowest total
cost compared to others. It should be noted that only the
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loss of contents cost due to floor acceleration in nonlinear
design is more than the linear one. The justification is that in
nonlinear viscous dampers at velocities less than 1 m/s, the
force induced in the damper is higher than the linear dampers.
As a result, the acceleration generated by nonlinear dampers
at lower excitation intensities will be greater than those for
linear dampers and this will increase the expected costs of
loss of contents due to floor accelerations.

4- Conclusions

. A cost-optimal design algorithm for structures with
passive control systems was presented. The endurance time
method is used to estimate the seismic response of structures
at different intensity levels.

. It was shown that the ET method provides a proper
tool for estimation of expected costs while the amount of
computational effort is kept at an acceptable level to be used
in the optimization process.

. Using the life cycle cost analysis of structures
equipped with nonlinear viscous dampers, the optimum
damping exponent (¢« ) is obtained 0.3. Therefore, the use
of this value in the design and production of viscous dampers
is suggested. It has also been shown that nonlinear dampers
have a better performance in reducing the maximum inter-
story drift ratio than linear dampers.

. Comparison of expected costs in structures equipped
with viscous dampers for the three structures showed that the
use of these dampers reduces the life cycle cost of structures
and the reduction is large enough to justify the added initial
cost of dampers.
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Table 1. Limits for damage indices (drift and floor acceleration) for moment frames [19, 20]

Performance Damage Drift ratio limit Floor acceleration limit
level states ATC-13(%) (g
Elenas and Meskouris
I None 4<0.2 Af1o0r < 0.05
I Slight 02<4<05 0.05 < a0y < 0.10
11 Light 05<4<07 0.10 < afjp0r < 0.20
v Moderate 0.7<4<15 0.20 < agj0r = 0.80
A% Heavy 1.5<4<25 0.80 < agjpor = 0.98
VI Major 25<4<5 0.98 < a0y < 1.25
A1 Destroyed 50<4 1.25 < agjg0r
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Table 2. Formula for cost calculations in US Dollars [19, 22]

Cost Category Calculation Formula Basic Cost
Damage repair Replacement cost X floor area Xmean damage index 1500 mu/m?
Unit content cost X floor area X mean damage index 500 muw/m?

Loss of content

Rental

Rental X gross leasable area® Xdisruption period Xloss of function

10 mu/month/m?

index
X < di ; od X ;
Income Income rate X gross leasable area disruption period X down time 2000 mu/person
index
. .. Minor inj cost per person Xfloor area Xoccupancy rate * Xexpected
Minor injury Jury perp upancy xp 2000 mu/person

minor injury rate

Serious injury

Serious injury cost per person Xfloor area Xoccupancy rateXexpected 2
serious injury rate

X 10°mu/person

Human fatality

Death cost per person Xfloor area X occupancy rate X expected death 2.8

X 10°mu/person
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Table 2. Parameters of limit states for cost calculations [24]

FEMA-227 [21] ATC-13 [19]
Expected
Limit State Mean minor EXP?Cted Expected LOSS.Of Down time
Damage iniu serious death rate function (%)
Index (%) rJa tzy injury rate (%)

(I) - None 0 0 0 0 0 0
(IT) - Slight 0.5 3.0E-5 4.0E-6 1.0E-6 0.9 0.9
(III) - Light 5 3.0E-4 4.0E-5 1.0E-5 3.33 3.33

av)- ) ) )

Moderate 20 3.0E-3 4.0E-4 1.0E-4 12.4 12.4
(V) - Heavy 45 3.0E-2 4.0E-3 1.0E-3 34.8 34.8
(VD) - Major 80 3.0E-1 4.0E-2 1.0E-2 65.4 65.4

(VID - 100 4.0E-1 4.0E-1 2.0E-1 100 100
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Fig. 5. Schematics of the procedure to calculate the loss curve using the ET method for the 7 story frame without

dampers
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Table 4. ET analysis time vs hazard return period and structure fundamental period

No. type d?::i):r Mots:;r;ent Weight Net Price
ULS(KN) ex (xrmm) kg $
1 MHD 2218 60 480 3004.32
2 MHD 1023 70 170 3163.64
3 MHD 743 60 115 4278.88
4 MHD 751 75 80 8682.94
5 MHD 441 100 70 3379.86
6 MHD 1501 75 380 6919.04
7 MHD 882 100 180 4165.08
8 MHD 929 140 220 4882.02
9 MHD 565 127 150 3914.72

$laSle 4 bgye Slxedg ;0 o5 philes wleioe ay
Gl 4 ) MYS Ceeps 53 L Shee ol s S5 as yud 1S
il 5 555y ST pe a5 5 ilo Sy (g9, W oo o
sl ools leslatul b (ol ol 08,5 so s Y /S o 1 (59,5
Alwgy c_i’ L)‘}’ &° sl 00 4\5‘)‘ ))53LA g,S).w Ja.wy L Js\.\>
ey 53 e Soy ool 2 Sliee adsl sz eSS
Lg‘).g cd.,oT Cewd & (6 aJoleo 0l ‘_’u)‘)) u])w 99 (Sal?ub 9 \ m/S

s 00 oé)s]? dJa.:‘) ) L)?""‘))f))‘ OQLD.».M)‘L’).EJQ)}A M}s

705 0,55 Ay p Jolod il 0 39Sy 500 saddsl 5o 050
G Jow abgr e S8 Slool (o a5 cpl o 4 g 0 )ls 092y
G5 05 Bt (nl sadsl ane 3y5ln sl (olis
(MHD) us).m u}@m S9y » as G‘AJJUQA l) ol ouis
Soys S pile o g adsl sanie Jow o bl Maurer
Sladeie b jofany ST me Solite aiges A Ced ) cnl sl

2 ol e 9 Sl almlr 5 Shee bawgs Jooi LB (558

yYaA



VEVF B YPAL dis VF e+ Jlo & o)loud @F 0,93 ey el (ylpos swigen 4 s

| Cost(10008)
' [10000

9000

8000

7000

6000

| [s000
[ 4000
13000

100 % 80 70 00

Stroke (mm)

39590 (S0 Lwlw! o 5oy (51,5 po algl g 3B o0 (i3l dlwgy .F S

Fig. 6. The surface fitted to the available price data for viscous dampers
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Fig. 7. Schematics of the studied moment frames with dampers
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Table 5. Far-field ground motion records introduced in FEMA-P695 [15]

Earthquake Recording station Scale
ID No. PGA

Magnitude Year Name Name Comp Factor
1 6.7 1994 Northridge Beverly Hills - Mulhol 279 0.52 1.35
2 6.7 1994 Northridge Canyon Country-WLC 270 0.48 1.45
3 7.1 1999  Duzce, Turkey Bolu 090 082  0.85
4 6.5 1979 Imperial Valley Delta 352 0.35 2.00
5 6.5 1979 Imperial Valley  El Centro Array #11 230 0.38 1.80
6 6.9 1995 Kobe, Japan Nishi-Akashi 000 0.51 1.37
7 6.9 1995 Kobe, Japan Shin-Osaka 000 0.24 291
8 7.5 1999 Kocaeli, Turkey Duzce 270 0.36 1.94
9 7.5 1999 Kocaeli, Turkey Arcelik 000 0.22 3.18
10 7.3 1992 Landers Yermo Fire Station 270 0.24 291
11 7.3 1992 Landers Coolwater TR 0.42 1.66
12 6.9 1989 Loma Prieta Capitola 000 0.53 1.32

(18] FEMA-PG95 ;5 0ui (8 yxe (s (9 Sudji-0j9 (53,5, .5 Josa

Table 6. No-pulse near-field ground motion records introduced in FEMA-P695 [15]

Earthquake Recording station Scale
ID No. PGA
Magnitude Year Name Name Comp Factor
1 7.01 1992 Cape Mendocino  Cape Mendocino 000 1.49 1.00
2 7.62 1999  Chi-chi Taiwan TCU067 E 1.00 1.91
3 7.9 2002  Denali Alaska Taps Pump#10 047 0.33 1.91
4 6.8 1976 Gazli Ussr Karakyr 000 0.70 1.18
5 6.53 1979  Imperial Valley Bonds Corner 230 0.77 1.35
6 6.53 1979  Imperial Valley Chihugua 012 0.26 0.85
7 7.51 1999  Kocaeli Turkey yarimcan 060 0.22 1.37
6.93 1989 Loma Prieta Corralitos 000 0.64 1.66
9 6.93 1989 Loma Prieta Bran 000 0.45 1.82
10 6.76 1985  Nahani Canada Site 1 010 1.10  0.88
11 6.69 1994 Northridge La-Sepulveda 270 0.75 0.94
12 6.69 1994 Northridge saticoy 090 0.34 1.20
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Fig. 8. Damping coefficients for linear dampers in UD, SPD and DBD designs for a) 3-story b) 7-story and c) 15-story
frame
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Fig. 9. Total cost and damping exponent for design alternatives of nonlinear dampers for 7-story frame dur-
ing optimization process
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Table 8. Cost-based design of dampers for 7-story Table 7. Cost-based design of dampers for 3-story
frame frame
Linear NonLinear Linear NonLinear
Story No. C (kN.m/s) C (KN.m"3/s%3) Story No. C (kN.m/s) C (KN.m%3/5%3)
Story 1 0 200 Story 1 800 700
Story 2 750 500 Story 2 1200 700
Story 3 750 500 Story 3 900 500
Story 4 750 550
Story 5 750 400
Story 6 950 500
Story 7 950 400

b V0 05l (152 (p95,] (bl 32 0l (1) (5151500 A Jgoa

Table 9. Cost-based design of dampers for 15-story frame

Linear NonLinear
Story No. C (kKN.m/s) C (kN.m%3/s%3)
Story 1 250 400
Story 2 650 350
Story 3 550 500
Story 4 650 400
Story 5 0 400
Story 6 400 700
Story 7 0 400
Story8 800 550
Story 9 700 450
Story 10 750 400
Story 11 750 550
Story 12 850 450
Story 13 850 350
Story 14 450 450
Story 15 550 50
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Fig. 11. Phase velocity dispersion curves for a steel pipe with outer diameter of 220 mm
and wall thickness of 4.8 mm
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Fig. 12. Comparison of cost components for different damper designs and without damper for one
square meter in the 7 story structure

YEeA



0.06

Before Retrofit
DBD

— - — SPD

UD

Optimal-L

= = = = = Optimal-NL

e
o
oy

o
o
g

Limit ASCE41-13

Interstory Drift Ratio
= =
S S
[\ w

=
)
—

CP

(4
-

L X X X ¥ ¥ ¥

10 15 20

Time (sec)

13-ASCE4] a0l cpl (65,5 3905 U y5pe 59 05w g 551 a0 ilieo slaz b U ailb Y0 o3lw gl Curve ET gaulio VY JSS

Fig. 13. Comparison of ET Curve for 15-story structure with different damper designs with performance criteria of
ASCE41-13

FoS b3 568y ST digy b 4 < DBD g, 50
Sy il (oo i JS ane g adgl (g ange Gl (Jy ol
Slye 4 jzme o3l 0 pizmes OBl ced cuslin (golazdl Ll
oS 6 anye alox Slanie gle adlse plo s a5y
Sl anie lexslo wel o (28 cows jlas o glajlo >
b sl ) nle ) S Gl Slilian e 5 eaSle a0l
395y Sl 4 e ole eizmes il (oo Sy ST
b an b @ o Y A W jlade b ange st
GreS yos 0)sd duje g S S anje sl ey Slie
Sl 5l Al g 3, Cuss jlanie b o] 50 5 ablbie
Gailge ol Gag il el Slpe bt ang b 5l e
Ol & A (b e 9SS @ e la osle jo e
Caoglie \ /S 5l S slosie o )0 1 ST e ol jo a5 conl cde
b Sl 5l i <8 Jlie 5o STie (959 5y oobe
2 Al 5 0gbice Sl 10 (6 (9,0 dbml Eely g 00y
Slib jo el jee asyjo g oals sl DLl oz 58 gl ST,

g alys h Slre 5l i Gl S laoad )

So D)z dr (oleiiay by, 5o 0ad (b wg, SV S o

YFed

adgl anze jlade b ojle 5l plaS e po bl (s pe g (s
lop) colae JS Slp @ o Y0 Fr e Jolo ojlo clo
O5ws @ Yl o b SS pl o il sals a8 )3 L o ojle
9 Slee 4 oo s adsl anse cm banie plo gsece
ojle Colue Sl ampe o o Sl A joe 090 Sladn o (rizren
Ol O 50 098 o0 cdaline aS AigS les LZewl ool ool lis
b e Sy Sle @ e ojle ALk (2l 25k 0
a2 S b SThee G ojle 5 ats 058 (Sladgy 4 s
b o d 5 She & oome ojle (izmen 2Bl JS
2l & S 1) U5 ase a8 5+ IY atge (W) ey g5
Sl o yog,
o5l solod ;0 00,5 o alaxdMo YU slo S j0 aS jghailen
09 ol 5l yieS ange sla adlge oled Slre 4 e o
il Sl (Hhb > Gl (g om0 Wl (oo ST
a3 (S oo L b ae b jeShny Sl 4 e
Sl 5l G Gleitle Shigime (338, Cows 3l ange lads (JS
ko az 51 .csl 2aS SPD 5 UD g, a4 e ol 2y 0
Sy g Qs Gl AL pleisle Shgie (53) Zews e



YEVF B YYA 4 N F- e JLu & D)Lcu“: HY 0)9d ‘,:.S,:.ol u])o.c (ewdige s

= damper cost B content cost acc content cost drift
240 TOT ® damage cost m fatality cost ¥ income cost
220.31 B minor injure cost  Mrental cost M serious injure cost
2.29
200
0.80 TOT TOT
160.60 161.21
160 0.41 0.45 TOT
0.27 0.29 128.96
» 0.28
< 120
2 0.21
1.74
8 1.98 TOT
1.08 75.92 010
80 ’
12.24 12.66 0.08
1065 1017 0.39
40
24.23
N |
without damper DBD SPD UD Optimal-L Optimal-NL

b ¥ ojlw )3 @y Sy 8132 e g 05l g 5T e Aliee S 251 (gl 4 3B (G Ao Gamnlie NP JSUS

Fig. 14. Comparison cost components per square meter for 3-story structure with different damper
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Fig. 15. Comparison of cost components for different damper designs and without damper for one
square meter in the 7 story structure
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Fig. 16. Comparison cost components per square meter for 15-story structure with different damper designs
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