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1. Introduction

* Control of vibrations by viscous and/or viscoelastic
materials used for several decades on aircrafts and
aerospace structures.

 First use of viscoelastic dampers Civil Engineering
structures:

— 10 000 viscoelastic dampers installed in each twin towers of late
World Trade Center in New York (1969).

— dampers designed to reduce wind vibrations.
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1. Introduction

Damped Outrigger Concept to mitigate wind vibrations in tall buildings -The St. Francis
Shangri-La Place, Mandaluyong City, Philippines.

Viscous dampers used to damp relative motion between outriggers attached to central
core and perimeter structure.

Similar or higher damping levels (up to 10% critical) than Tuned Mass Dampers (TMD)
can be achieved without adding weight.

Moment (MNm)
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1. Introduction

e Only In last two decades dampers
Incorporating viscous and/or viscoelastic
materials used in seismic applications.

e Chapter discusses behaviour of structures
equipped with viscous or viscoelastic dampers
under earthquake ground motions.
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2. Hysteretic Behaviour of

~ Linear and Nonlinear Viscous Dampers
e Linear Viscous Dampers

Consider first a pure wiscous element subjected to a time-varying relative amal
displacement lustory x(7) given by:
x(f) = Xpsinof (6.1)

where X is the displacement amplitude between the two ends of the element and ® 1s
the circular forcing frequency. The axial force F(f) induced in the element is linearly
proportional to the relative velocity between 1ts two ends:

F(t) = Crx(t) (6.2)
where C; 1s the linear miscous damping constant.
Substituting Equation (6.1) into Equation (6.2) yields:
Fit) = CroX,cosmf (6.3)

From basic triponometry:

cost = +4/1 — sin'ot (6.4)
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2. Hysteretic Behaviour of

~ Linear and Nonlinear Viscous Dampers
e Linear Viscous Dampers

Substituting Equation (6.4) into Equation (6.3) wields the force-displacement
relationship for the hinear mscous damper:

F(t) = 2Cro.X2 —xX(t) 6.5)
O
| : \ 2
FO _ 4 |y (X)) 6.6)
XogCro A . ¥
.J:";‘-'“_.m

T
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2. Hysteretic Behaviour of
Linear and Nonlinear Viscous Dampers

e Linear Viscous Dampers

The energy dissipated by the linear viscous damper in each cycle E_; is the area under
the force-displacement relationship:
In/w In/@

Eg= [F(ni(ndt = Cio'X; | coswr dr 6.7)

0
winch yields:

nSm
E, = CioXo E + ﬁsmlmr} = O aXp (6.8)

o

0
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2. Hysteretic Behaviour of
Linear and Nonlinear Viscous Dampers

— Derivation of equivalent viscous damping formula

Make :E , =C 7aD’  =E,

max

 Hysteretic response of any system

) _ _ E D
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] g L eq 2
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One Cycle f."' | Energy max
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s | é’ D D
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D, Deformation max eff = max
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e
Effective Stiffness g 1 2 472' E
| at Peak Deformadon 472' — keff Dmax S

* Note: o is assumed equal to the fundamental frequency of the system
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2. Hysteretic Behaviour of
Linear and Nonlinear Viscous Dampers

e Nonlinear Viscous Dampers

— Fluid type dampers can be designed to behave as
nonlinear viscous elements by adjusting their silicone ol
and orificing characteristics.

— Main advantage of nonlinear viscous dampers is that in

t
0

ne event of a velocity spike, the force in the viscous
amper Is controlled to avoid overloading the damper or

t

ne bracing system to which it is connected.
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2. Hysteretic Behaviour of

Linear and Nonlinear Viscous Dampers
e Nonlinear Viscous Dampers

The axial force developed by a nonlinear viscous damper F(7) is expressed by:

‘ F(t) = Cyysan(i(0)|x(1) "d‘ (6.9)

where (' is the nonlinear viscous damping constant and ¢,,; is a predetermined
velocity coefficient in the range of 0.2 to 1
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2. Hysteretic Behaviour of
Linear and Nonlinear Viscous Dampers

e Nonlinear Viscous Dampers

LD '3
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» Performance-Based Design Example of Lock-up Devices (o4 > 1)
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2. Hysteretic Behaviour of
Linear and Nonlinear Viscous Dampers

e Nonlinear Viscous Dampers

Consider a nonlinear viscous damper subjected to a harmonic relative displacement
time-history between its ends x(7) given by:

x(f) = Xysinot (6.10)

Substituting Equation (6.10) into Equation (6.9) yields:

o,
F(1) = Cyrsgn(cosor)|oX,cosof v (6.11)
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2. Hysteretic Behaviour of
Linear and Nonlinear Viscous Dampers

e Nonlinear Viscous Dampers

Substituting Equation (6.4) into Equation (6.11) yields the tforce-displacement

relationship for the nonlinear viscous damper: — _
cos@mi = .1 — sif
= |
“ (N
- - = | 1 —[M—;f],] J (6.12)
Cr (X,0) ™ 0
ﬁ‘f_-., iy =0
i s i —-=r—_—-_/ g = 0.5
,.-"'Fﬂ- —— T
// g = lﬂ
? X
X,
A\ _
-1k . it ]
— .
15

Chapter 6 — Viscous-Viscoelastic Dampers



2. Hysteretic Behaviour of
Linear and Nonlinear Viscous Dampers

o B
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2. Hysteretic Behaviour of
Linear and Nonlinear Viscous Dampers

* Nonlinear Viscous Dampers

The energy dissipated by a nonlinear viscous damper in each cycle E,; is the area

under the force-displacement relationship:

2.‘::':':: | } um,+1r:..:.m g+ 1
E, = | F(ni(hdt = 4C\X,0) J cos ®f df (6.13)
1]

Evaluating the integral on the right-hand-side of Equation (6.13), we get:

agti . T(1+0,,/2)

6.14
2o I'(3/72+a,,;/2) 619

E,; = 4C;(X,0)

which can be rean‘anged to vield:

a,+1 o L(1+0.,./2)
E.,=2/nCo (X))@ " _vd 6.15
va = 2T G () T(3/2+0,,/2) 61

where I' is the gamma function.
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3. Hysteretic Behaviour of Viscoelastic Dampers

Viscoelastic dampers provide both a velocity dependent force
and a displacement-dependent elastic restoring force.

Typically made of copolymers or glassy substances.

Often incorporated in bracing members and dissipate seismic
energy through shear deformations of viscoelastic material.

F L Vincoelastc
E:I' ~ WA meriall

CIE 626 - Structural Control

18
Chapter 6 — Viscous-Viscoelastic Dampers



3. Hysteretic Behaviour of Viscoelastic Dampers

« Kelvin solid is simplest model that can represent

behaviour of viscoelastic dam

pers.

e Assume that Kelvin solid is of unit height and unit
area: displacements can be expressed as strains, and
forces can be expressed as stresses.
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3. Hysteretic Behaviour of Viscoelastic Dampers

(3

] =¥
NN )

L

(3,
By equilibrium:

I

Telf)+T.(F) = T.A7)

(6.16)

where Tg(7) 1s the shear stress carried by the elastic component of the material at ime

I and T.(7) 1s the shear stress carnied by the viscous component of the material at tume 7.
By shear strain compatibility:

Ve(h) = v.(1) = 7,(7) (6.17)

where Yg(7) is the elastic shear strain at time [ and Y_(7) 1s the viscous shear strain at

time . The shear strain rate across the element can be obtained b}* diff&rentiat.iﬂg
Equation (6.17) with respect to time:

Ye(1) = 1(1) = 7.(1) (6.18)
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3. Hysteretic Behaviour of Viscoelastic Dampers

a3,

L NNN— =)
Tr E G
(i,
oo

Replacing the constitutive relations for the elastic and wiscous components in

Equation (6.18) yields:

. o
‘ tel) TFG{ R (6.19)

E C

or

Tz(1) = Ggy (1)
(6.20)

T.(1) = Goy.(1)

Substituting Equation (6.20) into Equation (6.16) leads to the shear constitutive
relationship for the Kelvin solid:

| t.(1) = Gev.(t) + Gey.(t) (6.21)
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3. Hysteretic Behaviour of Viscoelastic Dampers

If the viscoelastic material has a shear thickness /i, and a shear area A,

Equation (6.21) can be transformed into a force-displacement relationship (F (1) =x(7)):

F(t) = kx(t)+¢ .ﬂﬂ (6.22)
where:
Pzl q = S (6.23)
h h
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3. Hysteretic Behaviour of Viscoelastic Dampers

Now assume that the Kelvin element 1s subjected to the time-varying relative axial

displacement lustory x(7):
x(f) = Xysinof (6.24)

where ‘YD 1s the displacement amplitude between the two ends of the element and @ 1s
the circular forcing frequency. The axial force induced in the viscoelastic damper Fi(r) is

obtained by substituting Equation (6.24) into Equation (6.22):

F(1) = kX sinof + cX,0cosof (6.25)
Substituting Equation (6.4) into Equation (6.25) yields: coset = £./1 - si’eot
F(f) = kX sinof + eX,04/1 - sin’or (6.26)

Or.

F(1) = k x(1) + coX,=x (1) (6.27)
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3. Hysteretic Behaviour of Viscoelastic Dampers

Rearranging Equation (6.27):

s 2

F(1) _

Xy,co

1 0 1
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3. Hysteretic Behaviour of Viscoelastic Dampers

Again, the energy dissipated by the Kelvin solid element in each cycle E,,; is the area

under the force-displacement relationship.

In/@ In/w 21/ @
E,.; = | F(hx(Hdt = k X; o J sinof cosordi +¢ X; o J cosor df  (6.29)
0 0 0
which yields:
Inio 2/ @
“ E..,=kX, m[i sino? J +C Xﬂlml[i + 1 shlze}r} (6.30)
2m 2 4o
0 0
and finally:
‘ E,, = Em.-:._iﬂ (6.31)

CIE 626 - Structural Control o5
Chapter 6 — Viscous-Viscoelastic Dampers



3. Hysteretic Behaviour of Viscoelastic Dampers

« Material properties of Kelvin element can easily be
obtained from displacement- controlled sinusoidal
tests at various excitation freauencies

o i
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3. Hysteretic Behaviour of Viscoelastic Dampers

The equivalent viscous damping ratio of a viscoelastic damper represented by a Kelvin
element & can be obtained from first principles:

C

2

=
=

(6.32)

where © 1s the oscillating circular frequency of the element and m is the mass
connected to its ends. Equation (6.32) can be re-written as:

-
£

coo _cto _ G.o

= — = = (6.33)
20k 2k 20
In the theory of viscoelasticity, Gy is defined as the shear sforage modulus of the

viscoelastic matenal, which i1s a measure of the energy stored and recovered per cycle;

G @ is defined as the shear loss modulus, which gives a measure of the
per cycle

CIE 626 - Structural Control 57
Chapter 6 — Viscous-Viscoelastic Dampers

J




3. Hysteretic Behaviour of Viscoelastic Dampers

Another measure of the ENergy dis-sipa:iu:m -:apan:it_'i' of the vizcoelastic material 15
wwen by the Jorr facfor 1) defined as:

Ge® _ .z X
n = — = 2L (.24
Gg
Note that by combiung BEquations (6.33) and (6.34), the damping constant of the
vizcoelastic damper € can also be expressed in terms of the loss factor, -

C = (6.33)

eI,
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4. Variation of Shear Storage and Shear Loss Moduli

of Viscoelastic Materials

« Shear storage modulus and shear loss modulus, or shear
storage modulus and loss factor determine dynamic
response In shear of viscoelastic material, modeled as a

Kelvin solid, under displacement-controlled harmonic
excitation.

 Moduli depend on several parameters:
— excitation frequency,
— ambient temperature,
— shear strain level, and

— variation of internal temperature within the material during
operation.

CIE 626 - Structural Control 29
Chapter 6 — Viscous-Viscoelastic Dampers



4. Variation of Shear Storage and Shear Loss Moduli
of Viscoelastic Materials

Table 6-1: Geometry of Viscoelastic Dampers Tested (after Chang et al. 1993a, b)

Marerial Type  Shear Area {rnn'.g'] Thickness {mm) Volume {1131113:

A 968 5.08 4917
B 1936 762 14752
c 11613 3.81 44246

Type A Lu.nlplr T= L-I- "L Type A Ll'.i.n||1t1','l. =42 L
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Figure 6.7 Hysteretic Responses of Viscoelastic Dampers, at 5% Shear Strain and
at 3.5 Hz Frequency (after Chang et al. 1993b)




4. Variation of Shear Storage and Shear Loss Moduli
of Viscoelastic Materials

Table 6-2: Variations of Viscoelastic Damper Moduli, 5% Shear Strain, 3.5Hz
(after Chang et al. 1993b)

Material ~ Iemperature G Ge @ n = Ge @
Type (°C) (MPa) (MPa) Gg
A 21 278 3.01 1.0

24 210 238 1.13
28 1.57 1.90 1.21
32 1.17 1.37 1.17
36 0.83 0.90 1.08
40 .63 0.63 1.00
E 25 1.73 208 1.20
30 1.29 1.54 1.19
34 0.94 1.11 1.18
36 076 054 1.10
42 0.62 .65 1.03
C 25 019 017 0.90
a0 016 01z 0.75
4 014 0.10 0.71

38 01z 0.08 0.67
N 31
42 0.11 007 0.64




4. Variation of Shear Storage and Shear Loss Moduli
of Viscoelastic Materials

Table 6-3: Variations of Moduli for Viscoelastic Damper Type B (after Chang et

al. 19 '.:33!1::}.
Excitation  Shear Strain _ —
Temperature  Freguency Level G Gew  y = Ge @
(°C) (Hz) (%a) (MPa) (MPa) G
24 1.0 5 .98 1.17 1.19
20 0.96 1.15 1.20
3.0 5 1.88 223 1.19
20 1.77 211 119
36 1.0 5 0.41 046 1.12
20 .40 045 1.13
3.0 5 0.74 .82 1.11

20 0.71 Q.77 109 32




5. Dynamic Analysis of Structures Incorporating
Viscous and Viscoelastic Dampers

« Single Storey Frame

The Eq1la1i.c:-1: of motion can be written as:

mI(F) + ci(f) + kx(f) + Fpgg(f) = —m Ia{” (6.36)

where Fp,y 15 the lateral ftorce prowided by the wizcoelastic damper and ¢ is the
equvalent wizcons damping constant of the unbraced structure. The amal force in the
bracing element F(f) correspondmng to the shear force across the damping matenal 13
gven by Equation (6.22):

F(t) = kE A(t) + T A(t) (6.37)

where A() 1s the dizplacement between the two ends of (and parallel to) the bracing
member. (1)
m —

Visco-Elastc

Damper, ¢, k ~

k2 k2

Tension-Compression -
Brace
{assumed rigid)

G5 — :

Earthquake Excitation




5. Dynamic Analysis of Structures Incorporating
Viscous and Viscoelastic Dampers

e Single Storey Frame

By equiibriam:
Fea = F(t)COSY (6.38)

ved

Brv companbality:
A(t) = x(t)cosy (6.39)
Substimting Equations (6.38) and (6.3Y) mto Equation (6.37) and the resulting
expresuon mto Equaton (6.36) nelds:

mE(r) + ci(r) + kx(r) + (kx(f) + Bi(t))cosy = —mx 1) (6-40)
L) i
mE(1) + (¢ + Ecosy V() + (k + kcosy x(f) = —m la{!} 6.41)
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e Extension to Multi-Storey Structures

Assumung that the structire remains elastic when equpped with wiscoelastic dampers, the

equ;aticms of motion can be wnitten as:

I[[M] + [A]]{x(0)} + [C]+ [21]{x(0)} + [[K] + [F]] {x(n)} = —[-‘l*f]{i"’}f;iflﬁliﬁ-”rl,'l

where [i] is the mass matnx corresponding to the added dampers, [€] 1s the added
vizcous damping matnx attnbuted to the wscoelastc dampers and [%] is the global
suffness matnx attributed to the added mscoelaste dampers.

If the damping matre corresponding to the added dampers [£] 15 assnmed to have the
same orthogonality properties as the ongnal mass and stiffness matnices of the structire,
standard modal analvsiz can be used to nacouple Equation (6.42). The equation of motion
for the i mode can be written as:

Mt (1) + Cati (1) + Kai (1) = Pi(t) (6.43)

where:
M, = . -I'“} [[M] +[m]]4- -I'“} 15 the generalized mass in mode 7

{;_- = {.:-1 } ICT + [E]114- 4"} isthe generalized damping coefficient 1n mode 7
K = {;1 } [[KJ +[£]14 -I' '} 1s the generalized stffness coefficient in mode 7
Pty = —{A" YV [M]{r} X (f) 1z the generalized dymanuc loading i mode 7
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5. Dynamic Analysis of Structures Incorporating

Viscous and Viscoelastic Dampers
e Extension to Multi-Storey Structures

The analysis can be simplified by assunmlg? conservatively, that the inherent dampmg

of the structure is neglioible compared to the supplemental damping provided by -~ the

added dampers. The mass of the dampers can also be omutted since it is usually negligible

compared to the mass of the structure.
The modal response in the 7 ' ode of vibration U A7) can be obtained by Duhamel's

mtegral:

.
Sy (f—1)

uAt) = = ]= |Pr-{r)£«:' ‘ Sillf:]dr'[f—'fldf (6.44)

—

where @; is the I th undamped modal frequency of the structure with added
viscoelastic dampers, g 1s the i"th damped modal frequency and Z; is the f'th modal

damping ratio due to the added viscoelastic dﬂIﬂPEIS. These quant.it.ies are givﬁn b}f:
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5. Dynamic Analysis of Structures Incorporating

Viscous and Viscoelastic Dampers
e Extension to Multi-Storey Structures

=i

©O;

K
_"1*1- i

~2 2 -2
Mg = Op 1 — Ci

Ci

2 i ;'-"l—ir;'
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5. Dynamic Analysis of Structures Incorporating

Viscous and Viscoelastic Dampers
o Extension to Multi-Storey Structures

. th : . . - i )
The 7 modal damping ratio <; can be expressed in terms of the properties of the

viscoelastic material. For this purpose, one realizes that the elements of [¢] are a linear

combination of the damping constants of the indmvidual wiscoelastic dampers mn the

structure. Assuming that only one viscoelastic material is used, these elements of the [€]
matrix € can be related to the elements of the [£] matrix & using Equation (6.35):

—_—
-5 =
fr ~

28k Mk .
‘ ¢, = —=ifgk — Dtk e = (6.46)
D Dy

e,

—

where 1), 1s the loss factor of the wiscoelastic matenal at a frequency ©;.

From Equation (6.46), the [¢] matrix can be expressed in terms of the [k] matrix:

[e] = %[ (6.47)

) i

CIE 626 - Structural Control 38
Chapter 6 — Viscous-Viscoelastic Dampers




e Extension to Multi-Storey Structures

Furthermore, the generalized damping coetficient in the i ™ mode can be expressed in
terms of the basic properties of the viscoelastic material (Equations (6.33) and (6.34)):

| ¢ = (A [eHAY) = 15

where K; = {A[”} [k] {A“J} is the geuerﬂhzed stiffness coefficient in mode 7
corresponding only to the added viscoelastic dampers.
From Equation (6.43), the i % hodal damping ratio can be obtained by:

(6.48)

J'

= = { (4T 2 (1) 2
g o= Dt o M %[1- 4 3K} | g’[l-i (6.49)
20/ M; 2K (A" VK] + k1144 Lo
th

where ; is the 7~ modal frequency of the original structure before the viscoelastic

dampers are added.
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5. Dynamic Analysis of Structures Incorporating
Viscous and Viscoelastic Dampers

o Extension to Multi-Storey Structures

— As an alternative to modal analysis: time-history
analysis.

— Each individual damper is inserted into the structure with
own mechanical properties (k and ¢c). ~

— Properties are assumed constant for all modal
frequencies.
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6. Existing Viscous and Viscoelastic Dampers

— Despite significant research effort, viscoelastic
dampers have not wide application in North
America and Europe.

— Purely viscous fluid systems, on the other hand,
are now widely used and are the focus of this
section.

CIE 626 - Structural Control 41
-[é Chapter 6 — Viscous-Viscoelastic Dampers



6. Existing Viscous and Viscoelastic Dampers

Typical fluid dampers incorporate a stainless steel piston with a
bronze orifice head.

Device filled with silicone oil.

Piston head utilizes specially shaped orifices that alter flow
characteristics with fluid relative velocity.

Force produced by damper is generated by the pressure differential
across piston head. Cylinder

Compressible

Fiston Faod Silicone

e

& I-'I l".
x_; Chamber |I, Chamber 2 \Rod Make-up
) ! A’ Aucou mul ator
High Strength Piston Head Control
Acectal Resin Seal with Orifices Walve

42

Figure 6.9 Viscous Fluid Device (after Lee 2003)



6. Existing Viscous and Viscoelastic Dampers

 Various structural models, with and without fluid dampers
manufactured by Taylor Devices Inc., tested on the shake table at the
University at Buffalo from 1991 to 1995.

e e.g. 1/4 scale 3-storey test structure (Constantinou et al. 1993).
 Model had weights = 28.5 kN distributed equally on the three floors.

Ballast Seel
FRONT VIEW Blodks SIDE VIEW

N
T

1.23m Qﬁ}x

Testing Direction Shake Table 43

Figure 6.10 ThIEE—StOI'E‘_i," Steel Frame Tested With and Without Taylor Devices
(after Constantinou et al. 1993)




6. Existing Viscous and Viscoelastic Dampers

Table 6-4: Dynamic Characteristics of Three-Storey Steel Frame (after

Constantinou et al. 1993)

Mode No Dampers 4 Dampers 6 Dampers
l Frequency (Hz) 2.00 2.11 2.03
Damping Ratio (%o) 1.8 17.7 19.4
2 Frequency (Hz) 6.60 7.52 7.64
Damping Ratio (%0) 0.8 31.9 44.7
3 Frequency (Hz) 12.20 12.16 16.99
Damping Ratio (%0) 0.3 11.3 38.0

s 2
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6. Existing Viscous and Viscoelastic Dampers
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Figure 6.11 Hysteretic Behaviour of 3-Storey Steel Frame with and without Fluid 45

Dampers (after Constantinou et al. 1993)



6. Existing Viscous and Viscoelastic Dampers
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Figure 6.12 Experimental Force-Displacement Hysteresis Loops of Fluid Damper
(after Constantinou et al. 1993)
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Figure 6.13 Evaluation of Damping Constant for Fluid Damper (after

Constantinou et al, 1993)




Table 6-5: Tvpical Peak Response of Tested Three-Storey Steel Frame, the floor
at which the peak response was recorded 1s indicated in ( ), (after Constantinou et

al. 1993)
Excitation Numberof  Peak Floor Base Shear  Storey Drift
Dampers Acceleration  Total Weight  Height (%)
(g)
El Centro 3.3% 0 0417 (3) 0220 1069 (2
El Centro 50% 0 585 5
Taft 100% 0 0.555 (3) 0.255 1.161 (1)
El Centro 50% 4 0.282 (3) 0.159 0.660 (2)
El Centro 100% 4 0.591 (3) 0.314 1.279 (2)
| st 100% 4 0246 (3) 0.130 0638 |

El Centro 50% 6 0.205 (3) 0.138 0.510 (2)
El Centro 100% 6 0.368 (3) 0.261 0.998 (2
El Centro 150% 6 0534 (3
Taft 100% 6 0.178 (3) 0.120 0.463 (2)
Taft 200% 6 0.348 (3) 0.235 0.921 (2)
Pacoima Dam 30% 6 0.376 (3) 0.275 1.003 (1)
Hachinohe 100% 6 0.334 (3) 0.256 0.963 (2)
Miyagiken 200% 6 0.342 (3) 0.254 0.963 (2)
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7. Design of Structures Equipped with
Viscoelastic Dampers

Primary design parameters to be evaluated:
— required viscous damping ratio; and
— stiffness of damping system.

Design methods based on elastic modeling of main
structure.

If required, design verification by nonlinear time-history
dynamic analyses.

Desired damping ratio in fundamental mode of vibration set
by examining response spectra at various damping ratios
and choosing ratio corresponding to desired response level.

Once damping established, damper locations in building
must be selected.
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7. Design of Structures Equipped with

Viscoelastic Dampers

The stiffness k and loss factor 1 of each viscoelastic damper must be selected based
on the available viscoelastic matenal and the geometry of the damper. This could be a trial-
and-error procedure. These parameters can also be determined based on the assumption
that the added stiffness due to the wiscoelastic dampers at a storey 1, ki, be proportional
to the i storey stiffness of the imitial structure ;. This is obtained by applying
Equation (6.49) to each storey:

=

w

—_—
K
1 i

—_—

2K;

oL

s 2

T L (6.50)
E{ki-Fﬁ';':l

— FE K.

Fo= 251k (6.51)
n-25,
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7. Design of Structures Equipped with
Viscoelastic Dampers

For a viscoelastic material with known properties GE and GC at the design frequency
(usually assumed to be the fundamental natural frequency of the structure) and design
temperature, the shear area of the damper 4, can be determined by Equation (6.23):

kh
4, = = (6.5
Gg

The thickness of the viscoelastic material /I, must be such that the maximum shear
strain in the viscoelastic matenal is lower than the ultimate value.
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7. Design of Structures Equipped with
Viscoelastic Dampers

The modal damping ratic i each mode of wbration &; can then be estumated by
Equation (6.49). Alternatrrely, the damping constant for each damper © can be
determuned by Equation (6.23).

g=al -2 (649
B 1]
& A .
g = e (6.23
h

Finallv. a dynamuc analysis (inear or nonlnear) needs to be performed on the stoactze
with added vizcoelastic dﬂ..""..’lPEEE- to evaluate if its seizmic [ESpONse 12 saﬁ.sf:;ctnrj'.
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8. Design of Structures Equipped with
Viscous Dampers

o Conceptual Design with Linear Viscous Dampers

Conceptually, the design of structures incorporating linear viscous dampers (o, ; = 1
in Equation (6.9)) 1s simple, since the well established method of modal superposition can
be used to analyze the damped structure, as shown in Section 6.5. Since viscous dampers
are usually mserted in bracing members between diaphragms of the structures (e.g
building floors or bridge decks), the global damping matrix generated by the linear viscous
dampers [? r] is proportional to the global stiftness matrix of the structure [K] (Chopra
2001):

[C.] = o,[K] (6.53)

where O 1s a proportionality constant.
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8. Design of Structures Equipped with
Viscous Dampers

o Conceptual Design with Linear Viscous Dampers

h

From modal analysis, the generalized damping coefficient in the i © mode of vibration

C; 1s given by:

| C= (A3 104" = (47 0 [K1HA") = @K, = 2500, (654)

h

(), - _ . . . : L _ .
where {4 "} is the i ™' mode of vibration, &; is the damping ratio in the 7 th mode, K;
- th

1s the generalized stiffness in the i = mode of the original structure without damper, ©; 1s

the circular frequency associated with the 7 % mode of vibration, and M ; 1s the generalized

. . t]. - . .
mass 1 the 7 ' mode of vibration.

From Equation (6.54), the proportionality constant O, can be easily obtained as:

28,
0, = —= (6.55)

©®;
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8. Design of Structures Equipped with
Viscous Dampers

» Conceptual Design with Linear Viscous Dampers

Conceptually, design process is simple.

Once a desired viscous damping ratio in a particular mode is established (usually
first mode), proportionality constant can be computed [Equation (6.55)].

Resulting global damping matrix can then be obtained [Equation (6.53)].

Each element of global damping matrix expressed as a linear combination of
damping constants of linear viscous dampers incorporated in structure. Knowing
linear combinations, constant for each damper can be extracted.

Difficult to apply for large structural systems for which explicit form of global
damping matrix may not be obtained easily.

In most practical design situations, damping constant for each damper obtained
by trial-and-error.
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8. Design of Structures Equipped with
Viscous Dampers

 Practical Design with Linear Viscous Dampers

Considering that the introduction of linear viscous damping in typical structures yields
a stiffness proportional damping matrix, a practical design procedure for estimating the
damping constants of indmvidual dampers can be derived. For this purpose, the damping
constant C; of the linear viscous damper that is introduced at storey n, is chosen to be
proportional to the interstorey lateral stitfness k&, of storey 7, in the mitial structure:

1 T
C! = e—k

(6.56)

where 77 1s the fundamental period of the original (unbraced) structure and € 1s a
constant. The approach described in the following paragraphs 1s a simple procedure for
determining the value of € (and ultumately the values of all C; ) that will yield the required
amount of damping m the desired mode of wvibration (usually the damping in the
fundamental mode of vibration). For simplicity, the inherent damping of the original
structure without dampers 1s neglected.
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8. Design of Structures Equipped with
Viscous Dampers

 Practical Design with Linear Viscous Dampers

A fictitious undamped braced structure is first defined by adding fictitious springs ko
at the proposed locations of the linear viscous dampers, and then by distributing them
according to the mnterstorey lateral stiffness of the original structure:

) 2m _
ko = ?1(_.1 (6.57)

With this distribution, the fundamental mode shape of this fictittously braced structure
will be the same as that of the unbraced structure, which ensures the existence of classical
normal modes.
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8. Design of Structures Equipped with
Viscous Dampers

 Practical Design with Linear Viscous Dampers

The generalized stiffness coefficient i the first mode of the fictitiously braced
structure K7 can be written as:

Ky = (A KAy = (A IRNAD Y + (A R4 = Ko+ (6.58)

~

where [K] is the global stiffness matrix of the braced structure, [K] is the global
stiffness matrix of the original (unbraced) structure, [k] is the global stiffness matrix
corresponding to the fictitious springs alone (ko defined in Equation (6.57)), {A{”} 1s the
first mode shape, K, 1s the generalized stiffness coefficient in the first mode of the
original (unbraced) structure, and k; 1s the generalized stiffness coefticient in the first
mode of a structure composed of only fictitious springs.
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8. Design of Structures Equipped with
Viscous Dampers

 Practical Design with Linear Viscous Dampers

Equation (6.38) can be re-wntten as:

hh = K1 —-K| (6.29)
and using Equation (6.57)
L 2T, (1) 2m—= 2. 2, ) .
by = A f: A7 = =] = = 25, —M; 1| (6.6
‘ L= T h [ ] ¥ 1 1 T 2o My (6.60)

'Wherﬂ[EL] 1s the global damping matnx ansing from all the added wiscous dampers
with damping constant Cy | C1 is the generalized damping coefficient in the first mode of
the onginal (unbraced) structure prowvided by the added wiscous dampers, 27 1s the first
mode viscous damping ratio resultung from the additton of the wiscous dampers and M 1s

the generah:&d mass in the first mode of the :::zigi_tml structure.
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8. Design of Structures Equipped with
Viscous Dampers

 Practical Design with Linear Viscous Dampers

Substututing Equation -::G.E-ﬂ:] nto Equﬂti.c:n (6.29) yelds:
K‘ . | _l.a..l'.' {561}
L T -_. k d

Lk:|1|
T 14 M ’Lf 1
which indicates that the desired first modal damping ratio can be related to the
fundamental peniod of the onginal (unbraced) structure Ty and to the fundamental peniod

of the struecture braced wnth the fichihons sl:-ri_ﬂgs T1 defined b‘_i. Equfiu:::u 6.57

Equation {6.61) can be simplified as:
& T A j
_ lD 1) 1] (6.62)

'“;_l]._-'}.'

A sunple design prc:rcedure for the required VISCOUS damping constant of each dﬂrnl}er

C; can then be established from equations Equations (6.57) and {6.62):
CIE 626 - Structural Control
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 Practical Design with Linear Viscous Dampers

* Step |
The properues of the imtial unbraced structure are computed including its fundamental
peniod T .
¢ Step /2

The desired first mode viscous damping ratio to be supplied by the viscous dampers,
Z1 must be selected. In practice, a maximum damping ratio of about 32% of catical can be

achieved e ::c:nc-mi-:-allf.' with -:1111'&111.“_11_5' available viscous da M Pers.

* Step S

From Equation (6.62), the requred fundamental penod of the ficutiously braced
structure 1) 1s computed.

-

Ty =

(6.63)

I ]
_|_
-
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 Practical Design with Linear Viscous Dampers

* Step 4

A set of hictutious sprngs 1s then mtroduced at the proposed locations of the Lnear
viscous dampers and distmbuted according to the lateral suffness of the unbraced
structure. The suffness constants of these springs must yield a fundamental penod of the
fictitous braced structure equal to T1. Only one steration 1s requured since the vanation of

stiffness 1s linearly proportional to the square of the penod. Therefore, the final constant
o C T . . ; -
ko for the n — fictitious spring in the structure can be obtamed from:

~ N kOtr .
kKo = — — (6.64)
T2—Tw | T
A2 A2
T12—T1 T 1tr

H . .- - - - m . - - . -
where kgsp 1s an imtial trial value of the stiffness coefficient of the fictitious spring #

and T4 1s the corresponding tral value of the fundamental peniod of the hictitious braced
structure obtained with these first tnal spring constants.
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8. Design of Structures Equipped with

_ _ Viscous Dampers
 Practical Design with Linear Viscous Dampers

* Step D
- - . - : n ; :
Once the stiffness constants for the fictitous sprngs kp are obtamed, the requuired

wiscous damping coefficient of each wiscous damper C; can be computed using
Equation (6.57). The 1mitial structure 1s then fitted with dampers with the corresponding

values of ff. ,I:, 2T[C
70 = —
T, *

¢ Step 6

The final brﬂcing member sections are then selected based on the anticil:rﬂted

maximum force in each viscous damper (see Secuon 4.3).

¢ Step |
The final design of each linear wviscous damper 1s performed based on the requuired
damping constant, anticipated maximum force and stroke. Nonhnear dynamuc analyses
using a representative set of design ground motion ensembles are typically used for
estimating these anticipated values. Also, the final design of the dampers 1s usually left to

manufacturers.
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8. Design of Structures Equipped with
Viscous Dampers

e Design Example for Linear Viscous Dampers
— Same six-storey steel building structure discussed in Section 5.7.4.

— Fundamental period of unbraced frame = 1.304 s.
— Retrofit strategy consists of introducing a tubular chevron braced

frame in the central bay.

I
St
Sl _ : -

wper {1

s
[esg ;-1.-.-.
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el Memnoadia

= Heka
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= | -
|
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* Design Example for Linear Viscous Dampers

Assumung that a damping ratio of 33% of cntical 15 requured 1n the first mode of
vibration, Equation {6.63) 1s used to obtain the requred fundamental penod of the

structure braced with the fictitious Springs 11

- —t - 13 0005 (6.65)
L2+ 1 J2(0.35)+ 1

Table 6-6: Fictitious Spring Constants and Viscous Damping Constants for Six-
Storey Steel Building Strueture

Fictitious Spring Linear Viscous
Constants Dampers Constants
Level (kN /mm) (kIN.s/1mm)
6 70 15
> 68 14
4 89 19
3 98 20

2 110 23
65
1 80 17




8. Design of Structures Equipped with
Viscous Dampers

e Design Example for Linear Viscous Dampers

80
— Rayleigh Damping
GOF = = Viscous Dampers
40F ﬂ
E 20F M -
= A
2 Z\ J\ A /\
2 ‘\/ A
,"_Z—-—EO - y -
__]_0 - ; -
—60 .
-80 L . - L
2 4 6 8 10
Time (s)

Figure 6.14 Top Floor Displacement Time-Histories of Elastic Six-Storey Steel
" Building Structure, SOOE Component of 1940 El Centro Earthquake: Comparis
Between Rayleigh Damping of 35% of Critical in First and Fifth Mode of Vibration
and Viscous Dampers of Table 6-6



8. Design of Structures Equipped with
Viscous Dampers

o Additional Design Considerations for Nonlinear
Viscous Dampers

— Advantage of nonlinear viscous dampers is reduction of
damper forces at high velocity.

— Although certain amount of trial-and-error is required for
selecting appropriate values of damping constant and
velocity coefficient, approximate design procedure can
be established based on energy considerations.
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o Additional Design Considerations for Nonlinear
Viscous Dampers

The energy dissipated per cycle for a linear damper (o,; = 1) and for a nonlinear
viscous damper (o, ;< 1) have already been evaluated by Equations (6.8) and (6.15). The
value of the damping constant for a nonlinear wiscous damper Cyy that dissipates the
same amount of energy per cycle as a linear viscous damper can be obtamned as a function
of the velocity coefficient o,;, the displacement ampltude X; and the excitation
frequency @ by equating these two equations:

- - l-og T(3/2 +otyg/2
Car _ SRS AN " Zvd ) (6.66)
Cr 2 T(1+oc,,/2) S

For the typical range of values of the velocity coefficient 0.2 = o,3= 1, the ratio of
gamma functions in Equation (6.60) 1s close to umty and the damping constant can be
approximated as:

C.r - 1—'1,. o
C—f = TT[({'}X[] ) d (6.67)

Note that consistent umits must be used since Equations (6.66) and (6.67) are not
dimensionally homogeneous.
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8. Design of Structures Equipped with

Viscous Dampers

« Additional Design Considerations for Nonlinear
Viscous Dampers

f:h ] l'l_ 1_3“"':1' , —_
—= ~ Lo (0Xp) (6.67)

— Equation (6.67) can provide initial estimates of nonlinear
damping constants once linear damping constants have
been established.

— Excitation frequency o can be taken as fundamental
frequency of original structure without dampers.

— X, can be taken as displacement in the dampers
corresponding to a desired performance drift level.
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8. Design of Structures Equipped with
Viscous Dampers

e Optimal Distribution of Viscous Dampers

— Design approach based on distribution of damping constants
proportional to lateral stiffness of original structure may not be
optimum from an economical point of view where same size
dampers should be used as much as possible.

— Constraint on maintaining classical normal modes is not required if
nonlinear time-history dynamic analysis used in design process.

— Optimum distribution of dampers in a structure can be cast in
context of optimal control theory.

— Several design methods for obtaining optimum distribution of
dampers In a structure have been proposed.

— Require advanced programming capabilities to implement.

CIE 626 - Structural Control 70
Chapter 6 — Viscous-Viscoelastic Dampers



8. Design of Structures Equipped with

. ... . Viscous Dampers
e Optimal Distribution of Viscous Dampers

— Sequential search algorithm developed by Zhang and
Soong (1992) and modified by Lopez-Garcia (2001)
simple to implement.

— General approach for of any type of dampers.

— Based on maximizing a given set of optimum location
Indices.

— For linear viscous dampers, optimum location index is
maximum inter-storey velocity.

— Optimum location of dampers between two adjacent
stories.
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8. Design of Structures Equipped with
Viscous Dampers

e Optimal Distribution of Viscous Dampers

For illustration purposes, a multi-storey structure mn
which N identical hinear wiscous dampers with constant €} are to be mntroduced, 1s
considered. From Equation (6.8) and assunung that the structure responds in ats

fundamental mode of wmbration Ty, the energy dissipated per cvcle for all dampers in the

structure £ ;7 15 given by

-2
. E... = fmolk
Ty 2 s 2 s 20, e
=TT SC0s YV 0 L 2 2 .
E =% St Al S N 57 cos (6.68)

i=1 ) i=1
where O; 1s the interstorey duft at the storev where the 1 th damper 1s located and 7; 1s

the inclination -.:Lngle of the E'th dﬂnlpe.r.
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8. Design of Structures Equipped with
Viscous Dampers

e Optimal Distribution of Viscous Dampers

Assumung that the viscous dampers add no supplemental suffness to the structure, the
total recoverable elastic strain energy of the system E_; can be wntten as:

E,, = kS, (6.69)

a5

1 =

b | b=t

1
th

i

where [; 1s the lateral stiffness of the 7™ storey and Ny 1s the number of floors (or

stornies) i the structure.
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8. Design of Structures Equipped with

_ ~Viscous Dampers
o Optimal Distribution of Viscous Dampers

The first modal damping ratio £; provided by the viscous dampers can be obtained by:
."'-'d )
nCry 5,-2 c:::s;';.r‘-
. Ea =1
=7 4RE,. Ny
TS kid;

(6.70)

i=1
Re-arranging Equation (6.70), the required damping constant C; required for all Ny
dampers in order to aclhueve a given first modal damping ratio £y can be obtamned from:
N,

STy ki
= (6.71)
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8. Design of Structures Equipped with

Viscous Dampers
e Optimal Distribution of Viscous Dampers

For the particular case where all stories have the same height and the tfundamental
mode shape 1s approximated by a s

trai

ght line, the interstorey drifts are all given by:

. (6.72)
Ny
thereby further simplifying Equation (6.71):
I"Jf
Sy Z ke,
C; = (6.73)
N, cosYy
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8. Design of Structures Equipped with
Viscous Dampers

e Optimal Distribution of Viscous Dampers

— Similar approach for nonlinear viscous dampers

Ng
Co (27)™ (P4 @ 12)/T(3/ 2+ a1, 12))> 57 (cos )™
i=1

Evd
T4, Y
s T,™ \/ZZkiaf
i=1
N ¢
&N Y k!
CNL — = N,

(272')an (F(l + /2)/F(3/ 2+ o /2))2 é}an +1(COS 7, )avd +1

i=1
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9. Geometrical Amplification of Damping

Damper installed in-line with bracing element experiences displacement between its
two ends less than inter-storey drift.

Damper installed horizontally at apex of a chevron bracing system, displacement
between two ends of the damper equals the inter-storey drift.

Efficiency of supplemental damping systems can be improved by providing
geometrical configuration of bracing system to amplify damper displacement for

~AifFiAA TrntAr AtArAvs A FE
spe
u u
——— f——

AYAY E W F

T —

CIE 626 - Structural Control 77
Chapter 6 — Viscous-Viscoelastic Dampers



9. Geometrical Amplification of Damping

* Toggle-brace configuration (Constantinou et al. 2001)

Column,
typ.

P, typ.

Beam, typ. \

N7

-

Bracing Elements

| — Damper

N7/

...?"'

Figure 6.15 Geometrical Arrangement of Toggle-Brace Damping System (after

s 2

Constantinou 2001)
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9. Geometrical Amplification of Damping
* Toggle-brace configuration (Constantinou et al. 2001)
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*Photo: Courtesy of M. Constantinou
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9. Geometrical Amplification of Damping

» Scissor-jack configuration (Sigaher and Constantinou 2003).

r“»l’

Beam, typ. \

h‘.]_

Column, ;
WP 25[_ =
\‘ Damper
|~ Pin, typ.
L~
= /[ =
/

"r"»]

Bracing Element,
ovp.

Iy

Figure 6.16 Geomeitrical Arrangement of Scissor-Jack Damping System (after

Sigaher and Constantinou 2003)
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9. Geometrical Amplification of Damping

» Scissor-jack configuration (Sigaher and Constantinou 2003).

*Photo: Courtesy of M. Constantinou
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9. Geometrical Amplification of Damping

The damping amplification provided by the toggle-brace and the scissor jack systems
can be established by re-woting general forms of the equlibrmum and compatibilities
relationships griven by Equations (6.38) and (6.39) for a single-storey structure equupped
with a linear miscous damper (see Figure 6.8).

Fo=TF(t) (6.74)

and
A(r) = fx(r) (6.73)

where f 1s a geometrical amplification factor equal to cosy for a diagonal mn-line

configuration and 1.0 for a honzontal chevion bracing confisuration. Re-calling the
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9. Geometrical Amplification of Damping

Re-c a]ling the

constitutive equation tor the thud wiscous damper:
F(t)=C, A(t) (6.76)

Substituting Equations (6.72) and (6.76) into Equation (6.68) leads to a final

E:{pressiﬂn for the honzontal force prm-‘ided 1::'_': the damper as SEﬂlblT on the structure:

F, 1) = Cf (1) ‘ (6.77)

Therefore, the equivalent wiscous damping ratio provided by the damper assembly can

be written as (Sigaher and Constantinou 2003):

o= Lgf (6.78)

where T 1s the namural pemod of the structure and W is the seismuc weight
Equanon (6.78) indicates that the damping rano 1s amplfied by the square of the

geome trical ﬂml:-]ific:ﬂ tion factor.
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9. Geometrical Amplification of Damping

f=cosy

Horizontal C Diagonal

. sin @, in0 acos b, 0
o .in 0. = ——- 05 b,
cos(6,+0,) St 9, cos(B,+0,) cos Y,
B -
(-I.
Upper Toggle Reverse Toggle |
Pp e 90° % 0,
0,
e
Cos Y
tan y
¥
Scissor-Jack
(.I.
W

Table 6-7: Numerical Examples of Damping Provided by Same Viscous Damper
in Different Configurations (see Figure 6.17)

Configuration Geometric Parameters f g

Horizontal - 1.00 0.05
Diagonal v = 37° 0.80 0.03
Upper Toggle 8, =31.9° 8, =432° 3.19 0.51
Reverse Toggle 0, =30° 0, =49° g = 0.7 252 0.32
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10. Structural Implementations

APPENDIX C: Implementation of Viscoelastic and Viscous
Dampers in Structures. [IN]: New Construction,
[R]: Retrofit
Mumber of
Structure Location Year Damper Type Dramipers Reference
tCEE:'.' 1% - B.Fﬂﬂ LEDOES BIL'IPE o =k i P .
] TWals (Chiles and 1985
15-ssorey buildine Ehimaoka Ciry 1981 “Wisoous Daraped Trakpommn Llrraraki amd
] _]'.:.Fa.u Walls [Ohles and Mhitsuzaks 1962
Surortomo Corp.)
24-shorey steel Japan 1981 WWnooelaste Unkpoom Yokom et al.,
brazidnee [-]] Drarngers 1892
(Zhizaza Cocp)
School Buaildine 2- FPhoes 1982 Wiscoelastic TUnkpoom Ajlkeny 1987
stodes 4] Arizoma beam-cohasan
pODILETOr
Samra Clary Coumty Zan Joie 1983 WWiscoelastic bl Croskry et al,,
Cimie Center, east Californa Da.n:‘_:e-:a. :.'.'Al‘n_f 1824
Wing Budlding 13-
shorey st=al frapne 51
mE
51 mo plan,
constracted in 1976
B2
Facific Bell Moxth Sacrameto 1985 Fluaid Viscous a2 Ajloen 1967
Area Dperation Califomia Darpers | Tavloc)
Center J-storey stzel
braced frame [IM]
Scienvne Bunldieg IT, Sacramento 1956 Fluid Viscons 40 Alilgen 1997
California Stare Califormin Darpers | Tavloc)
Unnrersair,
Sacramerto §-stozer
steel frame [14]
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10. Structural Implementations
*Viscous Wall Dampers

inner /

Steel box filled with

upper
floor —_——

LLLL LSS

viscous fluid witha 4

vane dipped in it
Fluid under

atmospheric pressure 7777777777777

Low-pressure, large
area device

Viscoelastic, synthetic
rubber

— 98% isobutylene with
2% 1soprene

CIE 626 - Structural Control
% Chapter 6 — Viscous-Viscoelastic Dampers

lower floor —eea—omno——

Vv

plate ™

viscous
fluid — [
outer__
plate
[ampes tpez asd & | daza mauching

‘III‘I‘_I_ I_I‘
EXEREEEEE



10. Structural Implementations

Woodland Focel 4- TWoodlasd 1985 Flaid Vizoons 16 Alkan 1807
sforey moa-ductle Califiornia Drampers | Tarlor)
BT frame/ shear wall
comstracted in 1927
[F]
Zan Franeizoo D‘_:l:n. San Frapozeo 1984 Fhaid Wiscons 16 Al 1207
Fouse [H] California Drarnpers
[Erxiciie]
Emildnez 116, Mal San Diego 19848 Wiscoelaste 54 Soong and
E'J.FPJ_.— Fl;:hr:: 3= Califormia Da.n'_'_'l-e_". VAL Da.l:g.'l:]; 19e7
starey mon-ductle
BT wall fat-zlab
Stroenae 121 ftx
3556 phn. [H]
Floeniorell Bldnege e port 1987 Wiseows Dampers Unkposn Aldle 1907
505 [EF] Beach (Tarplar)
Califiornia
Zan Franpizos Coric San Frapcizoo 1987 Wiseows Dampers 282 Aldle 1907
Center Building 15- California (Tarplar)
starey steel frame [P
The :'.In-u.z:.' Stoce 11- Sacammento 1987 N moows D:l.luPu: 120 Alkmpn 1207
starey steel frame [P California (Tarplar)
Lo= _-'|.r_gd:: Folice Loz .H.xl.gd:: 1987 YWoscoslasie Unkpoom Alkmpn 1207
Deparoment Recrt Califoraia Drarngers (351
Toimine Canter 4
storey steel frame
comstracted in 1988
F
Sam Miates Conney FRedwmaood City 1987 Wiscoelaste Unkposn Aldle 1907
Fiall of Justice B- California Drarngers (351
storey steel frame
with precast
claddms, comstructed
rid-196&0s [R]
Arrcwhead Medical Colton Flaid Viseons for 184 Lee, 2003
Cenper 1] Califormia Base Irolation
[Tarplar)
Los Anoelas Ciey Loz Ameele: Fhaid Vizseous for 52 Lee, 2003
Fiall [F] Califmrmia Base Irolition
:TI:.']DI:..
Flarvrard City Flalls Harveard Flaid Viscons 15 Lee, 2003
California [Tarplar)
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10. Structural Implementations

Woodland Hotel, Woodland, CA

Four-story reinforced concrete/shear
wall building

Constructed in 1927

16 Taylor Dampers installed
horizontally

Canaritv nf carh damnar = 1ﬂ__ lein

=

CIE 626 - Structural Control
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10. Structural Imlementatlons

*San Francisco Civic Center
292 Fluid Viscous Dampers Installed In Line

: «Courtesy of M. Constantinou
CIE 626 - Structural Control
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10. Structural

Implementations

Tolkpo-Finkai
Hospatal

Jeobo-Cho Crifice
Bulding

San Franecisco
Caland Bay Brdge
]

Milenminm Brdge
[

Petromas Teiz
Tormers

28 State Stoeet Office
Butlding [4]

Torre Rayor Office
Budlding 57-storey
steel frame [14]

939 Sepulveda
Buglding 4]

Exnrom Field Stadmm
=1
Califormia State
Uirezsity —
Admnmistraticn
Butlding [4]
Compater Diata
Stozage Center [1]
Faiser Coroma Data
Center 4]

Mioney Store
Iiatiomnal
Headquastess [+
Moveltr Bodge [4]

Eill Emersan
Mfermooal Bridge [14]

SAFECT Foald
Stadiam [14]
Beijing Railoay
Station [M]

Tokyo Japan

San Franreizoo
Califiorni

UEC

Dlzlarsia

Eoston
Dfaszachnestts

IMorthern
Califizrna
Ciaronma
Califiorni
Saczamenio
Califiorni

Saartls 2000
Washingon

Cape

Grivardean

Bfizsonar

Saatrle

Washingon

Beijing China

Fhad Viscous
|T:._-—Lc:,
Fhud VEscows
F.I.':._-—h::_
Fhud VEscows
|'.I.'1_-Lc:_

Fhead VEsooues
|'.I.'1_-Lc:_
Fhad Viscous
|'.I.':._-Lc:_
Fhad Viscous
.'.I.':._-Lq::,
Fhud Viscows
F.I.':._-—h::_

Fhad Viscous
|T:._-—Lc:,
Fhud VEscows
|'.|.'1_-|.c:_
Fhead VEsooues
|'.I.':._-Lc:_

Fhud Viscows
F.I.':._-—h::_
Fhead VEsooues
|'.I.'1_-Lc:_
Fhad Viscous
|'.I.':._-Lc:_

Fhead VEsooues
|'.I.':._-Lc:_
Fhad Viscous
.'.I.':._-Lq::,

Fhesd Vescones
|'.I.':._-Lc:_
Fhad Viscous
|T:._-—Lc:,

1a

32

1&

120

1&

Lee 2003

Lee, 2003

Lee, 2003

Lee 2003

Lee, 2003

Lee, 2003

Lae 20035

Lee 2003

Lee, 2003

Laa I005

Lae 20035

Lee 2003

Lee, 2003

Laa I005

Lee, 2003

Lea 2003

Lee 2003
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10. Structural Implementations

Fark Fiyart Hozel [24] Clocazo Flaid Viscous part Lee, 2003
TlEmnis of Tomed hiass
Dramper (Tayla
Yerba Buena Tomer | San Frosoizeo Fhaid Wisooms 20
Foux Seasons Hobel Califormia Tavl
=]
Euritish Cohambia Wamcoune Flaid Wisoon Leas 20
Elecirie Company Caxada Tavl
Buildms [B]
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10. Structural Implementations

5 L .

*YERBA-BUENA TOWER, SAN FRANCISCO
«37-STORY WITH REVERSE UPPER TOGGLE
*SYSTEM. UNDER CONSTRUCTION 2001.
«20 FLUID DAMPERS IN UPPER STORIES.

*Courtesy of M. Constantinou
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10. Structural Implementations

“TF/ 4

! 1 4
'/ &
(7

=
==
|

“—- W

=12

=
L ad

| &=

*OLYMPIC COMMITTEE BUILDING, CYPRUS
«3-STORY, V-SHAPED IN PLAN
*52 SCISSOR-JACK ASSEMBLIES

. *Courtesy of M. Constantinou
COMPLETED JULY 2006 CIE 626 - Structural Control d 03
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11. Performance-Based Design Example

Available online at www.sciencedirect.com
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Engineering Structures 30 (2008) 675-682

Influence of passive supplemental damping systems on structural and
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11. Performance-Based Design Example

e Objectives

— Evaluate the performance of structural passive supplemental hysteretic
and viscous damping systems for retrofitting a four-storey steel framed
building containing generic rigidly anchored and vibration isolated
secondary nonstructural components installed in various locations in the
building.

— Construct fragility curves based on Nonlinear Incremental Dynamic
Analyses (IDA)for the structural system and nonstructural components

based on various performance objectives in order to compare the
Influence of each passive supplemental damping system.

— Illustrate how structural and nonstructural fragility data can be generated
and used to support the decision process for the performance based
seismic design or retrofit of a building.

CIE 626 - Structural Control 95
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11. Performance-Based Design Example

 Structural Modeling

— Four-storey steel framed
building model assumed to be
part of an existing critical
facility located in Southern
California.

— Designed according to UBC
1970.

— Symmetrical building
composed of four parallel
seismic frames In transverse
direction.

s 2

CIE 626 - Structural Control
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T—Q?’—T—Zﬂ'—T—QS'—T—QB'—T—QS' - 5"—T—26'— S"—T—QS'j'—QB'—T—QB'—T—Q?'—T

==

I  -N-S MRF

H H B E-WMRF
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11. Performance-Based Design Example

 Structural Modeling

— 2D model of half of the
building in transverse
direction, including one
Interior and one exterior
seismic frame.

— RUAUMOKO program.
— Pin-ended gravity column

T—Q?’—T—Zﬂ'—T—QS'—T—QB'—T—QS' - 5"—T—26'— S"—T—QS'j'—QB'—T—QB'—T—Q?'—T

I  -N-S MRF

H H B E-WMRF

Included to account for seconmel

order (P-A) effects from
gravity frames.

s 2

Chapter 6 — Viscous-Viscoelastic Dampers

381OI 1 2 2 13 14 14 13
Lz § 3 1 1 1
2 2 1 13 14 14 13
< > (¢ > ¢—> < > (& > —> .
4880 7470 4880 4880 7470 4880 Gravity
Exterior MRF Interior MRF Column
Note: All dimensions in mm
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11. Performance-Based pesign Example

 Structural Modeling

— Bilinear moment-curvature
hysteresis rule with 2% curvature
hardening ratio assigned to all frame
member ends in the model.

— Plastic hinge length assumed equal
to the depth of each member section.

— Failure plastic rotation = 0.03 rad
(curvature ductility = 11).

— Seismic weights:
» 5037 kN at each of first three floors.
e 4830 kN at roof level.
— 2% Rayleigh damping to first and
third modes of vibration.

1.2 M,

P

El

1
0.02 ET

— 0,=0.03 rad

<
<

> —> < >
>

7470
Exterior MRF

CIE 626 - Structural Control
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A

\ 4

Note: All dimensions in

7470
Interior MRF

mm

4880
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Gravity

Column



11. Performance Based Design Example
« ‘Structural Modeling

List of member sections (see Fig. 1 for section locations)

Section no. Designation Section no. Designation
1 W 14 x 193 11 W 24 x 68
2 W 14 x 342 12 W 24 x 104
3 W 14 x 159 13 W 14 x 398
4 W 14 x 257 14 W 14 x 455
5 W 24 x 146 15 W 14 x 370
6 W 33 x 221 16 W 24 x 162 u 12 °
7 W 24 x 131 17 W 33 x 241 38%
8 W 30 x 211 18 W 24 x 94
9 W 24 x 103 19 W30 x 173 3 1
10 W 30 x 211 #00 ,
—_ S [ ]
Modal properties of building model 381OI ! 2 2 1 X L
[ ]
Mode no. Period (s) Cumulative mass (%) T
4120 1 2 2 1 13 14 14 13
1 0.76 85
2 0.26 96 “«—>le >—> «—>le > —> .
4880 7470 4880 4880 7470 4880 Gravity
3 0.15 99
4 0.10 100 Exterior MRF Interior MRF Column

Note: All dimensions in mm
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« Nonstructural Modeling

— Nonstructural Components (NC)
representing large HVAC type
equipment, (e.g. chiller or air
handling unit) modeled as SDOF

systems.

— Seismic weight of each NC: 100 kN.
— Damping of each NC: 1% of critical.

s 2

4120| 1 2 2

4880 7470

CIE 626 - Structural Control
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4880 4880

» |
» &

7470 4880
Interior MRF

Note: All dimensions in mm

100

Gravity

Column



11. Performance- Based De3|gn Example

* Nonstructural Modeling

— Two different base supports for
NC: rigid anchor and vibration

Isolation.
— Natural periods of NC:
 Rigidly anchored: 0.2 s .
* Vibration isolated: 1.0 s 3{3 }

— Two locations for NC: roof %
and base level. T |

< > < > —> < >« > —>
4880 7470 4880 4880 7470 4880

Exterior MRF Interior MRF Column

Gravity

Note: All dimensions in mm

CIE 626 - Structural Control 101
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11. Performance-Based Design Example

*HSS 356 x 356 X 16 mm

e Structural Retrofit

— Hysteretic and linear viscous dampers
Incorporated in-line with chevron
bracing installed in central bay of [ \
exterior moment-resisting frame. —— <

— 356 x 356 x 16 mm tubular bracing.

— Activation loads of hysteretic
dampers:
o 2322 kN for dampers in first story. 4 3 =
2228 kN for dampers in other three ‘
stories.
— Damping coefficients for viscous
dampers:

o 27.4,26.8, 23,8 and 18.0 kN s/mm for
dampers located on first, second, third

1 1 1

14 13
NC T

13 14

and fourth story, respectively.

» Equivalent first modal damping ratio of
30% of critical.

s 2

—>
4880

7470

Exterior MRF
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4880

>
>

4880

» |
» &

7470
Interior MRF

Note: All dimensions in mm

4880
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11. Performance-Based Design Example
» Concept of Incremental Dynamic Analyses
(IDA

-?DA Curves *Fragility Curve

i 1

. .ﬂ.ﬁ-_—ﬂt
° _ePerformance Objective
b .

Lognormal CDF(y) = @{

B

Intensity Measure

In(y)—m, eﬂz’zi

Probability of Exceedence

o L

*Response Parameter Intensity Measure

CIE 626 - Structural Control
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11. Performance-Based Design Example
 Structural Performance Objectives

— Based on Peak Story Drifts (NEHRP 2003)
e 0.7%: Immediate Occupancy
o 2.5%: Life Safety
* 5%: Collapse Prevention

« Nonstructural Performance Objectives

— Based on Peak Component Acceleration (ASHRAE
H an d b 0 O k) ég}ﬁg(ﬁgﬂigﬁg X{r%eoar:icg}gé)ning
Engineers

« 2.0 g: Functional Damage (temporary interruption)
e 4.0 g: Physical Damage (permanent interruption)

CIE 626 - Structural Control 104
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11. Performance-Based Design Example
« Earthquake Ground Motions

— FEMA P695 Far-Field Ground Motion Set
— 22 pairs of scaled historical ground motion records

Pair no. Seismic events Records Amplitude scale factor
Magnitude Year Name Recording station Epicentral distance {km)
1 6.7 1994 Northridge Beverly Hills—14145 Mulhol 133 0.755
2 6.7 1994 Northridge Canyon Country-W Lost 26.5 0.832
3 7.1 1999 Duzce, Turkey Bolu 41.3 0.629
4 7.1 1999 Hector Mine Hector 26.5 1.092
5 6.3 1979 Imperial Valley Delta 337 L.3n
& 6.3 1979 Imperial Valley El Centro Array #11 04 1.014
7 6.9 1995 Kobe, Japan Nichi-Akashi 8.7 L.718
& 6.9 1995 Kaobe, Japan Shin-Osaka 46.0 1.099
9 7.5 1999 Kocazli, Turkey Duzce 98.2 0.688
10 7.5 1999 Kocaeli, Turkey Arcelik 53.7 1.360
11 73 1992 Landers Yermo Fire Station 86.0 0.987
12 73 1992 Landers Coolwater 811 1.073
13 6.9 1989 Loma Prieta Capitola 0.8 0.822
14 6.9 1989 Loma Prieta Gilroy Array #3 jl4 0.880
15 74 1990 Manjil, Iran Abbar 404 0.787
& 6.3 1987 Superstition Hills El Centro Imp. Co. Cent 358 0.870
17 6.5 1987 Superstition Hills Poe Road (temp) 11.2 1.362
18 7.0 1992 Cape Mendocino Rio Dell Overpass-FF 227 1.516
19 6 1999 Chi-Chi, Taiwan CHY101 320 0.636
20 1.6 1990 Chi-Chi, Taiwan TCUD45 175 0.563
21 6.6 1971 San Fernando LA -Hollywood Stor FF 305 2.096
22 6.3 1976 Drrauli, Italy Tolmezza 202 1.440

CIE 626 - Structural Control
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11. Performance-Based Design Example
« Earthquake Ground Motions

— FEMA P695 Far-Field Ground Motion Set

— 22 pairs of scaled historical ground motion records
(44 records total)

10.0
9.0 *2% Damping
8.0 -
7.0 -
6.0 -
5.0 -
40 fi

l‘{wlﬂn 1

3.0 - Jlth

LR N

2.0 (I

1.0 f'f&ﬁv“‘

0.0 1 ‘ :

0 1 2 3 4 5

Period (sec)

Sa (9)

*Note: Median 1-sec S, = 0.60 g for
DBE level and 0.90 g for MCE level

CIE 626 - Structural Control
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11. Performance-Based Design Example

 Structural Fragilities
1.0 ‘

|4

* Both supplemental damping systems improve seismic
behavior of original building.

* Only building retrofitted with viscous dampers has a
reduced probability (29%) of meeting immediate
occupancy performance level at the DE level.

* Original building, as well as the two retrofit alternatives,
would not allow the building to meet the immediate
occupancy performance objective at the MCE level.

+ Original

—=]- Retrofitted with hysteretic dampers

0.5

=A== Retrofitted with viscous dampers

0.7% Immediate Occupancy

Probability of exceedence

3 4 5 6 { 8 9 10
Median 1-sec Sa (q) 17




11. Performance-Based Design Example
 Structural Fragilities

G_) |
&)
GC.) i * Building retrofitted with viscous dampers exhibits superior
e performance than building retrofitted with hysteretic dampers.
8 | « Original building meets the life safety performance objective
&) under the DE level only.
c>]<_) 1 « Building retrofitted with viscous dampers would meet life
Y— safety performance objective under both DE and MCE levels.
© 0.5

Original
.'? | + rigina
E —=]- Retrofitted with hysteretic dampers
< i
O —A= Retrofitted with viscous dampers
o i
—

o [ ]
o | 2.5% Life Safety
0.0 mnsy: | | | | | |

c 1 2 3 4 5 6 7 8 9 10
Median 1-sec Sa (g) 108



11. Performance-Based Design Example

 Structural Fragilities
1.0 | 5

* Original building and two
retrofitted alternatives would
meet collapse prevention
performance objective at both
DE and MCE levels.

0.5
+ Original

—=]- Retrofitted with hysteretic dampers

=R Retrofitted with viscous dampers

5.0% Collapse Prevention

Probability of exceedence

0.0
0 1 2 3 4 5 6 7 8 9 10

Median 1-sec Sa (g) 109



11. Performance-Based Design Example

* Nonstructural Fragllltles for Original Building

* Only vibration isolated nonstructural
components located at the base of the original
building would satisfy the functional damage
performance objective under both the DE and
MCE levels.

-<> - Rigidly-anchored (Base)

A\

<= Rigidly-anchored (Roof)

—=1]- Isolated (Base)
== Isolated (Roof)
2.0g Functional Damage

Probability of exceedence

o1 2 3 4 5 6 7 8 9 10
110
Median 1-sec Sa ()



11. Performance-Based Design Example

. Nonstructural Fragllltles for Orlqmal Building

/./ E|V|brat|on isolated nonstructural
I components located at the base

and roof of the original building
/ would meet the physical damage
/ O performance objective at both the
DE and MCE levels.

* Clearance/snubbers may be required.

-<> - Rigidly-anchored (Base)
<>~ Rigidly-anchored (Roof)

v

—=1]- Isolated (Base)

== Isolated (Roof)

4.0g Physical Damage

Probability of exceedence

4 5 6 7 8 9 10
Median 1-sec Sa (Q) 111




11. Performance-Based Design Example

Nonstructural fragilities for functional damage at the

roof level of orlglnal and retrofltted bundlngs
1.0 g 7y 7N

* Retrofitting building with viscous dampers improves
seismic response of rigidly anchored and rooftop
nonstructural components.

D
O
-
(<B)
D
8 * Introducing hysteretic dampers is inefficient for rooftop
é | rigidly anchored nonstructural component.
(-
; 0.5 !
.4: i + Original
.-('-:S _ J —=]- Retrofitted with hysteretic dampers
g - ! —A= Retrofitted with viscous dampers
ol s Ted -
*MCE Rigidly-anchored component
O O n \ \ \ \ \ \ \ \ \

oPR 5 3 4 5 6 7 8 9 10
Median 1-sec Sa (g)



11. Performance-Based Design Example
Nonstructural fragilities for functional damage at the

roof Ie\{%lof orlglnal andretrofltted bundmgs

vvvvv

* Retrofitting building with viscous and hysteretic dampers
improves seismic response of vibration isolated rooftop
nonstructural components.

0.5

+ Original

—=]= Retrofitted with hysteretic dampers

—A= Retrofitted with viscous dampers

Probability of exceedence

] MCE Vibration Isolated component
0.0 \ \ \ \ \ \ \ \

oPR 2 3 4 5 6 7 8 9 10
113
Median 1-sec Sa (g)




11. Performance-Based Design Example
Nonstructural fragilities for physical damage at the

roof Ie\{%l of orlgmal and retrofltted bqumgs

* Retrofitting building with viscous dampers improves
A seismic response of rigidly anchored rooftop
nonstructural components.

* Introducing hysteretic dampers is inefficient for
rooftop rigidly anchored nonstructural component.

0.5
+ Original

—=]= Retrofitted with hysteretic dampers

—A= Retrofitted with viscous dampers

Probability of exceedence

Rigidly-anchored component

0.0 o

4 5 6 7 8 9 10
114
Median 1-sec Sa (g)



11. Performance-Based Design Example

* Nonstructural fragilities for physical damage at the

roof Ievel of original and retroﬁt;ed buildings.

* Retrofitting building with viscous and hysteretic
dampers improves seismic response of vibration
isolated rooftop nonstructural components.

0.5
+ Original

—=]= Retrofitted with hysteretic dampers

—A= Retrofitted with viscous dampers

Probability of exceedence

1 1, Vibration Isolated component
0.0 7% | | | | | | | |
0 1 2 3 4 5 §) I 8 9 10

115
Median 1-sec Sa (Q)




11. Performance-Based Design Example

e Final Comment

— The simple direct analysis procedure illustrated in this
example can be used to support the decision process of
selecting supplemental damping systems for the

performance-based seismic design or retrofit of a

pullding taking into account the seismic performance of

poth structural and nonstructural components.

CIE 626 - Structural Control 116
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Questions/Discussions
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