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Energy Conservation
[Uang & Bertero (1988)]

† 

E = Ek +Es +Eh +Ed
E = absolute total energy input
Ek = absolute kinetic energy
Es = recoverable elastic strain energy
Eh = irrecoverable energy dissipated by the structural system through inelastic
or other forms of action
Ed =  energy dissipated by supplemental damping devices

Energy Dissipation Ed aka
Damping

• Passive
• Semi-active
• Active
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Passive [Lowes presentation]

• Seismic Isolation
• Viscoelastic Solid Dampers
• Sometimes viscous fluid dampers included

in this category

Semi-active

• “Fuzzy” category: sometimes lumped with
active dampers

• Includes
–  Tuned mass dampers
– Tuned liquid dampers
– Variable stiffness and damping systems
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Active

• Power added to system
• Active tuned mass dampers
• Active braced systems

Focus on Semi-active

• Observation
• Mathematical models
• Empirical analysis
• Design methodology
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Observation

• Simple model
• Vibration
• Effect of sloshing
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System Parameters: Ignore Damping

† 

let F1 = p0 sinwt so F =
p0 sinwt
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EOM

† 

m1˙ ̇ u 1 + k1 + k2( )u1 - k2u2 = p0 sinwt
m2˙ ̇ u 2 - k2u1 + k2u2 = 0
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Steady-State

† 

u1 = C1 sinwt, u2 = C2 sinwt
˙ ̇ u 1 = -w 2C1 sinwt, ˙ ̇ u 2 = -w 2C2 sinwt

Substitute into EOM

† 

m1 -w 2C1( )sinwt + k1 + k2( )C1 sinwt - k2C2 sinwt = p0 sinwt

m2 -w 2C2( )sinwt - k1C1 sinwt + k2C2 sinwt = 0
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Solve for constants

† 

-m1w
2C1 + k1 + k2( )C1 - k2C2 = p0

C1 =
p0 - k2C2

k1 + k2( ) - m1w
2

This is zero (i.e., no displacement of m1) when C2 =
p0

k2

.

What else? Tuning

† 

-m2w
2 - k2C1 + k2C2 = 0

C2(-m2w
2 + k2) = k2C1

C1 =
C2 -m2w

2 + k2( )
k2

For C1 = 0 but C2 ≠ 0, - m2w
2 + k2 = 0
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m2

for C1 = 0
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Solution Comments

† 

u2 =
p0

k2

sin k2

m2

t for w =
k2

m2

DUOX: solid mass damper
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In practice, damping and MDOF
systems complicate the process

• Devise experiments to test the limits of the
theory

• Use water instead of solid mass

TMD and TLD Model
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Set-up for TLD analysis

TLD-experiment
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Deep water sloshing

Linear Wave Theory: Frequency
of sloshing for  rectangular tank
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Circular Tank

† 
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Energy dissipation per cycle

† 

Ew = Fwdxs
Ts

Ú
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Energy dissipation

Movie Clip
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Yeh, et al. experiments

Frequency investigation
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NSD Model

Diagram of NSD
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Comparison

Design Algorithm
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Comparison

Additional damping investigation
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Comparison

Simulation
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Simulation

Design Equation

† 
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0.0034
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£ 0.03 weak wave breaking
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0.125

for xs

L
> 0.03 strong wave breaking
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Shimizu TLD

Rooftop of Yokohama Hotel
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Nanjing Tower [PRC]

Sloped Bottom (Gardarsson, Olsen)
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Sloped Tank Notes

• Angle of slope modifies water sloshing
behavior

• No simple water frequency equation exists
so empirical investigation of sloshing
required

• Stiffness degrading system vs stiffness
hardening

Tank behavior: b=fe/fw
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Active Control Scheme

Active Mass Damper
[AMD]
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AMD

AMD
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AMD

AVS
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AVS

AVS
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Conclusions

• Passive systems best for earthquakes
• Hybrid passive coupled with semi-active or

active devices gaining in popularity
• Semi-active TMD, TLD most popular

outside of US, especially for wind loadings
• AMD systems have promise but require

reliable power sources


