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Organization

• The Basics
• Material Damping
• Damping Metrics
• Damping with Viscoelastic Materials
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What is Damping?

https://community.plm.automation.siemens.com/t5/Testing-Knowledge-Base/How-to-calculate-damping-
from-a-FRF/ta-p/355050

Damping is energy dissipation by friction and other resistances.
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Damping Mechanisms

• Viscous Damping

• Coulomb or Dry Damping

• Material Damping

• Acoustic Damping

𝜎
𝜀
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𝐾

Coulomb Damping
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𝑀
𝑀𝑥ሷ  𝜇𝑀𝑔 sgn 𝑥ሶ  𝐾𝑥 ൌ 𝑓 𝑡

• Nonlinear differential equation
• Linear decay
• Decays to rest

𝜇𝑀𝑔 sgn 𝑥ሶ

𝑓ሺ𝑡ሻ

Inman, 2013
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Viscous Damping
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𝑀

𝑀𝑥ሷ  𝐵𝑥ሶ  𝐾𝑥 ൌ 𝑓 𝑡

𝑓 𝑡 ൌ 𝐹𝑒ఠ௧ and 𝑥 𝑡 ൌ 𝑋𝑒ఠ௧

െ𝑀𝜔ଶ  𝑗𝐵𝜔  𝐾 𝑋 ൌ 𝐹

െ𝑀𝜔ଶ  𝐾 1  𝑗
𝜔𝐵
𝐾 𝑋 ൌ 𝐹

𝐾ᇱ ൌ 𝐾 1  𝑗
𝜔𝐵
𝐾 ൌ 𝐾 1  𝑗𝜂

Assume force is harmonic so
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Models for Damped Structures

Viscous Damping Representation Loss Factor Representation

if 𝜔 ൌ 𝜔 … 𝜂 ൌ 2𝜉
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𝑥ሷ  2
𝐵

2 𝐾𝑀
𝐾
𝑀𝑥ሶ 

𝐾
𝑀 𝑥 ൌ

1
𝑀𝑓 𝑡

െ𝜔ଶ  2𝜉𝜔 𝑗𝜔  𝜔ଶ 𝑋 ൌ
1
𝑀𝐹

𝑀𝑥ሷ  𝐾 1 
𝑗𝜔𝐵
𝐾 𝑥 ൌ 𝑓 𝑡

𝑥ሷ 
𝐾
𝑀 1  𝑗𝜂 𝑥 ൌ

1
𝑀𝑓 𝑡

െ𝜔ଶ  𝑗𝜂𝜔ଶ  𝜔ଶ 𝑋 ൌ
1
𝑀𝐹

𝑀𝑥ሷ  𝐵𝑥ሶ  𝐾𝑥 ൌ 𝑓 𝑡

To be more precise

𝜔 ൌ 𝜔ௗ ൌ 𝜔 1 െ 𝜉ଶ 𝜂 ൌ
2𝜉

1 െ 𝜉ଶ
if then
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Viscous Damping
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𝑀
𝑀𝑥ሷ  𝐵𝑥ሶ  𝐾𝑥 ൌ 𝑓 𝑡

• Linear differential equation.
• Exponential decay.
• Never quite reaches rest.

𝑥 𝑡 ൌ 𝑋𝑒ିకఠ௧ cos 𝜔ௗ𝑡  𝜑

𝜔 ൌ
𝐾
𝑀

𝜔ௗ ൌ 𝜔 1 െ 𝜉ଶ

Ungar and Zapfe, 2006
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Damping Mechanisms

𝜎
𝜀

𝜂 ൎ 0.0001

Material

Component

Assembled Part

𝜂 ൎ 0.001

𝜂 ൎ 0.01
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Damping at Boundaries

Plate B

Plate A

Connections

Loss factor is roughly proportional to 
connection length and the bending 
wavelength of the plate.  Hence, the 
loss factor tends to be lower at higher 
frequencies because the bending 
wavelength is lower.

Ungar and Zapfe, 2006
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Organization

• The Basics
• Material Damping
• Damping Metrics
• Damping with Viscoelastic Materials
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Material Damping

Creep Test

𝜎
𝜎

𝑡

𝜀

𝑡

𝜎𝐽 𝑡

Relaxation Test

𝜀

𝑡 𝑡
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𝜀

𝜀

𝜎

𝜀ஶ

𝜀𝐸 𝑡

𝜎
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The Kelvin-Voigt 2-Parameter Model

𝐸 𝑅

Creep Compliance

Stress Relaxation

Material Damping

13

𝜀 𝑡 ൌ
𝜎
𝐸 1 െ 𝑒ି

ா
ோ௧

𝜎 𝑡 ൌ 𝜀𝐸
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For Low Frequency Harmonic Processes the Kelvin-Voigt 
Model is Applicable

The Material Loss Factor (Steel ~ .0001)

Energy Dissipated per Cycle

Maximum Potential Energy

Material Damping
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𝐸 𝜔 ൎ 𝐸  𝑗𝜔𝑅 ൌ 𝐸 1  𝑗𝜂

𝜂 ൌ
𝐸ௗ௦ 2𝜋⁄

max 𝐸௧
ൌ
𝜔𝑅
𝐸
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Loss Factors of Common Materials

Ungar, 2007
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Organization

• The Basics
• Material Damping
• Damping Metrics
• Damping with Viscoelastic Materials
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Damping Metrics
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Bies et al., 2018

Imaginary part of modulus of elasticity (𝐸) 𝐸ᇱ ൌ 𝐸  𝑗𝐸 ൌ 𝐸 1  𝑗𝜂

𝜂 ൌ
𝐸
𝐸

Note: normally used for transient analyses (i.e., not harmonic analyses).

Loss factor (𝜂)
Note: normally used for SEA and room acoustics.

Viscous or critical damping ratio (𝜉) 𝜂 ൌ
2𝜉

1 െ 𝜉ଶ
ൎ 2𝜉

Note: normally used for harmonic FEA (especially mode superposition analyses).

if 𝜉 is low 
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Damping Metrics
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Bies et al., 2018

Logarithmic decrement (𝛿)

Note: often used in classwork and perhaps in some analysis codes.

𝛿 ൌ
1
𝑁 ln

𝑋
𝑋ାே

𝜂 ൌ
𝛿
 𝜋

Ungar and Zapfe, 2006
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Damping Metrics
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60 dB reverberation time (𝑇)

Note: used when background noise is too high to identify 𝑇 to determine loss factor.

𝜂 ൌ
2.2

 𝑓𝑇
Ermann, 2015

Decay rate in dB/sec 𝜂 ൌ
𝐷𝑅

 27.3𝑓

Note: often used experimentally in reverberation rooms to determine the loss factor of a room.
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Damping Metrics
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Bies et al., 2018

Diffuse field sound absorption (𝛼ௗ) 𝜂 ൌ
𝑐𝑆 𝛼ௗ

4𝜔𝑉

𝑆 𝛼ௗ ൌ𝛼ௗ,𝑆


Note: diffuse field sound absorption is measured in a reverberation room and is used in room 
acoustics theory and SEA software.

𝑇 ൌ
24 ⋅ ln 10 𝑉
𝑐 𝛼ௗ 𝑆
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Steady State Harmonic Response

𝑋
𝑋

ൌ
1

1 െ 𝜔
𝜔

ଶ ଶ

 2𝜉 𝜔𝜔

ଶ

Magnification (or Quality Factor)

Long, 2014

𝑋
𝑋

ൌ 𝑄 ൌ
1

2𝜉 ൌ
1
𝜂

At resonance (i.e. 𝜔 ൌ 𝜔)
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Measurement of Damping
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Half Power Method 𝜂 ൌ 2𝜉 ൌ
Δ𝑓ଷௗ
𝑓

ൌ
Δ𝑓ௗ

2𝑓

Bies et al., 2018

Quality Factor 𝜂 ൌ
1
𝑄

Note: used experimentally to determine damping ratio at modal frequencies.

𝑄 ൌ
𝑓

Δ𝑓ଷ ୢ
ൌ
𝑋 𝜔
𝑋௦௧
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Dependent on Frequency Spacing

https://community.plm.automation.siemens.com/t5/Testing-Knowledge-Base/How-to-calculate-damping-
from-a-FRF/ta-p/355050
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Organization

• The Basics
• Material Damping
• Damping Metrics
• Damping with Viscoelastic Materials
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Polyester Plastic Material Properties
Ungar, 2007
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Properties of Damping Materials

Ungar, 2007
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Beams with Viscoelastic Inserts

ℎଵଶ ℎଵଶ

𝜂
𝛽 ൌ 1 

𝑘ଶ 1  𝛽ଶ  𝑟ଵ ℎଵଶ⁄ ଶ𝛼
𝑘ሺ1  𝑟ଶ ℎଵଶ⁄ ଶ𝛼

ିଵ

𝑘 ൌ
𝐸ଶ𝑆ଶ
𝐸ଵ𝑆ଵ

𝑟 ൌ
𝐼
𝑆

𝛼 ൌ 1  𝑘 ଶ  𝛽𝑘 ଶ

𝐸 elastic modulus of 𝑖th material
𝑆 cross-sectional area of 𝑖th material
𝐼 moment of inertia of 𝑖th material
𝛽 loss factor of viscoelastic material

Material 1

Material 2 (loss factor 𝛽)

Ungar and Zapfe, 2006
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Beams with Viscoelastic Inserts

ℎଵଶ ℎଵଶ

𝐸 elastic modulus of 𝑖th material
𝑆 cross-sectional area of 𝑖th material
𝐼 moment of inertia of 𝑖th material
𝛽 loss factor of viscoelastic material

Material 1

Material 2 (loss factor 𝛽)

Simplification if 𝑘 ≪ 1

𝜂
𝛽 ൎ

𝐸ଶ
𝐸ଵ

𝐼ଶ  𝑆ଶℎଵଶଶ

𝐼ଵ

Ungar and Zapfe, 2006
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Properties of Damping Materials

𝜂 ൎ
𝛽ଶ𝐸ଶ
𝐸ଵ

ℎଶ 3  6ℎଶ  4ℎଶଶ

ℎଶ ൌ
𝐻ଶ
𝐻ଵ

𝛽ଶ loss factor for viscoelastic material

Ungar, 2007
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Summary

• The Basics
• Material Damping
• Damping Metrics
• Damping with Viscoelastic Materials


