Chapter 2: Concept of Inertia and Damping

Introduction

Understanding how structures respond during seismic events is fundamental
in Earthquake Engineering. Two critical physical phenomena influencing the
seismic response of structures are inertia and damping. Inertia refers to the
resistance offered by a mass to acceleration or deceleration, while damping
is the mechanism through which energy is dissipated in a vibrating system.
Together, these concepts form the backbone of dynamic analysis and design
of earthquake-resistant structures. This chapter delves into the fundamental
principles of inertia and damping, their mathematical modeling, and their role
in seismic response.

2.1 Concept of Inertia
2.1.1 Definition and Physical Meaning

Inertia is a fundamental property of matter that resists any change in its state
of motion. According to Newton’s First Law of Motion, a body remains in its
state of rest or uniform motion unless acted upon by an external force. In the
context of structural dynamics:

e Inertia Force: When a structure is subjected to dynamic excitation such
as an earthquake, the mass of the structure resists motion, creating an
inertia force that is proportional to the acceleration of the mass.

F,=m-alt)
e where:

— F; = inertia force
— m = mass of the body
— a(t) = acceleration at time ¢

2.1.2 Role of Mass in Structural Systems

The mass of structural components (such as floors, walls, roofs) determines how
much inertia force will develop during ground motion. Higher mass results in
larger inertia forces. Thus, in seismic design, minimizing mass or distributing it
effectively becomes crucial.



2.1.3 Mathematical Representation in Dynamic Systems

In dynamic systems, the inertia is incorporated into the equation of motion:

mii(t) + ci(t) + ku(t) = F(t)

Where:

e m = mass

o i(t) = acceleration (due to inertia)

e ¢ = damping coefficient

o 4(t) = velocity

o k = stiffness

o u(t) = displacement

o F(t) = external force (e.g., earthquake excitation)

2.2 Concept of Damping
2.2.1 Definition and Need for Damping

Damping refers to the mechanism by which vibrational energy is dissipated in
a dynamic system. Without damping, a structure would continue to vibrate
indefinitely once disturbed. In reality, due to internal friction, air resistance, and
material deformation, energy is lost over time, leading to the decay of motion.

2.2.2 Sources of Damping in Structures
Damping in civil structures arises from:

e Material Damping: Energy loss due to internal friction in materials
(concrete, steel).

o Frictional Damping: At interfaces or joints where slipping may occur.

e Structural Damping: Caused by non-linear behavior at connections and
cracks.

¢ Foundation Damping: Due to interaction between the foundation and
soil.

2.2.3 Types of Damping Models

2.2.3.1 Viscous Damping The most common assumption in structural dy-
namics. The damping force is proportional to the velocity:

Fd :C~’ll(t)

Where:



e ¢ = damping coefficient
e u(t) = velocity of the mass

2.2.3.2 Coulomb (Dry Friction) Damping Damping due to friction between
two surfaces:

Fd:,uN

Where:

o 1 = coefficient of friction
e N = normal force

This type of damping is non-linear and results in constant energy loss per cycle
of motion.

2.2.3.3 Hysteretic Damping Observed in materials that exhibit inelastic
behavior. Energy is dissipated as the material goes through stress-strain cycles.
Common in reinforced concrete and masonry.

2.2.3.4 Structural and Radiation Damping Structural damping involves
multiple phenomena, including minor energy losses at joints. Radiation damping,
though small, involves energy being transferred from the structure into the
supporting soil.

2.2.4 Damping Ratio and Its Significance

The damping ratio ( is a non-dimensional quantity used to express the level
of damping:

Where:

e ¢ = damping coefficient
o k = stiffness
e M = mass

Values of damping ratio:

¢ ( =0: Undamped

e 0 < ¢ < 1: Underdamped (typical in structures)
e ( = 1: Critically damped

e (¢ > 1: Overdamped

For buildings:
o Steel structures: ¢ =~ 2% — 3%



o Concrete structures: ¢ ~ 4% — 7%

2.3 Free and Forced Vibrations with Damping
2.3.1 Free Vibration with Damping

The equation of motion:

mi(t) + cu(t) + ku(t) =0

Solution depends on the damping ratio:
e Underdamped systems show decaying sinusoidal motion.
e The decay rate is governed by (.

2.3.2 Forced Vibration with Damping

When external dynamic forces (e.g., earthquake ground motion) are applied:

mii(t) + cu(t) + ku(t) = F(¢)

The solution includes:

o Transient response (decays with time)
« Steady-state response (sustained due to periodic forcing)

2.3.3 Resonance and Damping Effect

In undamped systems, resonance occurs when the forcing frequency matches
the natural frequency. Damping reduces the peak amplitude at resonance and
broadens the response spectrum.

2.4 Energy Dissipation Mechanism
2.4.1 Energy Balance in Vibrating Systems

For a damped system:

Einput = Ekinetic + Epotential + Edissipated

Where energy dissipation due to damping reduces the total vibrational energy
over time.



2.4.2 Role of Damping in Earthquake Engineering

e Reduces displacement and acceleration demand

e Lowers forces on structural members

o Enhances safety and serviceability

¢ Critical in base isolation and energy-dissipating devices

2.5 Measurement and Modeling of Damping
2.5.1 Experimental Methods

¢ Logarithmic Decrement Method: Based on decay of amplitude over
cycles
o Half-Power Bandwidth Method: Using frequency response curves

2.5.2 Practical Considerations in Modeling

e Accurate modeling of damping is challenging due to complex mechanisms

o Idealized models (viscous damping) are often used for simplicity

¢ In numerical simulations, Rayleigh damping (a combination of mass
and stiffness proportional damping) is commonly applied:

[C] = a[M] + BIK]

Where:

o [C] = damping matrix

e [M] = mass matrix

o [K] = stiffness matrix

¢ «a, 3 = Rayleigh coefficients

2.6 Influence of Damping on Seismic Response

o Higher damping leads to lower seismic response (lower displacements and
accelerations)

e Damping modifies the Response Spectrum, which is used in seismic
design

o Effective damping is accounted for in design spectra by introducing
damping correction factors




2.7 Advanced Damping Devices in Seismic Design
2.7.1 Tuned Mass Dampers (TMDs)
e Devices installed in buildings to reduce vibration by creating out-of-phase
motion
o Used in tall buildings and towers
2.7.2 Base Isolators
¢ Provide high damping at the foundation level
e Separate the structure from ground motion
2.7.3 Viscous and Hysteretic Dampers

e Add-on devices installed in bracing or connections to enhance damping

2.8 Practical Application of Inertia and Damping in Earth-
quake Engineering

2.8.1 Structural Design Codes and Damping

Modern seismic design codes (e.g., IS 1893, ASCE 7, Eurocode 8) integrate the
effects of inertia and damping explicitly. Key points include:

¢ Design Base Shear is calculated considering effective mass and natural
period of the structure.

¢ Response Reduction Factors (R) in IS 1893 partially account for
inherent damping and ductility.

o« Damping Modification Factors are used to adjust spectral accelerations
for different damping levels (typically 5% is assumed standard).

2.8.2 Case Studies and Field Implementations

o Taipei 101 (Taiwan): Uses a 660-ton tuned mass damper suspended
between floors 87 and 91, drastically reducing vibrations during seismic
and wind events.

o Petronas Towers (Malaysia): Include dampers and flexible joints to
absorb seismic energy.

e New Indian Infrastructure: Metro systems, flyovers, and bridges are
increasingly designed with base isolators and viscous dampers to improve
post-earthquake resilience.




2.9 Limitations and Challenges in Damping Modeling
2.9.1 Nonlinearity of Real Damping Behavior

e Most mathematical models assume linear viscous damping, which
doesn't capture the real hysteretic and nonlinear energy dissipation of
actual materials and joints.

o During strong shaking, structures experience stiffness degradation, crack
propagation, and yield — making damping behavior dynamic and variable.

2.9.2 Sensitivity in Time History and Modal Analysis

e Seismic response is sensitive to damping values, especially in low-
frequency flexible structures.

e Selection of damping ratio for modal superposition methods and time
history analysis is still empirical and varies across codes and practices.

2.9.3 Dependence on Construction and Aging
e Damping capacity deteriorates over time due to:

— Material fatigue
— Joint loosening
— Foundation settlement

e Maintenance becomes crucial to retain intended damping performance in
long-span bridges, towers, and tall buildings.

2.10 Recent Advancements and Research Trends
2.10.1 Smart and Adaptive Damping Systems

o Semi-active dampers (e.g., magnetorheological and electrorheological
fluid dampers) change damping properties in real time based on sensor
feedback.

¢ Used in intelligent buildings and critical infrastructure.

2.10.2 Supplemental Damping Technologies

¢ Sloshing dampers using fluids in tanks are gaining popularity in oil
refineries and chemical plants.

o Negative stiffness devices (NSD) are being tested for high-efficiency
energy dissipation in low-rise buildings.

2.10.3 Integration with Structural Health Monitoring (SHM)

o Continuous damping measurement is now possible using real-time SHM
systems that track:



— Damping degradation
— Inertia-driven damage patterns
— Structural vibration patterns under microtremors

o SHM-based feedback is being used to re-tune mass dampers and re-
calibrate damping devices for future quakes.
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