


Introduction

• Earthquake causes ground shaking;

• Ground shaking induces movement of the soil back and forth generating 

inertia forces in the building. Obviously, the bigger the mass, the bigger the 

inertia forces;
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Introduction

Ground motion Wind

Even though the earthquake is a displacement-type load, for practical purposes in 

many cases we try to represent its effects on the structure in terms of equivalent 

static forces.
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The earthquake effects and how to measure its intensity 

The focus is the place of origin of 

an earthquake inside the ground

The epicentre is the point on the 

surface vertically above the focus

(maximum damage)

• Superficial (70 km)

• Intermediate (70-300 km)

• Deep (>300 km)
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The earthquake effects and how to measure its intensity 

𝐸𝑆 = 𝐸𝐸 + 𝐸𝐻 + 𝐸𝐷

Seismic energy
Elastic waves

energy

Heat dissipation

Work needed to move 

the fault

Definition of the hazard
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Measures of intensity (Scales)

- Mercalli scale (1902, based on the measure of the 

effects 1-12) – not objective;

- Richter scale (based on the definition of magnitude, 

it measures the amplitude recorded at the 

accelerometer at a certain distance). Magnitude 0 

corresponds to a seismic event generating 1 

micron of amplitude on the accelerometer at 100 

km from the epicentre – correlated to the Energy at 

the focus (log E=11.8+1.5M);
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Representation of the earthquake at ground level, intensity measures

- PGA, PGV, PGD: Peak Ground Acceleration, velocity and displacement;
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For structural engineers the full 

accelerogram is needed

Definition of the hazard
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Seismic Hazard in EN 1998 (Eurocode 8)
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Definition of the hazard

Seismic hazard is defined using a single parameter:

• Reference Peak Ground Acceleration (agR) on Ground Type A (rock or

rock-like soil).

• Each country provides this info in its National Annex.

• National authorities divide the country into seismic zones,

where the hazard (agR) is considered uniform within each zone.

• For each zone, agR is linked to a reference probability of exceedance

(Typically for a 10% porbability in 50 years → used for no-collapse) design

checks.
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Hazard
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As previously mentioned, the random nature of earthquakes and the numerous 

uncertainties involved in assessing seismic hazard at a given site make a 

probabilistic approach highly appropriate.

In such analyses, the seismic events are typically modeled using a stationary 

Poisson process, which forms the basis of the underlying probabilistic framework.

Definition of the hazard

Level 1 – Fully Operational

Level 2 – Operational

Level 3 – Life Safe

Level 4 – Near Collapse
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• The structure is strongly damaged

• Almost all non-structural elements are damaged

• The building can survive modest accelerations

Near Collapse

• The structure is damaged significantly

• Non structural elements have damages

• It is not convenient to repair the building
Life Safe

• There is no damage to the structural and non-structural elementsFully Operational

Earthquake Performance Levels

• Damages are very low

• Non-structural element present low-damages

• Structural elements are undamaged or can be easily repaired

Operational
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IO LS CP FEMA 273
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Elastic Limit

All the modern codes specify under seismic actions minimum levels of
performance that structures have to fulfill.
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Hazard - Latvia
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Hazard - Italy
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Principles of dynamics
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Degrees of Freedom (DoF): it is the number of 

independent variables needed to describe the motion of 

the system at any instant of time

SDoF: examples
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SDoFs: resisting force fs
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Principles of dynamics

The resisting force (fs) is the elastic force a structure uses to 

oppose displacement, and it depends on the system’s 

stiffness.

Greater flexibility changes the system’s dynamic behavior — it 

vibrates differently and responds differently to loads.

This is key in understanding the dynamic properties of 

buildings and mechanical systems.
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SDoFs: damping force fd 

Damping is how a structure’s vibrations slowly fade away over 

time. This happens because energy is lost through things like 

friction, tiny cracks opening and closing, and interaction with air, 

fluids, or walls. 

Since these effects are complex, we usually model damping 

using a simple tool called a dashpot, which acts like a shock 

absorber.
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Equation of motion for a SDoF: with a force applied

In dynamics, we can use D’Alembert’s Principle to write the equation of 

motion. By adding the inertia force (a fictitious force), the system can be treated 

as if it's in equilibrium at every moment in time.

This allows us to apply static-like equilibrium to dynamic problems. It is an easy 

way to study motion using familiar equilibrium concepts.

Free-body diagram

Elastic systems inelastic systems
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Equation of motion for a SDoF: with earthquake excitation

Effective earthquake force
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Goal: Find the Response of a System

Force

Seismic

Given the system’s mass (m), stiffness (k), damping (c), and dynamic 

excitation (like an external force or ground motion), the main goal is to find how 

the system responds. We are interested in its:

•Displacement

•Velocity

•Acceleration

In earthquakes, we look at both absolute and relative displacement,

but relative displacement is more important — it controls how the structure 

behaves.
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SDoFs undergoing free vibration
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Dynamic of SDoF systems

Free vibration of SDoFs: undamped

(1) Initial conditions

𝛿2 + 𝜔2 = 0(2) where

solution

(3) 𝛿 = ±𝑖𝜔 Remembering that

𝑢 𝑡 = 𝑐1 cos 𝜔𝑡 + 𝑐1 s𝑖𝑛 𝜔𝑡

Massimo Latour

University of Salerno
Basis of Seismic Design



Dynamic of SDoF systems

Free vibration of SDoFs: undamped

Natural period of vibration

Natural frequency of vibration

Amplitude
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Dynamic of SDoF systems

Free vibration of SDoFs: undamped
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Dynamic of SDoF systems

Free vibration of SDoFs: undamped

h=3 m Ic=14.920 cm4

E=210.000 MPa

Data

m=20.000 kg

𝑘 =
24𝐸𝐼𝑐

ℎ3
=
24 × 210.000 × 106 × 14.920

108 × 33
= 27.850.667 N/m

𝜔𝑛 =
𝑘

𝑚
=

27.850.667

20.000
= 37.31 𝐻𝑧 𝑇𝑛 =

2𝜋

𝜔𝑛
= 0.17 𝑠𝑒𝑐
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Dynamic of SDoF systems

Free vibration of SDoFs: damped

(1)

(2)

where

Solution

for <1

(3) Remembering that

(3)
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Dynamic of SDoF systems

Free vibration of SDoFs: damped

h=3 m Ic=14.920 cm4

E=210.000 MPa

Data

m=20.000 kg

𝑘 =
24𝐸𝐼𝑐

ℎ3
=
24 × 210.000 × 106 × 14.920

108 × 33
= 27.850.667 N/m

𝜔𝑛 =
𝑘

𝑚
=

27.850.667

20.000
= 37.31 𝐻𝑧

𝑇𝑛 =
2𝜋

𝜔𝑛
= 0.17 𝑠𝑒𝑐

z=0.05

𝜔𝑑 = 𝜔𝑛 × 1 − 2 = 37.27 𝐻𝑧
𝑇𝑑 =

2𝜋

𝜔𝑑
= 0.17 𝑠𝑒𝑐
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Dynamic of SDoF systems

Free vibration of SDoFs: damped
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Dynamic of SDoF systems

Response of SDoFs: harmonic force, undamped

(1)

(2)

where

Solution

(3) Remembering that

(3)
𝛿2 + 𝜔𝑛

2
= 0

Massimo Latour
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𝛿 = ±𝑖𝜔 𝑛
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Dynamic of SDoF systems

Response of SDoFs: harmonic force, undamped

Solution
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Dynamic of SDoF systems

Response of SDoFs: harmonic force, undamped

u0 is the amplitude of the steady-

state response

 is the phase angle (in-phase or 

out-of-phase)
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Dynamic of SDoF systems

Response of SDoFs: harmonic force, undamped
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Dynamic of SDoF systems

Response of SDOFs: harmonic force, undamped

Low frequency

medium frequency

High frequency

Massimo Latour

University of Salerno
Basis of Seismic Design



Dynamic of SDoF systems

Response of SDOFs: harmonic force, undamped
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Dynamic of SDoF systems

Response of SDoFs: harmonic force, undamped

Seismic event Rieti (2016)
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Dynamic of SDoF systems

Response of SDoFs: harmonic force, undamped

Seismic event Rieti (2016)
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Earthquake response of Linear systems

Earthquake response

2) The forces can be 

estimated from the response 

quantities;

Damping force

Restoring force

Inertia force

Massimo Latour
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1) The e.o.m. is solved by 

means of a numerical 

method (example central 

difference method)
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Earthquake response of Linear systems

Equivalent force method

3) If fs=ku(t) is known, the stresses in the 

structure are know in each time instant 

(Moment, shear and axial force);

Pseudo-acceleration

For a given earthquake, I can determine the relation between restoring force and mass through 

the pseudo-acceleration. This gives at any time instant the base shear and bending moment. We 

are interested in the peak response which is the one leading to the peak stresses.
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Earthquake response of Linear systems

Response spectrumBasic Idea:

The response spectrum shows how structures of different period 

(mass/stiffness) respond to the same earthquake.

Think of it like testing how all possible buildings would shake if hit 

by the same ground motion.

Where it comes from:

Introduced by Housner & Biot (1932)

It summarizes the maximum response (displacement, velocity, or 

acceleration) of single-degree-of-freedom systems (SDoF).

What it shows:

•X-axis = Period (T) → how flexible the structure is

•Y-axis = Max response (acceleration, velocity, or displacement)

The shape of the curve helps engineers design safer buildings by 

estimating the worst-case shaking

Why it matters:

Forms the base of the lateral force method

Used to estimate design forces

Helps turn dynamic earthquake effects into simplified static loads
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Earthquake response of Linear systems

Fundamentals of Dynamic of Structures
Massimo Latour

University of Salerno

EC8 Elastic design spectrum

Based on statistical analysis of past earthquake data at a given site, EC8 provides design 

spectra for both Serviceability Limit State (SLS) and Ultimate Limit State (ULS). The ULS 

spectrum is more severe, as it corresponds to a higher return period and lower probability of 

exceedance —in the Eurocodes 475 years for ULS and 95 years for SLS.

Seismic Elastic spectrum
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Earthquake response of Linear systems

EC8 Elastic design spectrum

Initially increases

Constant Pseudo-Acceleration

Constant Pseudo-velocity

Constant Displacement

ag is the PGA

S is a soil factor (classes from A-E)

T is natural period

Se is the pseudo-acceleration
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Earthquake response of Linear systems
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Ms>5.5 (High seismicity areas)

Ms<5.5 (Low seismicity areas)
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Earthquake response of Linear systems
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Ms<5.5

Ms>5.5
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Earthquake response of Linear systems

EC8 Elastic design spectrum - example

ag=0.25g – medium hazard S=1.20 – soil type B (hard soil)

TB=0.15 s
TD

0.25x1.2=0.30 

0.30x2.5=0.75 

TC=0.5 s

Massimo Latour
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Earthquake response of Linear systems

EC8 Elastic design spectrum - example

ag=0.25g – medium hazard S=1.20 – soil type B (hard soil)

TB=0.15 s
TD

0.25x1.2=0.30 

0.30x2.5=0.75 

TC=0.5 s

h=3 m Ic=14.920 cm4

E=210.000 MPa m=20.000 kg

𝑇𝑛 = 2𝜋
𝑚

𝑘
=

20.000

27.850.667
= 0.17 𝑠

𝜔𝑛 = 37.31 𝐻𝑧

Massimo Latour
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Earthquake response of Linear systems

EC8 Elastic design spectrum - example

ag=0.25g – medium hazard S=1.20 – soil type B (hard soil)

TB=0.15 s
TD

0.25x1.2=0.30 

0.30x2.5=0.75 

TC=0.5 s

𝑉𝑏 = 𝑤
𝑆𝑒

𝑔
= 200.000𝑥0.75 = 150.000 N

F=150 kN

Massimo Latour
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The role of ductility
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This image shows how an earthquake input energy is 

absorbed and transformed by a structure:

Rain = Seismic Input Energy

The system (the "building") collects this energy, like rain 

through a retractable roof.

The energy is then "pumped" in the form of:

Kinetic Energy from ground motion which is transformed into:

Strain Energy (stored in the structure) and Viscous Damping

Energy (lost due to damping)

If Strain Energy exceeds the material’s elastic limit, part of it

is converted into Hysteretic Energy, which is irreversibly

lost due to internal damage or plastic deformation.

The total System Energy Level shows how much energy the 

structure takes in.

The Energy Dissipation Level shows how much of that 

energy is safely absorbed or lost — critical for avoiding 

damage.

This analogy allows us to individuate the 

strategies for seismic protection

The role of ductility
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The role of ductility

1st strategy: remove the input energy (close the roof)
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The role of ductility
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The role of ductility

Basis of Seismic Design



Massimo Latour

University of Salerno

The role of ductility

2nd strategy: increase structural damping (increase energy lost in the pump)
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Taiwan

508 𝑚

The role of ductility

3rd strategy: modify the dynamic properties of the building (Tuned Mass Damper)
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There is a relationship between the ductility and the dissipation capacity of the structures. 

Hence, between the ductility and the design forces…

The role of ductility

The most common type of passive control: increase hysteresis

Basis of Seismic Design



The role of ductility
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Most common strategy: increase hysteresis

Concept A: Structures made of sufficiently large sections that are subject to only elastic 

stresses (element failure is not ductile. In this case the structure’s global behaviour is ‘brittle’)

Concept B: Structures made of smaller sections, designed to form numerous plastic zones 

(hinges), intentionally designed to undergo cyclic plastic deformations without failure, and the 

structure as a whole is designed such that only those selected zones (hinges) will be plastically 

(nonlinear) deformed.

(EC8-1 Table 6.1)

Basis of Seismic Design
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In EC8 the equivalent of the ductility factor is called q (behaviour factor). This may be, more in

general, expressed as the ratio between the force demand on an equivalent elastic structure

over the force at first yielding of the inelastic structure

V1

Vu

V

Ve



𝑞 =
𝑉𝑒
𝑉𝑑

=
𝑉𝑒
𝑉𝑢

𝑉𝑢
𝑉1

𝑉1
𝑉𝑑

= 𝑞𝐷𝑞𝑅𝑞𝑆

Redundancy & 

Redistribution

Ductility component

𝑞 =
𝑆𝑝𝑎 𝑢

𝑆𝑝𝑎 𝑦

The role of ductility

Design 

overstrength

Vd
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SDOFs: resisting force fs – non linear system

The behaviour factor scales the elastic spectrum to obtain the design forces on the structure when this is

assumed to work in non-linear range. Obviously I do not have to forget to design the structure to be

sufficiently ductile. This depends on the structural typology and detailing rules. The structure has to be

designed to be ductile both at local and global level.

𝑞 =
𝑆𝑝𝑎,𝑒𝑙
𝑆𝑝𝑎,𝑖𝑛𝑒𝑙

Spa



Elastic spectrum

Inelastic spectrum

Spa

Spa/q

The role of ductility
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The capacity of structural systems to resist seismic actions in the non-linear range permits 

their design for resistance to seismic forces smaller than those corresponding to a linear 

elastic response. 

The energy dissipation capacity of the structure is taken into account mainly through the 

ductile behaviour of its elements by performing a linear analysis based on a reduced 

response spectrum, called design spectrum. 

This reduction is accomplished by introducing the Behaviour Factor (𝑞).

The role of ductility
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EC8 inelastic design spectrum - example

ag=0.25g – medium hazard S=1.20 – soil type B (hard soil)

TB=0.15 s
TD

0.25x1.2=0.30 

0.30x2.5=0.75 

TC=0.5 s

0.2

0.75/6.5=0.115 

The role of ductility
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EC8 inelastic design spectrum - example

ag=0.25g – medium hazard S=1.20 – soil type B (hard soil)

TB=0.15 s
TD

0.25x1.2=0.30 

0.30x2.5=0.75 

TC=0.5 s

0.2

0.75/6.5=0.115 

The role of ductility
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EC8 inelastic design spectrum - example

ag=0.25g – medium hazard S=1.20 – soil type B (hard soil)

TB=0.15 s
TD

0.25x1.2=0.30 

0.30x2.5=0.75 

TC=0.5 s

𝑉𝑏 = 𝑤
𝑆𝑒
𝑔𝑞

=
200.000𝑥0.75

5.5
= 27270 𝑁

F=27.3 kN

Massimo Latour

University of Salerno

The role of ductility

The design forces are now reduced by a 

factor equal to 5.5. This means the structure 

will need to have a large ductility which 

needs to be properly designed (hierarchical 

design and detailing rules to have large 

local/global deformation capacity).
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The behaviour factor q, introduced in EC 8 3.2.2.5, 

accounts for the energy dissipation capacity of the 

structure.

The role of ductility

Steel Structures
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The role of ductility

Uncoupled wall Coupled wallsFrames (MRF)

RC Structures
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The role of ductility

Single storey

Single bay

Multi storey

Single bay
Multi storey

Multi bay

For frames

Basis of Seismic Design
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The role of ductility

Flat slab structures are included in the new 

generation of EC8

Large walls structures are included in the new 

generation of EC8

Basis of Seismic Design
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The role of ductility

Flat slab structures are included in the new 

generation of EC8

Large walls structures are included in the new 

generation of EC8
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The role of ductility

Flat slab structures are included in the new 

generation of EC8

Large walls structures are included in the new 

generation of EC8

Basis of Seismic Design



Paldies par uzmanību un sadarbību!
Sirsnīgi pateicamies visiem Latvijas inženieriem par izrādīto

interesi un sniegto uzticēšanos.

Massimo Latour

University of Salerno
Basis of Seismic Design
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