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UNIT – I 

THEORY OF VIBRATION 

Concept of inertia and damping – Types of Damping – Difference between static 

forces and dynamic excitation – Degrees of freedom – SDOF idealization – Equations of 

motion of SDOF system for  mass as well as base excitation –  Free  vibration of SDOF 

system  –  Response  to  harmonic  excitation  –  Impulse  and  response  to  unit  impulse  – 

Duhamel integral. 

Two Marks Questions and Answers 

 

1. What is mean by Frequency? 
 

Frequency is number of times the motion repeated in the same sense or alternatively. 

It is the number of cycles made in one second (cps). It is also expressed as Hertz (Hz) 

named after the inventor of the term. The circular frequency ω in units of sec
-1

 is given by    

2π f. 

2. What is the formula for free vibration response? 
 

The  corresponding  equation  under  free  vibrations  can  be  obtained  by  

substituting  the right hand side of equation as zero. This gives  

mu + Cu +Ku = 0 

3. What are the effects of vibration? 

i. Effect on Human Sensitivity. 

ii. Effect on Structural Damage 

4. What is mean by theory of vibration? 

Vibration is the motion of a particle or a body or a system of concentrated bodies 

having been displaced form a position of equilibrium, appearing as an oscillation.  

Vibration  was  recognized  in  mechanical  systems  first  and  hence  the  study  of 
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vibrations fell into the heading “Mechanical Vibrations” as early about 4700 years ago. 

 

5. Define damping. 
 

Damping is a measure of energy dissipation in a vibrating system. The dissipating 

mechanism may be of the frictional form or viscous form. In the former case, it is called 

dry  friction  or  column  damping  and  in the  latter  case  it  is  called  viscous  damping. 

Damping in a structural system generally assumed to be of viscous type for mathematical 

convenience. Viscous damped force (Fd) is proportional to the velocity ( u ) of a vibrating 

body. The constant of proportionality is called the damping constant (C). Its units are 

NS/m. 

6. What do you mean by Dynamic Response? 
 

The Dynamic may be defined simply as time varying. Dynamic load is therefore 

any  load  which  varies  in  its  magnitude,  direction  or  both,  with  time.  The  structural 

response  (i.e.,  resulting  displacements  and  stresses)  to  a  dynamic  load  is  also  time 

varying or dynamic in nature. Hence it is called dynamic response. 

7. What is mean by free vibration?  

A  structure  is  said  to  be  undergoing  free  vibrations  if  the  exciting  force  that 

caused  the  vibration  is  no  longer  present  and  the  oscillating  structure  is  purely  under 

influence of its own inertia or mass(m) and stiffness (k). Free vibration can be set in by 

giving an initial displacement or by giving an initial velocity (by striking with a hammer) 

to the structure at an appropriate location on it. 

8. What is meant by Forced vibrations? 
 

 Forced  vibrations  are  produced  in  a  structure  when  it  is  acted  upon  by the  

continuous presence of an external oscillating force acting on it. The structure under forced 
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vibration normally responds at the frequency ratio, i.e.  (fm/fn) where fm is the frequency of 

excitation and  is the natural frequency of the structure. 

 

9. Write a short note on Amplitude. 
 

It  is  the  maximum  response  of  the  vibrating  body  from  its  mean position. 

Amplitude is generally associated with direction – vertical, horizontal, etc.  It can be expressed in 

the form of displacement (u), velocity ( ) or acceleration ( ). In the case of simple 

harmonic motion, these terms are related through the frequency of oscillation (f). 

If „u‟ is displacement amplitude, then  

Velocity ( ) = 2π f .u 

Acceleration ( ) = (2π f). (u) = 4 u 

When acceleration is used as a measure of vibration, it is measured in terms of 

acceleration due to gravity, g (9.81 m/sec
2
). 

10. Define Resonance. 
 

This phenomenon  is  characterized  by the  build  –up  area  of large  amplitudes of 

any  given  structural  system  and  as  such  ,  it  has  a  significance  in  the  design  of 

dynamically  loaded  structures.  Resonance should be avoided under all circumstances, 

whenever a structure is acted upon by a steady state oscillating force (i.e., fm is constant). 

The presence of damping, however, limits the amplitudes at resonance. This shows the 

importance of damping in controlling the vibrations of structures. According to IS 1893 –

1975-  Indian  standard  code  of  practice  on  Earthquake  resistant  design  of  structures, 

following   values   of   damping are recommended for design purposes. 

11. What is mean by Degrees of freedom? 
 

The  number  of  degrees  of  freedom  of  system  equals  the  minimum  number  of 

independent co-ordinates necessary to define the configuration of the system. 
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12. Define static force. 
 

A  push  or  pull  or  a  load  or  many  loads  on  any  system  creates  static  

displacement  or deflection depending on whether it is a lumped system or a continues 

system; there is no excitation and hence there is no vibration. 

 

13. Write a short note on simple Harmonic motion. 
 

Vibration  is  periodic  motion;  the  simplest  form  of  periodic  motion  is  simple 

harmonic. More complex forms of periodic motion may be considered to be composed of a  

number  of  simple  harmonics  of  various  amplitudes  and  frequencies  as  specified  in 

Fourier series 

14. What is the response for impulsive load or Shock loads? 
 

Impulsive  load  is  that  which  acts  for  a  relatively  short  duration.  Examples are 

impact of a hammer on its foundation. Damping is not important in computing response to  

impulsive  loads  since  the  maximum  response  occurs  in  a  very  short  time  before 

damping   forces   can  absorb   much  energy   from  the   structure.   Therefore,   only the 

undamped response to impulsive loads will be considered. 

15. Write a short note on single degree of freedom (SDOF) systems. 
 

At  any  instant  of time,  the  motion of this  system can  be  denoted  by single  co- 

ordinate (x in this case). It is represented by a rigid mass, resting on a spring of stiffness „k‟ 

and coupled through a viscous dashpot (represent ing damping) having constant „C‟. Here, 

the mass „m‟ represents the inertial effects of damping (or energy dissipation) in the system. 

Using the dynamic equilibrium relation with the inertial force included, according to 

D‟Alembert‟s principle, it can be written as 

FI + FD +FS = P (t) 

(Inerti

a 

(Damp

ing 
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   This gives 

mx + Cx +Kx = P 

x, x, x respectively denote the displacement, velocity and acceleration of the system. P (t) 

is  the  time  dependent  force  acting  on  the  mass.  The above equation represents the 

equation of motion of the single degree freedom system subjected to forced vibrations.  

16. Define Cycle. 
 

The  movement  of  a  particle  or  body  from  the  mean  to  its  extreme  position  

in  the direction, then to the  mean and then another extreme  position and  back  to the  

mean is called a Cycle of vibration. Cycles per second are the unit Hz. 

17.   Write short notes on D’Alembert’s principle. 

 According to Newton‟s law    F = ma 

 The above equation is in the form of an equation of motion of force equilibrium in 

which the sum of the number of force terms equal zero. Hence if an imaginary force which is 

equal to ma were applied to system in the direction opposite to the acceleration, the system 

could then be considered to be in equilibrium under the action of real force F and the 

imaginary force ma. This imaginary force ma is known as inertia force and the position of 

equilibrium is called dynamic equilibrium. 

 D‟Alembert‟s principle which state that a system may be in dynamic equilibrium by 

adding to the external forces, an imaginary force, which is commonly known as the inertia 

force 

18. Write the mathematical equation for springs in parallel and springs in series 

 Springs in parallel 

    ek = 1k 2k  

  ek   is called equivalent stiffness of the system 
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Springs in series 

    
ek

1
=

1k

1
+

2k

1
 

19. Define logarithmic decrement method. 

 Logarithmic decrement is defined as the natural logarithmic value of the ratio of two 

adjacent peak values of displacement in free vibration. It is a dimensionless parameter. It is 

denoted by a symbol  

 

20. Write short notes on Half-power Bandwidth method. 

 Bandwidth is the difference between two frequencies corresponding to the same 

amplitude. Frequency response curve is used to define the half-power bandwidth. In which, 

the damping ratio is determined from the frequencies at which the response amplitude is 

reduced  times the maximum amplitude or resonant amplitude. 

21. Define Magnification factor. 

 Magnification factor is defined as the ratio of dynamic displacement at any time to 

the displacement produced by static application of load. 

22. What is the difference between a static and dynamic force? 

 In a static problem, load is constant with respect to time and the dynamic problem is 

the time varying in nature. Because both loading and its responses varies with respect to 

time 

 Static problem has only one response that is displacement. But the dynamic problem 

has mainly three responses such as displacement, velocity and acceleration. 

23. Define critical damping. 

 Critical damping is defined as the minimum amount of damping for which the 

system will not vibrate when disturbed initially, but it will return tot the equilibrium 

position. This will result in non-periodic motion that is simple decay. The displacement 
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decays to a negligible level after one nature period T. 

24. List out the types of damping. 

(1) Viscous Damping, (2) Coulomb Damping, (3) Structural Damping, (4) Active 

Damping, (5) Passive Damping. 

25. What is meant by damping ratio? 

 The ratio of the actual damping to the critical damping coefficient is called as 

damping ratio. It is denoted by a symbol  and it is dimensionless quantity. It ca be written 

as        
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UNIT – II 

MULTIPLE DEGREE OF FREEDOM SYSTEM 

Two   degree   of   freedom   system   –   Normal   modes   of   vibration   –   Natural 

frequencies - Mode shapes   - Introduction to MDOF systems – Decoupling of equations of 

motion – Concept of mode superposition (No derivations). 

 
Two Marks Questions and Answers 

 

1. Define degrees of freedom. 

 The no. of independent displacements required to define the displaced positions of 

all the masses relative to their original position is called the no. of degrees of freedom for 

dynamic analysis. 

2. Write a short note on matrix deflation technique. 
 
 Whenever  the  starting  vector,  the  vector  iteration  method  yields  the  same  

lowest Eigen value. To obtain the next lowest value, the one already found must be 

suppressed. This is possible by selecting vector that is orthogonal to the eigen values 

already found, or  by  modifying  any  arbitrarily  selected  initial  vector  form  

orthogonal  to  already evaluated  vectors.  The  Eigen  vectors  XL2   computed  by  

iteration  as  in  the  previous example X1  would be orthogonal to the XL1. the 

corresponding frequency will be higher than λL1  but lower than all other Eigen values. 

3. Write the examples of multi degrees of freedom system. 
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4. What is mean by flexibility matrix? 
 
 Corresponding  to  the  stiffness  (k),  there  is  another  structural  property  known  

as flexibility which is nothing but the reciprocal of stiffness. The flexibility matrix F is thus 

the inverse of the stiffness matrix, [F] = [K]
-1

. 

5. Write a short note on Jacobi’s Method. 

 While  all  other  enable  us  to  calculate  the  lowest  Eigen  values  one  after another, 

Jacobi’s method yields all the Eigen values simultaneously. By a series of transformations 

of the  classical  form of the  matrix prescribed  by Jacobi,  all the non  diagonal  terms  

may  be  annihilated,  the  final  diagonal  matrix  gives  all  the Eigen values along the 

diagonal. 

6. What are the steps to be followed to the dynamic analysis of structure? 

 The dynamic analysis of any structure basically consists of the following steps. 

1. Idealize the  structure  for  the  purpose  of  analysis,  as  an  assemblage  of 

discreet elements which are interconnected at the nodal points. 

2. Evaluate t he st iffness ,   inertia and damping property matrices o f the 

elements chosen. 

3. By supporting the element property matrices appropriately, formulate the 

corresponding matrices representing the stiffness, inertia and damping of the 

whole structure. 

 

7. Write a short note on Inertia force – Mass matrix [M] 

 On  the  same  analogy,  the  inertia  forces  can  be  represented  in  terms  of  mass 

influence co efficient, the matrix representation of which is given by {f1} = [M] {Y} 

Mij a typical element of matrix M is defined as the force corresponding to co – ordinate 
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i due as the force corresponding to coordinate i due to unit acceleration applied to the co 

ordinate j.  [M]{Y}+[C]{Y}+[K]{Y} = {P(t)} 

 

8. What are the effects of Damping? 

 The presence of damping in the system affects the natural frequencies only to a 

marginal extent. It is conventional therefore to ignore damping in the computations for 

natural frequencies and mode shapes 

9. Write a short note on damping force – Damping force matrix. 
 
 If  damping  is  assuming  to  be  of  the  viscous  type,  the  damping  forces  may 

likewise be represented by means of a general damping influence co efficient, Cij. In 

matrix form this can be represented as 

 
{fD}= [C] {Y} 

10. What are the steps to be followed to the dynamic analysis of structure? 

 The dynamic analysis of any structure basically consists of the following steps. 

1. Idealize the  structure  for  the  purpose  of  analysis,  as  an  assemblage  of 

discreet elements which are interconnected at the nodal points. 

2. Evaluate t he st iffness ,   inertia and damping property matrices o f the 

elements chosen. 

3. By supporting the element property matrices appropriately, formulate the 

corresponding matrices representing the stiffness, inertia and damping of the 

whole structure. 

11. What are normal modes of vibration? 

 If in the principal mode of vibration, the amplitude of one of the masses is unity, it is 

known as normal modes of vibration. 
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12. Define Shear building.   

 Shear building is defined as a structure in which no rotation of a horizontal member at 

the floor level. Since all the horizontal members are restrained against rotation, the structure 

behaves like a cantilever beam which is deflected only by shear force.  

 

13. What is mass matrix?  

 The matrix  is called mass matrix and it can also be represented as [m] 

14. What is stiffness matrix? 

 The matrix  is called stiffness matrix and it also denoted by [k] 

15. Write short notes on orthogonality principles.  

 The mode shapes or Eigen vectors are mutually orthogonal with respect to the mass 

and stiffness matrices. Orthogonality is the important property of the normal modes or Eigen 

vectors and it used to uncouple the modal mass and stiffness matrices.  

   = 0, this condition is called orthogonality principles.  

16. Explain Damped system.  

 The response to the damped MDOF system subjected to free vibration is governed 

by     

 In which [c] is damping matrix and { } is velocity vector.  

 Generally small amount of damping is always present in real structure and it does 

not have much influence on the determination of natural frequencies and mode shapes of the 

system.  The naturally frequencies and mode shapes for the damped system are calculated 

by using the same procedure adopted for undamped system 

17. What is meant by first and second mode of vibration? 
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 The lowest frequency of the vibration is called fundamental frequency and the 

corresponding displacement shape of the vibration is called first mode or fundamental 

mode of vibration. The displacement shape corresponding to second higher natural 

frequency is called second mode of vibration. 

18. Write the equation of motion for an undamped two degree of freedom system. 

     

 This is called equation of motion for an undamped two degree of freedom system 

subjected to free vibration. 

19. What is meant by two degree of freedom and multi degree of freedom system? 

 The system which requires two independent coordinates to describe the motion is 

completely is called two degree of freedom system. In general, a system requires n number of 

independent coordinates to describe it motion is called multi degree of freedom system 

20. Write the characteristic equation for free vibration of undamped system. 

     

 This equation is called as characteristic equation or frequency equation. 
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IINTRODUCTION: 

 

 Seismology is the study of the generation, propagation and 

recording of elastic waves in the earth, and the sources that 

produce them. 

 

 An Earthquake is a sudden tremor or movement of the earth’s 
crust, which originates naturally at or below the surface. 
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Classification of Earthquakes: 

 

 1. Based on location 

  a) Interplate  

  b) Intraplate 

 

 2. Based on epicentral distance 

  a) Local earthquake  <1º 

  b) Regional earthquake  1- 10º  

  c) Teleseismic earthquake  > 10 º 

 

 3. Based on focal depth  

  a) Shallow depth 0- 71 km  

  b) Intermediate depth 71-300 km 

  c) Deep earthquake > 300 km 
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4. Based on magnitude  

 

 a) Micro earthquake < 3.0 

 

 b) Intermediate earthquake 3.0 - 4.0 

 

 c) Moderate earthquake 5.0 – 5.9  

 

 d) Strong earthquake 6.0 – 6.9  

 

 e) Major earthquake 7.0 – 7.9  

 

 f) Great earthquake > 8.0  
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Faults:  

 

 The rocks forming the crust of the earth are subjected to 

 stress at certain location. 

 

 The rock layers yield only to a certain limit. 

 

 The rocks are subjected to fracturing and the fractured  

blocks may even suffer relative displacement, giving rise to  

what are known as faults. 

 

 Tectonic earthquakes commonly originate due to development 

 of new faults within the crust or further displacement of already existing  

fault zones.   
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Plate tectonics:  

 

 Tectonics is the study of deformations of earth materials and the 

structures that result from deformation. 

 

 Plate tectonics refers to deformation on a global scale. The basic 

hypothesis of plate tectonics is that the surface of the earth consists of a 

number of large plates.  

 

 These plates move relative to one another.  

 

 There are three zones namely 

  1. Divergence zone  

  2. Convergence zone  

  3. Translational zone  
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Divergence zone:  

 

  crystal separation  two plates are moving apart in opposite 

directions 

 

Convergence zone:  

 

 collision of two plates A collision of a less dense continental 

plate with a more dense oceanic plate creates a seduction zone where the 

denser plate dives (sub ducts) beneath the less dense plate. A collision 

between two continental plates results in general uplift. 

 

Translational zone:  

 

 Here two plates slide by one another in opposite directions. The 

San Andreas Fault is the most well-known (and potentially most deadly) 

translational interface.  
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There are six important plates are there, they are 

                                                                                                                 

         1.African plate  2.American plate 

         3.Antarctic plate  4. Australian -Indian plate 

         5. Eurasian plate  6. Pacific plate 
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Plate tectonic evidence: 

 
 Plate tectonic evidence, combined with fossil and geologic 

evidence, suggests that the position of the continents 200 million 

 years ago were together as one large continent which we call 

"Pangaea.“ 

 

  This idea of continental drift was supported by all the  

evidence for plate tectonics (like the locations of oceanic 

 ridge/rise systems, deep-sea trenches, volcanoes, and earthquakes).  

 

 

 Most of this evidence came from scientific exploration during 

the 1960s that mapped the oceans of the world.                                                                     
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Elastic rebound theory: 

 
  The elastic vibration theory submitted originally by H.F. Reid 

  

  Rocks are believed to behave as elastic masses towards  

operating stresses. When these are stressed, the rocks respond  

by bending as a first reaction (Fig A).  

 

 When the stressing conditions continue, may extend  

associated with displacement of the blocks along the plane 

of rupture (Fig B). 

 

  The plane of rupture and displacement is called the fault plane. 

 The most important point of Elastic rebound theory is that 

 displacement is associated with a rebound or readjustment (Fig C). 
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  The energy stored in the system through decades is released 

 instantaneously causing severe vibrations which are propagated 

 in the form of earthquake waves or the seismic waves.  

 

       The earthquake mechanism may be explained as occurring 

 in three phases in accordance with Elastic rebound theory. 

 

  1.The preparing process (Fig A) 

 

  2.The Rupture phase (Fig B) 

 

  3.The post failure adjustment (Fig C) 
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Epicenter and focus: 

 

 The point on the ground directly above the focus is called 

epicenter.  

 

 The point at which the rupture begins and the first seismic wave 

originates is called focus or hypocenter. 

 

 The distance between the epicenter and the site is called 

epicentral distance. 

 

 The distance between the observer /site and the focus is called 

hypocenteral distance. 
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      Notation for Seismic Motion  
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Seismic waves : 

 
 Large strain energy released during an earthquake travels 

 as seismic waves in all directions through the earths layers,  

reflecting and refracting at each interface. 

 

 Two types of seismic waves 

 

  1.Body waves--> travel through entire earth. 

  2.Surface Waves--> travel on the earth’s surface. 
 

Body waves: 

 

P Waves: 

 

  The material particles undergo tensional and compress ional 

strains along directions of energy transmissions,  

Speed 4.8 km/sec. 
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S Waves: 

 

 Also called shear waves oscillate at right angles 

 to the above .The particle motions can be in any direction in a plane  

Perpendicular to the direction of propagation.  

 

 The liquids have no shearing resistance these waves cannot 

 pass through liquid. Speed 3km/sec. 

  

 S–waves in association with effects of love wave’s 

 cause maximum damage to the structure.  
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Surface waves : 

 

Rayleigh waves: 

 

 The particle displacements are exclusively vertical  

in the direction of propagation.  

 

 The particle is at the top of its ellipse it is moving opposite 

 to the direction of waves propagation. 
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Love waves : 

 

 The displacements is transverse with no vertical or longitudinal  

Components. 

 

  Particle motions are restricted to near the surface .Love waves  

being transverse waves these cannot travel in liquids.  
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Magnitude:  

 

 The magnitude of an earthquake is a measure of the amount  

  of energy released.  

 Charles F. Richter, an American seismologist be based on the  

          total amount of energy released during an earthquake be  

called magnitude.  

 An increase in magnitude of one unit corresponds to a tenfold 

 increase in the size of seismic waves and about thirty fold increases  

in the energy released.   

 According to Richter,   

 

 Magnitude,  M= log10 A/Ao  

Where,  

 A-Maximum amplitude recorded by a wood – Anderson  

seismograph at a distance of 100 km from the centre of the disturbance. 

 A0-amplitude  for zero magnitude earthquakes at 

 different epicentral distances.                                                                             
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Magnitude and its effects: 

  

 

 

        

      

 

                                                        

Sl. No  Magnitude  Effects  

1. 2.5  Generally not felt 

,but recorded  

2. 4.5  Local damage.  

3. 6.0  destructive in 

populous region  

4. 7.0  serious damage.  

5. More than 8.0  Total destruction.  
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Global Occurrence of Earthquakes 

Magnitudes Effects 
Estimated 

No. per Year 

1.0-3.0 Generally not felt but recorded 3 000 000 

3.1-4.0 Often felt, but only minor damage 50 000 

4.1-6.0 Slight damage to building 15 000 

6.1-6.9 
Can be destructive where people live 
in 

120 

7.0-7.9 
Major earthquake; causes major 
damages 

20 

8.0 or greater 
Great earthquake. Total destruction to 
nearby communities 

1 
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Intensity: 

     Intensity is the degree of shaking at a particular locality. 

 

  It is based on direct effect of the shock on the buildings, 

   topography etc. 

 

   Intensity varies with the position of the observation point and it is 

greatest within the epicentral area and from there it decreases in all 

directions. 

 

     Intensity is expressed on 12 point MSK scale 

www.rejinpaul.com

Get useful study materials from www.rejinpaul.com



   Grade Definitions Descriptions 

     G 1 Slight damage Fine cracks in the 

plaster; fall of  small 

pieces of  plaster 

G2 Moderate damage Small cracks in walls; 

cracks in chimneys 

G3 Heavy damage Large and deep 

cracks in walls; fall 

of  chimneys  

G4 Destruction Part of  buildings 

may collapse; gaps in 

walls; inner walls 

collapse  

G5 Total damage Total collapse of  

buildings. 

Classification of Damage to buildings:  www.rejinpaul.com
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Mercalli Scale 

I.  Only instrument detect it 

II.  People lying down feel it 

III.  People on upper floors of building feel it, but may not know 

that it is earthquake 

IV.  People indoors will probably feel it , but those outside may 

not. 

V.  Nearly everyone feels it and wakes up if they were    

sleeping. 

VI. Everyone feels the quake and it’s hard to walk. 

VII. It is hard to stand. 
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Mercalli Scale … 

VIII.  People will not be able to drive cars. Poorly built buildings 

may fall: Chimneys may fall 

IX.  Most foundations are damaged. The ground cracks. 

X.  Most buildings are destroyed. Water is thrown out of 

rivers and lakes. 

XI. Rails are bent. Bridges and underground pipelines are put 

out of service. 

XII. Most things are levelled. Large objects may be thrown into 

the air.  
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Basic Difference: Magnitude versus 

Intensity 

 Magnitude of an earthquake is a 

measure of its size.This means that the 

magnitude of the earthquake is a single 

value for a given earthquake.  

 Intensity is an indicator of the 

severity of shaking generated at a given 

location. The severity of shaking is 

much higher near the epicenter 

than farther away.  

 Thus, during the same 

earthquake of a certain magnitude, 

different locations experience 

different levels of intensity. 
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Spectral acceleration: 

 
 PGA (peak acceleration) is what is experienced by a particle 

 on the ground.  

 

 SA  ( Spectral acceleration)is approximately what is 

 experienced by a building, as modeled by a particle mass on  

a massless vertical rod having the same natural period of vibration  

as the building. 

 

  The mass on the rod behaves about like a simple harmonic 

 oscillator (SHO).  

 

 If one "drives" the mass-rod system at its base, using the 

 seismic record and assuming a certain damping to the mass-rod system, 

 one will get a record of the particle motion which basically "feels"  

only the components of ground motion with periods near 

 the natural period of this SHO.  
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 We look at this particle seismic record wecan identify the 

maximum displacement.  

  
 We take the derivative (rate of change) of the displacement record 

with respect to time we can get the velocity record. The maximum 

velocity can likewise be determined.  

 

 Response acceleration (rate of change of velocity) also called 

response spectral acceleration, or simply spectral acceleration, SA . 

 

 PGA ( peak ground acceleration) is a good index to hazard for 

short buildings, up to about 7 stories.  

  

 PGA is a natural simple design parameter since it can be related 

to a force and for simple design one can design a building to resist a 

certain horizontal force.                          
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 PGV (peak ground velocity) is a good index to hazard to taller 

buildings. 

 

 SA would also be a good index to hazard to buildings, but tought 

to be more closely related to the building behavior than peak ground 

motion parameters. 

 

  It is presumed that design might also be easier, but the relation to 

design force is likely to be more complicated than with PGA. 

 

  

  

 

 

 

 

 

                  Horizontal acceleration    vertical acceleration  
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Seismogram:  

 

 

  A seismogram is the graph output by a seismograph. 

 

  It is a record of ground motion at a measuring station.  

 

 The energy measured in a seismogram may result from 

 earthquake or from some other source, such as an explosion.  

 

 P-waves is the first arrival of energy from the earth quake or 

other seismic source to be recorded.  

 

 The next direct arrivals are the S-waves and finally the surface 

waves. 
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Information on some disastrous earthquake: 

 

 Assam earthquake of 1897(magnitude of 8.7) 

 

  kangra earthquake of 1905(magnitude of 8.6) 

 

  Bihar- Nepal earthquake of 1934(magnitude of 8.4) 

 

 Assam-Tibet earthquake of 1950 (magnitude of 8.7) 

 
 Bhuj earthquake of 26 January 2001 ( magnitude of 7.7)  
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UNIT IV -  RESPONSE OF STRUCTURES TO EARTHQUAKE 

A response spectrum is simply a plot of the peak or steady-state response (displacement, 

velocity or acceleration) of a series of oscillators of varying natural frequency, that are forced 

into motion by the same base vibration or shock. The resulting plot can then be used to pick off 

the response of any linear system, given its natural frequency of oscillation. One such use is in 

assessing the peak response of buildings to earthquakes. The science of strong ground motion 

may use some values from the ground response spectrum (calculated from recordings of surface 

ground motion from seismographs) for correlation with seismic damage. 

If the input used in calculating a response spectrum is steady-state periodic, then the steady-state 

result is recorded. Damping must be present, or else the response will be infinite. For transient 

input (such as seismic ground motion), the peak response is reported. Some level of damping is 

generally assumed, but a value will be obtained even with no damping. 

Response spectra can also be used in assessing the response of linear systems with multiple 

modes of oscillation (multi-degree of freedom systems), although they are only accurate for low 

levels of damping. Modal analysis is performed to identify the modes, and the response in that 

mode can be picked from the response spectrum. This peak response is then combined to 

estimate a total response. A typical combination method is the square root of the sum of the 

squares (SRSS) if the modal frequencies are not close. The result is typically different from that 

which would be calculated directly from an input, since phase information is lost in the process 

of generating the response spectrum. 

The main limitation of response spectra is that they are only universally applicable for linear 

systems. Response spectra can be generated for non-linear systems, but are only applicable to 

systems with the same non-linearity, although attempts have been made to develop non-linear 

seismic design spectra with wider structural application. The results of this cannot be directly 

combined for multi-mode response. 

Seismic Response Spectra 

Response spectra are very useful tools of earthquake engineering for analyzing the performance 

of structures and equipment in earthquakes, since many behave principally as simple oscillators 

(also known as single degree of freedom systems). Thus, if you can find out the natural 

frequency of the structure, then the peak response of the building can be estimated by reading the 

value from the ground response spectrum for the appropriate frequency. In most building codes 

in seismic regions, this value forms the basis for calculating the forces that a structure must be 

designed to resist (seismic analysis). 
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As mentioned earlier, the ground response spectrum is the response plot done at the free surface 

of the earth. Significant seismic damage may occur if the building response is 'in tune' with 

components of the ground motion (resonance), which may be identified from the response 

spectrum. This was observed in the 1985 Mexico City Earthquake [1] where the oscillation of the 

deep-soil lake bed was similar to the natural frequency of mid-rise concrete buildings, causing 

significant damage. Shorter (stiffer) and taller (more flexible) buildings suffered less damage. 

 

In 1941 at Caltech, George W. Housner began to publish calculations of response spectra from 

accelerographs[2]. In the 1982 EERI Monograph on "Earthquake Design and Spectra"[3], 

Newmark and Hall describe how they developed an "idealized" seismic response spectrum based 

on a range of response spectra generated for available earthquake records. This was then further 

developed into a design response spectrum for use in structural design, and this basic form (with 

some modifications) is now the basis for structural design in seismic regions throughout the 

world (typically plotted against structural "period", the inverse of frequency). A nominal level of 

damping is assumed (5% of critical damping). 

For "regular" low-rise buildings, the structural response to earthquakes is characterized by the 

fundamental mode (a "waving" back-and-forth), and most building codes permit design forces to 

be calculated from the design spectrum on the basis of that frequency, but for more complex 

structures, combination of the results for many modes (calculated through modal analysis) is 

often required. In extreme cases, where structures are either too irregular, too tall or of 

significance to a community in disaster response, the response spectrum approach is no longer 

appropriate, and more complex analysis is required, such as non-linear static or dynamic analysis 

like in seismic performance analysis technique. 

 

Peak ground acceleration (PGA) is a measure of earthquake acceleration on the ground and an 

important input parameter for earthquake engineering, also known as the design basis 

earthquake ground motion (DBEGM)  

Unlike the Richter and moment magnitude scales, it is not a measure of the total energy 

(magnitude, or size) of an earthquake, but rather of how hard the earth shakes in a given 

geographic area (the intensity). The Mercalli intensity scale uses personal reports and 

observations to measure earthquake intensity but PGA is measured by instruments, such as 

accelerographs, and it generally correlates well with the Mercalli scale. See also seismic scale. 

The peak horizontal acceleration (PHA) is the most commonly used type of ground acceleration 

in engineering applications, and is used to set building codes and design hazard risks. In an 

earthquake, damage to buildings and infrastructure is related more closely to ground motion, 

rather than the magnitude of the earthquake. For moderate earthquakes, PGA is the best 
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determinate of damage; in severe earthquakes, damage is more often correlated with peak ground 

velocity.  

Spectral acceleration (SA) is a unit measured in g (the acceleration due to Earth's gravity, 

equivalent to g-force) that describes the maximum acceleration in an earthquake on an object – 

specifically a damped, harmonic oscillator moving in one physical dimension. This can be 

measured at (or specified for) different oscillation frequencies and with different degrees of 

damping, although 5% damping is commonly applied. The SA at different frequencies may be 

plotted to form a response spectrum. 

Spectral acceleration, with a value related to the natural frequency of vibration of the building, is 

used in earthquake engineering and gives a closer approximation to the motion of a building or 

other structure in an earthquake than the peak ground acceleration value,
[2][1]

 although there is 

normally a correlation between [short period] SA and PGA.  

Some seismic hazard maps are also produced using spectral acceleration 

Site-Specific Uniform Hazard Spectra 

In this study, four seismic source models and one ground motion attenuation equation were used 

for the probabilistic seismic hazard analysis. Figure 7 shows the uniform hazard spectra for the 4 

nuclear plant sites according to the used seismic source models. Model A gives the highest 

seismic hazard for all the sites and model D gives the lowest seismic hazard. It is shown from 

this figure that the seismic hazard for a site is strongly dependent on the seismic source model. 

For a comparison of the uniform hazard spectrum, the average uniform hazard spectrum for a 10-

4 exceedance probability level was calculated. Figure 8 shows a comparison of the average 

uniform hazard spectra for the four NPP sites. As shown in this figure, the seismic hazard of the 

Wolsung NPP site has the highest seismic hazard. The spectral shapes show rich high frequency 

contents similar to the frequency contents of the earthquake records in Korea. 

Mean ground response spectra obtained from 270 earthquake records with a magnitude of 3 to 5 

which have occurred in Korea are shown in Fig. 9 (Seo et al., 2002). As shown in the figure, 

these spectra have relatively large high-frequency spectral acceleration contents. The fluctuation 

in the spectrum for the magnitude 5earthquakes is due to the very limited number of data. It is 

noted from Fig. 7 and Fig. 8 that the shapes of the uniform hazard spectra are very similar to the 

mean response spectrum developed from the real earthquake data that have occurred in Korea. 
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SOIL-STRUCTURE INTERACTION 

1.1 Description and Treatment in 2003 NEHERP Recommended Provisions  

Structures subjected to earthquake motion are generally analyzed using free field ground 

motions; that is, ground motions at the location of structure if structure were not there. This 

assumption, which simplifies the analysis, is although valid for structure on rock or stiff soils, 

might not be appropriate for a structure on soft soils. The fixed base assumption for the structure 

founded on rock or stiff soils imply that high stiffness of elastic soil media constrain the motion 

at the foundation of structure close to the free field motion. However, there is always some soil-

structure interaction during earthquake shaking and the interaction is particularly predominant 
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for structures founded on soft soils in which elastic media confining the foundation acts as 

flexible column and overall response of structure is modified by inertial and kinematic effects. 

SSI increases the fundamental period of structure which generally reduces base shear, lateral 

forces, and overturning moments but might increase the displacement demands.  

Section 5.6 of FEMA 450(Council, 2003) provides guidelines to account for the SSI in the 

analysis of structure using equivalent lateral force procedures and response spectrum procedure. 

Guidelines are not be used if the structure is modeled as flexible-base, rather than rigid base, in 

the analysis of structure. In both analysis procedures, it allows the reduction of base shear 

obtained without considering SSI. Reduced base shear is distributed over height using same 

procedure as used for fixed-base structure. Time period of structure is modified using a 

simplified model which takes into account the flexibility of soil-foundation system as shown in 

Figure 1.1. Hysteretic and radiation damping of foundation systems contributes to the total 

damping of structure and effective damping ratio is calculated as the sum of viscous damping of 

structure and damping due to SSI. Radiation and hysteretic damping is calculated using chart 

provided in the guidelines. The modified shears, overturning moments, and torsional effects are 

determined using same procedures as for structures without SSI but using reduced lateral forces. 

  

Figure 1.1: Simplified oscillator model for analysis of inertial interaction under lateral 

excitation(Bozorgnia and Bertero, 2004) 

1.2 Kinematic and Inertial Effects 

Structure on soil exhibits two kinds of interaction effects known as kinematic and inertial effects. 

Kinematic interaction effects exist due to change in wave propagation media as a result of 

change in density and elasticity of the media. It changes the wave propagation velocity and leads 

to reflection and refraction of incoming seismic waves. Kinematic effects of SSI represent the 

change in response of structure when response is obtained using free-field motions and when the 

presence of structure is considered. It doesn’t depend on the mass of structure and is affected by 

the geometry and configuration of structure, the foundation embedment, the composition of 

incident free-field waves, and the angle of incidence of these waves(Villaverde, 2009). 

Kinematic interaction can be neglected for structures with no embedment excited by vertically 

propagating shear waves. 

Inertial effects result from the combined dynamic behavior of structure, foundation, and 

supporting soil media. Soil media, owing to its elastic and inertial properties, increases the 

degrees of freedom of structure and makes it possible to dissipate energy of incoming seismic 

waves by the radiation of waves away from the structure and hysteretic deformation of 

supporting soil media. Inertial effect depends on the relative flexibility of supporting soil media 

to the structure, which implies that the effect is not significant for regular structure founded on 
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stiff soils or rock, but could be significant for stiff and massive structures like nuclear power 

plants founded on soft-soils. 

1.3 Software Packages for SSI Analysis of Structures  

Some of the software programs used for SSI analysis of structures are listed below: 

1. SHAKE 

2. SASSI 

3. FLUSH 

4. LSDYNA 

There are two kinds of analysis methods that are used in contemporary software packages: 1) 

Direct method, and 2) Substructure method. Direct method models the soil and structure together 

and analyzes the combined system in a single step. Soil and structure are discretized in finite 

elements and nonlinear analysis can be performed. On the other hand, substructure method 

divides the analysis in three steps use the superposition to obtain the final response. It is solved 

in frequency domain analysis and assumes linear soil and structure behavior. Three steps used in 

substructuring method are: 

i. Determination of foundation input motion. 

ii. Dynamic analysis of soil media to obtain stiffness and damping characteristic of 

foundation-soil interaction. 

iii. Analysis of structure supported on springs represented by step 2 and subjected to base 

excitation obtained in step 1. 

SASSI and FLUSH use substructuring method using frequency domain analysis. Although less 

computationally expensive, these methods cannot perform nonlinear analysis and equivalent 

linearization with iterations is used. SHAKE is used for site response analysis to provide the 

input parameters required for SSI analysis in SASSI. 

LSDYNA and other finite element packages (e.g, ABAQUS) use time domain methods and can 

perform nonlinear analysis. They uses the direct method in which the soil and structure is 

modeled and analyzed together. These software programs are computationally extensive when 

compared to frequency domain programs. Also, modeling a semi-infinite soil media is not 

possible and transmitting boundaries are used to reproduce the behavior. Moreover, there are 

identified issues with application of three-dimensional coupled ground motions to structures in 

direct methods.  

1.4 SSI in Nuclear Power Plants 
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Nuclear power plant layout consists of a complex layout of heavy and massive structures at close 

distances. Nuclear Island is supported on a very stiff and heavy basemat and embedment of 

foundation might be significant. All these factors play important role in increased kinematic and 

inertial interactions. The rigidity and low height-width ratio dictates that rocking component of 

structural response might not be neglected. Although, neglecting SSI effects generally results in 

a conservative force demand, the aim with the analysis of nuclear power plants is to be accurate 

rather than conservative. Excessive mass and heavy size of nuclear power plant dictates that even 

though if it is built on relatively stiff soil, SSI effects might still be significant and needs to be 

considered for the analysis and design. 

  

SECTION 2: SAP2000 MODEL OF HOSPITAL BUILDING 

2.1 Reactive weights 

Floor Reactive weight(Kips) 

1 2828 

2 2726 

3 2798 

4 2257 

Table 2.1: Reactive weights at different floors of the structure 

Total reactive weight: 10609 Kips 

Total reactive mass: 329.5 Kips-s2/ft 

2.2 Modal Frequencies and Participating Mass 

Mode Period Cumulative % Mass(E-W) Cumulative % Mass(N-S) 

1 1.858 0 0.80431 

2 1.764 0.83089 0.80431 

3 0.638 0.94492 0.80431 

4 0.616 0.94492 0.93075 

5 0.383 0.98133 0.93075 

6 0.337 0.98133 0.97836 
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7 0.246 1 0.97836 

8 0.205 1 1 

Table 2.2: Modal frequencies and participating modal masses of the structure (Translational 

modes only) 

2.3 Mode Shapes 

      

Figure 2.1: First three translational modes of the structure in the transverse direction 

      

Figure 2.2: First three translational modes of the structure in the longitudinal direction 

2.4 Modes Required for Response Spectrum Analysis 

Section 12.9.1 of ASCE 7-10(ASCE, 2010)states that: 

“The analysis shall include a sufficient number of modes to obtain a combined modal mass 

participation of at least 90 percent of the actual mass in each of the orthogonal horizontal 

directions of response considered by the model.” 

As per the above criteria, first two modes in each direction, E-W and N-S, should be considered. 

It should be noted that rotational modes of vibration has been neglected as there is no mass, and 

hence no mass participation in rotational direction. 

Liquefaction of soils:  
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SOIL-STRUCTURE INTERACTION 

1.1 Description and Treatment in 2003 NEHERP Recommended Provisions  

Structures subjected to earthquake motion are generally analyzed using free field ground motions; that 

is, ground motions at the location of structure if structure were not there. This assumption, which 

simplifies the analysis, is although valid for structure on rock or stiff soils, might not be appropriate for a 

structure on soft soils. The fixed base assumption for the structure founded on rock or stiff soils imply 

that high stiffness of elastic soil media constrain the motion at the foundation of structure close to the 

free field motion. However, there is always some soil-structure interaction during earthquake shaking 

and the interaction is particularly predominant for structures founded on soft soils in which elastic 

media confining the foundation acts as flexible column and overall response of structure is modified by 

inertial and kinematic effects. SSI increases the fundamental period of structure which generally reduces 

base shear, lateral forces, and overturning moments but might increase the displacement demands.  

Section 5.6 of FEMA 450(Council, 2003) provides guidelines to account for the SSI in the analysis of 

structure using equivalent lateral force procedures and response spectrum procedure. Guidelines are 

not be used if the structure is modeled as flexible-base, rather than rigid base, in the analysis of 

structure. In both analysis procedures, it allows the reduction of base shear obtained without 

considering SSI. Reduced base shear is distributed over height using same procedure as used for fixed-

base structure. Time period of structure is modified using a simplified model which takes into account 

the flexibility of soil-foundation system as shown in Figure 0.1. Hysteretic and radiation damping of 

foundation systems contributes to the total damping of structure and effective damping ratio is 

calculated as the sum of viscous damping of structure and damping due to SSI. Radiation and hysteretic 

damping is calculated using chart provided in the guidelines. The modified shears, overturning 

moments, and torsional effects are determined using same procedures as for structures without SSI but 

using reduced lateral forces. 
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Figure 0.1: Simplified oscillator model for analysis of inertial interaction under lateral 

excitation(Bozorgnia and Bertero, 2004) 

1.2 Kinematic and Inertial Effects 

Structure on soil exhibits two kinds of interaction effects known as kinematic and inertial effects. 

Kinematic interaction effects exist due to change in wave propagation media as a result of change in 

density and elasticity of the media. It changes the wave propagation velocity and leads to reflection and 

refraction of incoming seismic waves. Kinematic effects of SSI represent the change in response of 

structure when response is obtained using free-field motions and when the presence of structure is 

considered. It doesn’t depend on the mass of structure and is affected by the geometry and 

configuration of structure, the foundation embedment, the composition of incident free-field waves, 

and the angle of incidence of these waves(Villaverde, 2009). Kinematic interaction can be neglected for 

structures with no embedment excited by vertically propagating shear waves. 

Inertial effects result from the combined dynamic behavior of structure, foundation, and supporting soil 

media. Soil media, owing to its elastic and inertial properties, increases the degrees of freedom of 

structure and makes it possible to dissipate energy of incoming seismic waves by the radiation of waves 

away from the structure and hysteretic deformation of supporting soil media. Inertial effect depends on 

the relative flexibility of supporting soil media to the structure, which implies that the effect is not 

significant for regular structure founded on stiff soils or rock, but could be significant for stiff and 

massive structures like nuclear power plants founded on soft-soils. 

1.3 Software Packages for SSI Analysis of Structures  

Some of the software programs used for SSI analysis of structures are listed below: 

1. SHAKE 

2. SASSI 
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3. FLUSH 

4. LSDYNA 

There are two kinds of analysis methods that are used in contemporary software packages: 1) Direct 

method, and 2) Substructure method. Direct method models the soil and structure together and 

analyzes the combined system in a single step. Soil and structure are discretized in finite elements and 

nonlinear analysis can be performed. On the other hand, substructure method divides the analysis in 

three steps use the superposition to obtain the final response. It is solved in frequency domain analysis 

and assumes linear soil and structure behavior. Three steps used in substructuring method are: 

i. Determination of foundation input motion. 

ii. Dynamic analysis of soil media to obtain stiffness and damping characteristic of 

foundation-soil interaction. 

iii. Analysis of structure supported on springs represented by step 2 and subjected to base 

excitation obtained in step 1. 

SASSI and FLUSH use substructuring method using frequency domain analysis. Although less 

computationally expensive, these methods cannot perform nonlinear analysis and equivalent 

linearization with iterations is used. SHAKE is used for site response analysis to provide the input 

parameters required for SSI analysis in SASSI. 

LSDYNA and other finite element packages (e.g, ABAQUS) use time domain methods and can perform 

nonlinear analysis. They uses the direct method in which the soil and structure is modeled and analyzed 

together. These software programs are computationally extensive when compared to frequency domain 

programs. Also, modeling a semi-infinite soil media is not possible and transmitting boundaries are used 

to reproduce the behavior. Moreover, there are identified issues with application of three-dimensional 

coupled ground motions to structures in direct methods.  

1.4 SSI in Nuclear Power Plants 

Nuclear power plant layout consists of a complex layout of heavy and massive structures at close 

distances. Nuclear Island is supported on a very stiff and heavy basemat and embedment of foundation 

might be significant. All these factors play important role in increased kinematic and inertial 

interactions. The rigidity and low height-width ratio dictates that rocking component of structural 

response might not be neglected. Although, neglecting SSI effects generally results in a conservative 

force demand, the aim with the analysis of nuclear power plants is to be accurate rather than 

conservative. Excessive mass and heavy size of nuclear power plant dictates that even though if it is built 
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on relatively stiff soil, SSI effects might still be significant and needs to be considered for the analysis and 

design. 

 

SECTION 2: SAP2000 MODEL OF HOSPITAL BUILDING 

2.1 Reactive weights 

Floor Reactive weight(Kips) 

1 2828 

2 2726 

3 2798 

4 2257 
Table 2.1: Reactive weights at different floors of the structure 

Total reactive weight: 10609 Kips 

Total reactive mass: 329.5 Kips-s2/ft 

2.2 Modal Frequencies and Participating Mass 

Mode Period Cumulative % Mass(E-W) Cumulative % Mass(N-S) 

1 1.858 0 0.80431 

2 1.764 0.83089 0.80431 

3 0.638 0.94492 0.80431 

4 0.616 0.94492 0.93075 

5 0.383 0.98133 0.93075 

6 0.337 0.98133 0.97836 

7 0.246 1 0.97836 

8 0.205 1 1 

Table 2.2: Modal frequencies and participating modal masses of the structure (Translational modes 

only) 
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2.3 Mode Shapes 

   
Figure 2.1: First three translational modes of the structure in the transverse direction 

   
Figure 2.2: First three translational modes of the structure in the longitudinal direction 

2.4 Modes Required for Response Spectrum Analysis 

Section 12.9.1 of ASCE 7-10(ASCE, 2010)states that: 

“The analysis shall include a sufficient number of modes to obtain a combined modal mass participation 

of at least 90 percent of the actual mass in each of the orthogonal horizontal directions of response 

considered by the model.” 

As per the above criteria, first two modes in each direction, E-W and N-S, should be considered. It 

should be noted that rotational modes of vibration has been neglected as there is no mass, and hence 

no mass participation in rotational direction. 
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UNIT – V       

K.Letcham M.E., 

Two basic technologies are used to protect buildings from damaging 

earthquake effects. These are Base Isolation Devices and Seismic 

Dampers.  

 The idea behind base isolation is to detach (isolate) the building 

from the ground in such a way that earthquake motions are not 

transmitted up through the building, or at least greatly 

reduced.  

 

 Seismic dampers are special devices introduced in the building 

to absorb the energy provided by the ground motion to the 

building (much like the way shock absorbers in motor vehicles 

absorb the impacts due to undulations of the road). 

 

Base Isolation 

The concept of base isolation is explained through an example building 

resting on frictionless 

rollers (Figure 1a). When 

the ground shakes, the 

rollers freely roll, but the 

building above does not 

move. Thus, no force is 

transferred to the building 

due to shaking of the 

ground; simply, the building 

does not experience the 

earthquake.  

www.rejinpaul.com

Get useful study materials from www.rejinpaul.com



 

 

Now, if the same building is 

rested on flexible pads that 

offer resistance against lateral 

movements (Figure 1b), then 

some effect of the ground 

shaking will be transferred 

to the building above. If the 

flexible pads are properly 

chosen, the forces induced by 

ground shaking can be a few 

times smaller than that 

experienced by the building 

built directly on ground, 

namely a fixed base building 

(Figure 1c) 

 The flexible pads are 

called base-isolators, 

whereas the structures 

protected by means of 

these devices are called 

base-isolated buildings. 

The main feature of the base isolation technology is that it 

introduces Flexibility in the structure. 

 

 Base isolation is not suitable for all buildings. Most suitable 

candidates for base-isolation are low to medium-rise buildings 

rested on hard soil underneath; high-rise buildings or buildings 

rested on soft soil are not suitable for base isolation.  
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Seismic Dampers 

Dampers were used since 

1960s to protect tall buildings 

against wind effects. 

However, it was only since 

1990s, that they were used to 

protect buildings against 

earthquake effects.  

Commonly used 

types of seismic dampers 

include  

 viscous dampers 

(Energy is absorbed by 

silicone-based fluid passing 

between piston-cylinder 

arrangement),  

 

 Friction dampers 

(energy is absorbed by 

surfaces with friction 

between them rubbing against each other) 

 

 yielding dampers (energy is absorbed by metallic components that 

yield)  

 

 In India, friction dampers have been provided in a 18-storey 

RC frame structure in Gurgaon (See 

http://www.palldynamics.com/main.htm). 
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