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 Preface 
 

 

Aim of this book is to describe in a simple and concise way the modern 
methodology of earthquake resistant design and strengthening of reinforced concrete 
buildings.  The rapid developments worlwide on this field during the last 20 years are 
recorded in numerous publications and reference books. These developments 
affected the modern codes and are increasingly applied in everyday practice.  
Essential though for their correct application is an organized and thorough study.  

Earthquakes prove even in Greece that the majority of the existing buildings 
are not safe.  On the other hand, science has already reached a point where the 
seismic evaluation of an existing building regarding the stages of damages and 
collapse is possible.  New materials, new analysis methods, the use of computers 
and knowledge of application of modern construction techniques significantly 
contribute in the solution of the problem of earthquake resistance of buildings. 

Earthquake resistant design or strengthening is not just following the 
regulations. It is a complex process demanding deeper knowledge, experience and 
imagination. Basic criteria are already placed on a new basis. We are mainly talking 
today about objectives such as ductile behaviour and avoidance of brittle failure that 
result to the non-linear response of the building under static and dynamic loads. 
Earlier, the earthquake was simulated through a horizontal loading on an extremely 
simplified elastic model of a ‘storey’ and the design was based on permissible elastic 
stresses. The nature of the earthquake and the actual behaviour of the structure in a 
higher stress state were not considered at all. 

The preparation of this book is the result of a creative procedure of the last 
decade where many colleagues contributed either directly or indirectly. First of all P. 
Dimitrakopoulos writing the code of the modern earthquake-resistant design software 
and  N. Tsikos, F. Heraklides, M. Skamantzoura and M. Koutsokosta who did the 
electronic processing of the book. The chapters on ductility and fracture of concrete 
are based on the research of the author between 1980-1985 in ETH Zuerich under 
Prof. B. Thuerlimann.  For the planning and materialization of the projects based on 
the pushover method collaboration with V. Abakoumkin, D. Ziakas, N. Ktenas, Chr. 
Kostikas, E. Makrykostas, E. Mystakides, E. Papageorgiou and the late P. 
Papakyriakopoulos as well as the swiss colleagues J. Theiler, H. Elmer, C. Graber, 
H. Maag and P. Stephen of cubus proved valuable. I would also thank the select 
cubus Hellas collaborators that since 1990 contributed to this effort J. Georgiades, N. 
Glynatsis, M. Doumeni, K. Zisimou, A. Natsias, N. Metsis, A. Syrrakou, M. Niaka and 
Th. Kourkouvela. 



 

My warmest thanks to E. Papageorgiou and D. Pentzas for their effort and 
time to review the draft and their remarks and clarifications that were included in the 
final text. 

The translation of this book in English has been performed by D. Pentzas with 
a lot of care and hard work. Its very difficult to render such a specialized technical 
script in a foreign language, unless one is very well versed in the particular subject. 

Finally I have to thank the hundreds of colleagues that are using cubus 
software for their everyday planning practice and flood us with remarks and 
suggestions. I hope this book will prove to be useful for the elaboration of their 
earthquake-resistant designs and generally to give them ideas for new approaches. 
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1 Elastoplastic analysis based on displacements –   Pushover method    

 

1.1 Single degree of freedom oscillator behaviour under seismic action –  
Elastic response spectra  

 

Earthquake is a ground oscillation resulting from the energy released by a rupture 
taking place in the epicenter. Seismic waves propagate through the ground; the 
ground causes the excitation to the building that is founded on it. There is obviously 
an interaction between the building and the founding soil and the characteristics of 
seismic waves are strongly influenced by the quality of the ground. 

   

During the earthquake the building suffers a motion of dynamic nature, i.e. varying in 
time motion with alternating direction. The stress of the members is not constant, 
varies with time and is influenced by the behaviour of the whole structure. Basically, 
seismic forces result from the resistance of the structure and its masses to follow the 
motion transmitted to it through its connection (foundation) with the oscillating 
ground.  

 

An elastic response spectrum for a specific seismic ground motion represents the 
relation between the maximum acceleration (or velocity or displacement) developed 
by the mass of a single degree of freedom oscillator with a specified damping (e.g. 
5%) and its eigenperiod, i.e. a property depending on its mass and its stiffness. The 
response spectrum depends on the magnitude of the ground motion and the content 
of periods of the accelerogram that it resulted, properties that generally are related 
with the magnitude of the earthquake, the distance from the epicenter and mainly 
from the stratification and the characteristics of the upper ground layers (e.g. up to 
the depth of 50 m). 

 

Elastic spectra used for the design of structures according to the Codes result as 
envelopes of peak accelerations (or velocities or displacements) through integration 
and smoothening over a time interval of actual earthquake recordings 
(accelerograms) (Fig. 1.1). 
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Figure 1.1 Spectra plotting for various values of damping based on recordings during the Kalamata 

1986 earthquake  



1.1  Single degree of freedom oscillator behaviour under seismic action – Elastic response spectra 

5 

Relation (1.1) expresses the law of dynamic response of an elastic single degree of 
freedom oscillator with viscous damping (Fig. 1.2) [2, 3, 33] applied to a dynamic 
displacement ug(t): 

 M(ü+üg) + Ců + Ku = 0 (1.1) 

 

M(u+ug)

Ku Cu

ug

 
Figure 1.2 Elastic single-degree of freedom oscillator  

 

Μ  : mass of the oscillator  

ü  : relative mass acceleration  

üg : ground acceleration (excitation) 

C : viscous damping ratio  

ů  : relative mass velocity  

Κ : stiffness of oscillator  

u : relative mass displacement  

The first term of above dynamic equilibrium equation expresses the inertia force 
caused by the acceleration (ü+üg) applied to mass M of the oscillator relatively to a 
stationery reference system (Newton’s law). 

 The second term expresses the resistance to the motion caused by viscous damping 
C, which is proportional to the relative velocity ů of mass M (proportional to the 
deformation velocity – Rayleigh’s law). Damping is assumed “viscous” for reasons of 
mathematic management of the problem. This approach does not correspond to the 
accurate damping mechanism of a real structure. 

The third term expresses the elastic resistance due to the stiffness K, which is 
proportional to the relative displacement u of mass M (proportional to the deformation 
– Hooke’s law). 

The eigenperiod of an elastic oscillator is expressed by the formula of free harmonic 
vibration (üg=0) through the equilibrium of forces at the position of maximum 
amplitude where ů=0.  
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 ⇒⋅= tωsinconstu -max u / max ü 22 )π2/Τ(ω/1 ==   (1.2) 

(1.1) ⇒  ⋅M  max ü + =⋅ umaxK 0 (1.3) 

(1.2), (1.3)⇒ Κ/Μπ2T ⋅=  (1.4) 

 

A conventional elastic acceleration or displacement spectrum according to the Codes 
does not correspond to an actual earthquake, results though as the “envelope” of 
actual recordings omitting certain local “peaks”.  It is usually defined through some 
simple functions and parameters for the various eigenperiod regions of the oscillator. 
In the following, a conventional design spectrum is examined, where all values are 
divided by the peak ground acceleration to the acceleration due to gravity (g=10 
m/sec2) ratio α. The spectral amplification due to the effect of resonance between 
exciter and oscillator is assumed equal to 2.5 (Fig. 1.3). 

 

The velocity and displacement spectra are derived from the acceleration spectrum 
applying relations 1.5 and 1.6 to the spectral ordinates. In the following, the common 
in practice symbols “Sd” for the spectral displacement, “Sv” for velocity and “Sa” for 
acceleration will be used. 

 

 
ω
S

π2
ΤSS a

aν =⋅=  (1.5) 

 2
a

2

ad ω
S

π2
TSS =⎟

⎠
⎞

⎜
⎝
⎛⋅=  (1.6) 

 

Observing Figure 1.3 we realize that the two critical for the design of buildings 
spectral parameters are the ground acceleration ratio α and the characteristic period 
Tc, depending on the type of soil. Therefore, these parameters should be very 
carefully chosen. Many common mistakes to the value of the characteristic period Tc 
are caused by the incorrect evaluation of the foundation soil grade.     

 

The basic critical for a design response spectrum parameters are (Fig. 1.3): 

-  the peak ground acceleration (= α.g) that defines also the seismic hazard zone           
(between 0.16 and 0.36 according to the ΕΑΚ) 
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Figure 1.3 Elastic acceleration, velocity and design displacements spectrum 
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- the characteristic periods TB, Tc depending on the soil class, with the following    
physical meaning: 

For the eigenperiod T=0 the spectral acceleration Sa equals to the peak ground 
acceleration α.g. For the eigenperiod T=TB the value of the spectral acceleration is 
2.5 times higher due to the spectral amplification and remains constant (2.5.α.g) up 
to the period Tc. In the Code, values for the characteristic periods TB, Tc for various 
soil classes (Table 1.1, Fig. 1.4, 1.5) are included.  

It should be mentioned at this point that more recent Codes (EC8 etc.) differentiate 
the peak ground acceleration for various site classes [26]. All values are multiplied by 
the amplification factor S in accordance with Table 1.1.  

Table 1.1 Characteristic period TB, Tc and S factor values according to EC8 (2003) 

Soil class  Α Β C D 

ΤB 0.10 0.15 0.20 0.20 

ΤC 0.40 0.60 0.80 1.20 

S (EC8) 1.00 1.20 1.15 1.35 

 

 

1.0 2.0 3.0 4.0

S
a/α

g

T (sec)

1.0

2.0

2.5

1.5

0.5

1.50.5 2.5 3.5

A
B
Γ

∆

ΤB ΤC ΤD  

          Figure 1.4 Design acceleration spectra for various soil classes  
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Figure 1.5 Design displacement spectra for various soil classes  

After the period Tc, the values of spectral acceleration are reduced at a rate 
approximately equal to the inverse of the period (~1/T) up to the period TD that is 
conventionally specified in various Codes among 2 to 3 sec. The value TD=2 sec 
according to Eurocode 8 is used now since the respective value in EAK is not yet 
specified. Between periods TC and TD the peak – relative to the ground - velocity of 
the oscillator remains constant. For values higher than TD the spectral acceleration is 
reduced at an even higher rate (~1/T2). In this region the peak relative displacement 
of the oscillator is constant. Design spectra are usually limited up to values of 
approximately 4 sec. 

It should be emphasized that the peak oscillator acceleration between TB and Tc is 
the peak ground acceleration amplified 2.5 times due to the resonance effect 
between exciter (ground) and oscillator. The degree of amplification depends on the 
critical viscous damping ratio ζ involved in the formula of the correction factor:  

 7.0
ζ2

7η ≥
+

=  (1.7) 

for ζ=5% the formula gives a n=1 value. 



1. Pushover method 

10 

EAK 2003 [9] specifies damping values ζ as ratios of critical damping for various 
types of structures (Table 1.2, Fig. 1.6). 

 

Table 1.2 Critical damping ratio values  

Type of structure  ζ% 

welded  2 
Steel : 

bolted  4 

unreinforced  3 

reinforced  5 Concrete  : 

prestressed  4 

reinforced  6 
Masonry : 

confined  5 

glued  4 

bolted  4 Timber : 

nailed  5 

 

 

The peak relative displacement according to the EAK 2003 elastic spectrum for ζ=5% 
and TD=2 sec results between 0.08 m (soil class A, α=0.16) and 0.54 m (soil class D, 
α=0.36). The calculations are based on the displacement spectrum (Fig. 1.3) and the 
relation max Sd=1.25·TC·α [m]. 

 

The peak relative velocity results respectively between 0.25 and 1.70 m/sec in 
accordance with equation maxSv=4·Tc·α [m/sec]. 

  

The peak acceleration results between 4.0 and 9.0 m/sec2 in accordance with 
equation maxSa=25·α [m/sec2]. 

  

Above spectra are applicable for lateral excitation. Vertical earthquake excitation, 
according to EAK 2003 may be considered multiplying above spectral ordinates by 
0.70. Vertical excitation is not evaluated in the displacement based elastoplastic 
analysis (pushover). 
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Figure 1.6 Influence of the critical damping ratio to the design response spectrum  
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Stiffness K is an elastic property referring to the relation of force and the respective – 
relative to the ground – displacement δ. Deformation does not affect the material 
structure properties of an ideally elastic system and the stiffness remains constant. 
The stiffness of a reinforced concrete structure does not remain constant in the 
progress of consecutive seismic cycles. A reduction usually occurs due to the 
progressive destruction (failure) of a series of internal bonds of the system (formation 
of cracks, bond failure etc.). Therefore the structure becomes softer and the vibration 
periods increase with the progress of seismic action. 

The eigenperiod increase leads to acceleration (forces) decrease but also to an 
increase of displacements (equation 1.4, Fig. 1.3).  

Through the decrease of effective stiffness in an earthquake, the structure escapes 
from the high accelerations to much lower and frequently avoids collapse. This has 
obviously as a result the increase of deformations.  

Building strengthening measures aim the increase of stiffness and strength leading to 
an increase of acceleration (inertia forces) but the main goal is the drastic decrease 
of displacements (deformations). 

Increase of mass leads to the increase of the eigenperiod of the oscillator (Formula 
1.4). 

The idea to use conventional action schemes (response spectra) for the earthquake 
resistant design of buildings does not differ from the use of conventional loadings for 
live loads. It is a way to assure the uniformity of the design at a level adequately 
(statistically) safe but also cost-effective. In any case seismic action is full of 
uncertainties and cannot be quantitatively specified with accuracy. 

 

In the following acceleration and displacement response spectra of elastic oscillators 
with 5% damping are presented resulting from integration over a time interval of 
Greek earthquake recordings of the last 20 years [11] compared to the design 
spectrum specified by the Code for the same area (Fig. 1.7). We may observe that 
only Kalamata and Pyrgos earthquake recordings (Fig. 1.7c) correspond to the 
design earthquake. The rest of the recordings correspond to frequent or occasional 
earthquakes. The critical damping ratio ζ was assumed equal to 5%. 

Critical is the role of the position (distance) of the recording from the epicenter of the 
earthquake. Therefore very significant is the determination of the location and the 
seismic potential of active faults to be seriously considered for the design of 
neighboring buildings. 
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Figure 1.7a Acceleration and displacement spectra from Argostoli compared to design spectra  
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Figure 1.7b Acceleration and displacement spectra from Zakynthos and Lefkada compared to design 
spectra  
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Figure 1.7c Acceleration and displacement spectra from Pyrgos and Kalamata compared to design 
spectra  
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Figure 1.7d Acceleration and displacement spectra from Patras, Kyparissia and Ierissos compared to 
design spectra  
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Figure 1.7e Acceleration and displacement spectra from Athens compared to design spectra  
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1.2 Inelastic response spectra of a single-degree-of-freedom oscillator  

Up to now we discussed the elastic single-degree-of-freedom oscillator with the 
exception of reinforced concrete where earthquake usually leads to stiffness 
degradation and eigenperiod increase. The issue of the limit of elastic behaviour 
(yield point) was not mentioned, i.e. Hooke’s law may not be in effect above a certain 
stress point but the system may deform plastically under constant force without 
failure. The ratio of the total elastoplastic deformation (or displacement) that the 
oscillator may reach without failure to the yield deformation (or displacement) is 
called ductility. 

What exactly happens in the event of the earthquake? Applying to a ductile system a 
displacement of its support, the system resists due to its mass (resists with its inertia) 
to the change of its kinetic state. The force F=m.γ developed deforms the system 
elastoplastically but then due to the change of the sense (direction) of the imposed 
displacement it comes back and follows deformation cycles without failure (Fig. 1.8). 
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Figure 1.8 Elastoplastic single-degree-of-freedom oscillator under earthquake  

 

 

The behaviour of the elastoplastic oscillator depends from now on not only from its 
stiffness and its mass but from its yield point and the available ductility as well. 
Though the ductility of a real system is not unlimited we will assume in the following 
that its ductility is enough and therefore the system does not fail throughout the 
plastic deformation that is developed. The ductility limits for reinforced concrete 
structures will be discussed in the second part of the book. 

The basic question placed in practice is what will be the influence of the yield point to 
the peak displacements following an earthquake with a specified response spectrum? 
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To answer this question, the term of ratio R of the maximum stress-in accordance 
with the spectrum - the infinitely elastic system is subjected to its yield limit is 
introduced: 
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where: 

  Vel : the maximum force applied to the elastic oscillator  

  Sa : spectral acceleration in accordance with the elastic spectrum  

  g  : gravity acceleration 10 m/sec2 

  Vy: yield point of the oscillator subjected to lateral loading  

  W: weight of the oscillator  

 

Through integration of actual earthquake recordings (accelerograms) over a time 
period for elastoplastic oscillators with different eigenperiods and specified ratio R 
certain conclusions result for the peak displacement compared to respective 
displacement of the elastic oscillator (R=1). A relevant study, as part of the research 
program of the Earthquake planning and protection Organization ΟΑΣΠ [25] used the 
recordings of 17 earthquakes that occurred in Greece the last 20 years. The results 
are summarized as follows: 

- for eigenperiods higher than the characteristic ground period Tc, the peak 
displacements of the elastic and the elastoplastic oscillator are approximately 
equal, i.e. independent from the strength ratio R (principle of equal displacements, 
Fig. 1.9). 

- for eigenperiods lower than the characteristic ground period Tc, the peak 
displacements of the elastoplastic oscillator are higher than the displacements of 
the respective elastic and their ratio depends on the value of R and the ratio of the 
characteristic ground period Tc to the eigenperiod of the oscillator T (Tc/T) as well. 

Specifically, the higher the strength ratio R and the period ratio Tc/T the higher the 
peak displacement of the elastoplastic compared to the displacement of the elastic 
oscillator is (principle of equal energies, Fig. 1.9): 
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Figure 1.9 Principle of equal displacements and of equal energies  

 

1.2.1 The displacement coefficient method (DCM) 

The results of integration (Fig. 1.10 and 1.11) exhibit relatively high dispersion 
especially in the “equal energies” region, therefore the proposal of approximative 
formulas for coefficient C1 (displacement coefficient method) is reasonable. FEMA 
356 American guidelines [7] recommend the following formula : 

 

 C
el

CFEMADCM
1 TT10.0,

δ
δ

T
T

R
11

R
1C <<=⋅⎟

⎠
⎞

⎜
⎝
⎛ −+=−  (1.10) 

 

The OASP research study [25] resulted to notably higher values for C1 coefficient 
when strength ratio R and Tc/T ratio reach rather high values, i.e. for stiff structures 
with relatively low yield limit on “soft” soil [29]. 
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Figure 1.10 Performance models used for the analyses of Fig. 1.11 
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Figure 1.11 C1 coefficient values resulting from integration of actual accelerograms (mean values, 

Tc=0.4 sec) 
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OASP research project [25] proposed formula 1.11 that is graphically represented for 
comparison reasons in Fig. 1.11: 
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The influence of the different C1 coefficients in accordance with equations 1.10 and 
1.11 to the displacement spectrum of the elastoplastic oscillator is illustrated in the 
following figures (Fig. 1.12). 
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Figure 1.12 Displacement spectra of an elastoplastic oscillator  

 

If µ=δ/δy represents the required ductility of the oscillator, then  
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The higher the strength ratio R, i.e. the lower the yield limit, the higher inelastic 
deformations are expected compared to the elastic ones, i.e. the higher ductility µ is 
required. Therefore earthquake resistant design for low strength levels assumes high 
ductility demands. Modern regulations [9, 26] for the design of new buildings use 
instead of strength ratio R the behaviour coefficient q with values between 1.5 and 
4.0 depending on the type of structure (Table 1.3, Fig. 1.13). Through this intended 
and target property of the structure we may design for lower (compared to the elastic 
response Vel) strength levels Vy  where: 

 

 Vy = Vel / q  (1.13) 

 

Table 1.3 Maximum seismic behaviour factor q values in accordance with EAK 2003 [9] 

MATERIAL  STRUCTURAL SYSTEM  q 

a.  frames or mixed systems  3.50 

b. wall systems acting as cantilevers  3.00 1. REINFORCED     
CONCRETE  

c. systems where 50% at least of the total mass is in the   
upper third of the height  

2.00 

a. frames  4.00 

b. eccentric braces 4.00 

c. concentric braces:  

- diagonal bracing members  3.00 

- V or L bracings  1.50 

- Κ bracings (where applicable) 1.00 

2. STEEL  

  

a. with horizontal ties  1.50 

b. with horizontal and vertical ties  2.00 3. MASONRY  

c. reinforced (vertically and horizontally) 2.50 

a. cantilevers  1.00 

b. beams – arches – glued panels  1.50 

c. bolted frames  2.00 
4. TIMBER  

d. nailed panels  3.00 
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Figure 1.13 Acceleration spectra associated with q  

 

1.2.2 The capacity spectrum method (CSM) 

An alternative method for the calculation of the total peak relative displacement of an 
elastoplastic oscillator results from the transformation of hysteretic damping to a 
viscous one. This method is mentioned in ATC 40 [1] as the capacity spectrum 
method and in several earthquake resistant design regulations as well for high 
damping seismic isolation cases. Specifically in bridges where rubber to metal 
bonded bearings with a lead core are used the method is applied in the respective 
eigenforms and easily leads to results through the elastic eigenform analysis with 
response spectrum.  

 

The central idea is that an elastic oscillator with a peak displacement equal to the 
total displacement of the elastoplastic is assumed with the following effective stiffness 
and effective eigenperiod: 

 

 µ/KK ie =  (1.14) 

 

and ie ΤµT ⋅=   (1.15) 
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The equivalent amount of viscous damping is calculated with the following formulas 
(Fig. 1.14): 
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Figure 1.14 Elastoplastic oscillator’s hysteresis loop  
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International literature and regulations [9, 26] include various relations for the 
correction factor n of the accelerations response spectrum due to viscous damping.  

 
e
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where : ζe = ζ+ζD % (1.21) 

ATC 40 [1] has a more complex representation that leads to the curve of the following 
figure. In the same figure (Fig. 1.15) EC 8 and EAK curves are included for 
comparison reasons. The viscous damping ratio ζ is assumed equal to 5%. 
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Figure 1.15 Correction factor η versus ζD 

 

Above thought to transform hysteretic damping to viscous damping may be 
represented in an acceleration-displacement response spectrum (ADRS) as follows : 
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Figure 1.16 Transformation of the hysteretic damping to viscous damping in an acceleration-

displacement response-spectrum in the region of “equal displacements“ 
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In the spectral region DeiC TTTT <<<  following expressions apply: 
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Figure 1.16 allows the conclusion that the increase of the eigenperiod of the oscillator 
results to higher displacement value δ΄ that afterwards decreases due to the 
transition of the elastic spectrum to an inelastic one. The calculation of this decrease 
is based on the correction factor η (Equation 1.20). The total variation of C1 factor in 
the spectral region between Tc and TD is between 0.70 and 1.30 for ductility values µ 
between 1.0 and 11.0. We may observe that in the region of constant peak velocities 
C1 factor is less than 1 for m<6.5, i.e. the total displacement is less than the 
displacement of the infinitely elastic oscillator. In this region we usually say that the 
principle of equal displacements is applicable, i.e. we assume that the value C1=1.0 
(as in DCM method according to ATC40).  

The relationship between EC8 n and C1 factors and ductility µ are represented in the 
following diagram :  
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Figure 1.17 Relationship between η and C1 factors and ductility µ (ζ=5%)  
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We may conclude from above diagram (Fig. 1.17) that for a value of the required 
ductility µ=2 there is a significant reduction of the acceleration spectrum and the 
displacements of the elastoplastic oscillator as well. Therefore the hysteretic damping 
has a very favourable influence on the behaviour of the oscillator since it clearly 
reduces the applied forces and displacements. It also eliminates the resonance effect 
between exciter and oscillator. 

In certain cases, the resulting displacement of oscillators with eigenperiods Ti<TC, 
with inferior - in relation to the elastic spectral response (R>1) – strength, is much 
higher than the displacement of the respective elastic oscillator. In such cases the 
required ductility reaches very high values that are practically impossible to be 
ensured. Such problems are very common in existing structures and the solution is 
the increase of strength. The question that arises is the value of the allowable 
displacement and the required for this purpose strength increase. The displacement 
δ of an elastoplastic oscillator may be evaluated using the CSM method for every 
eigenperiods region separately.  

Specifically, in the eigenperiods region Ti<Te<TC the solution is given by following 
equations : 

 2R537
32µ
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 ηµC1 ⋅=  (1.24) 
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Figure 1.18 Example of the calculation of the displacement δ applying the CSM method for Τi<Te<TC  
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In the eigenperiods region Ti<TC<Te the solution is given by following equations: 
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Figure 1.19 Example of the calculation of the displacement δ applying the CSM method for Τi<TC<Te 

 

For the eigenperiods region TC<Ti<Te the same basic relations are in effect and the 
solution is given as follows : 
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 ηµC1 ⋅=  (1.29) 
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Figure 1.20 Example of the calculation of the displacement δ applying the CSM method for ΤC<Ti<Te  

In such low strength cases energy is absorbed mainly through plastic deformation 
(transformed in heat) and in a very small degree is stored as elastic energy. The 
consequences are that the peak displacement does not mainly depend on the 
stiffness (eigenperiod) but on the strength (yield point) and the fact that resonance 
effects are avoided (spectral amplification). The problem in these regions is that the 
resulting values of required ductility µ are very high and frequently unachievable. 
Thus stiff structures with low –in comparison to seismic action - yield limit, in soft soils 
(with high characteristic period Tc) exhibit frequently high ductility µ demands, facts 
that lead to an uncertain behaviour. 

 

This remark was also expressed earlier in regard to the applicability of the DCM 
method in such cases [29]. In the line of an OASP research project an alternative 
equation (1.11) for the solution was proposed as well.  

Above relations may be represented in a frequencies-C1 factor diagram (Fig. 1.21). In 
the same diagram the results of the DCM method and the MK proposal are displayed 
as well. Also the diagram of the required ductility µ/10 according to the CSM method 
is displayed. The chosen parameters are Tc=0.80 sec (soil class C) and ratio R 
values 2.5, 4.0, 6.0 and 7.0. 
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Figure 1.21a Factor c1 to eigenfrequency ν relationship for Tc=0.80 

In the preceding diagrams (Fig. 1.21) we observe that for strength ratio values 
greater than 2.5 there is a significant underestimation of the C1 factor with DCM 
method and of the required ductility µ as well. The proposed MK curve is closer to the 
CSM method results. It is worthy of note that this curve is an empirical approach in 
conformity with the results of time-history analysis of accelerograms. Therefore, even 
for CSM method a better approximation to the time-history results is expected as it 
will be later illustrated with the appropriate comparisons. 
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Figure 1.21b C1 factor to eigenfrequency ν relationship for Tc=0.80 

The time-history analysis results of the last twenty years earthquakes in Greece 
exhibit significantly high dispersion in the region of frequencies ν between 2.5 and 5 
Hz (i.e. T=0.4 to 0.2 sec), especially in the event of high strength ratio R=4.0 and 
R=6.0 (Fig. 1.22). This dispersion is illustrated in the following diagrams. The Pyrgos 
and Kalamata earthquakes exhibiting the higher excesses is advisable to be 
evaluated with a different characteristic period of the ground (Fig. 1.22c) as it also 
emerges from Figure 1.7c of elastic response spectra. 
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Figure 1.22a Time-history analysis results comparison with C1 factors according to CSM, DCM, MK 

methods for Tc=0.40 sec 
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Figure 1.22b Time-history analysis results comparison with C1 factors according to CSM, DCM, MK 

methods for Tc=0.40 sec  
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Figure 1.22c Time-history analysis results comparison with C1 factors according to CSM, DCM, MK 

methods for Tc=0.60 sec  



1.2  Inelastic response spectra of a single-degree-of-freedom oscillator 

35 

 

R=6.0  
 Tc=0.60

0,0

2,0

4,0

6,0

8,0

10,0

0,0 1,0 2,0 3,0 4,0 5,0
ν

C
1

CSM DCM MK KAL186-1 PYR193-8 KAL286-2

 
Figure 1.22c Time-history analysis results comparison with C1 factors according to CSM, DCM, MK 

methods for Tc=0.60 sec  

Subsequently, inelastic displacement spectra according to CSM, DCM and MK 
methods are presented for Tc=0.80 sec. In the same diagram the curves for C1 factor 
and the required ductility µ are displayed as well. 
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Figure 1.23a Inelastic displacements spectra for Tc=0.80 
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Figure 1.23b Inelastic displacements spectra for Tc=0.80 

In inelastic displacements spectra we observe that for eigenperiods lower than Tc, i.e. 
in the region of constant peak accelerations, the peak displacement of the oscillator 
according to the CSM method is significantly higher than that resulting from the DCM 
method. The same subject was discussed in the previous section in regard to the C1 
values in the same eigenperiods (or respective eigenfrequencies) region. Therefore it 
would be advisable in practice to assume the peak displacement in this region 
practically constant for elastoplastic systems with strength ratio R>2.5.  
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As a simplification we accept as constant value the value resulting from the CSM 
method for an eigenperiod Τi=ΤC (conservative approach with a slight divergence 
from the exact solution). 
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Figure 1.23c Inelastic displacements spectra for Tc=0.80  
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This minimum allowable displacement value should be always checked when 
applying the DCM method for R>2.5 and choose the higher value. It is independent 
from the eigenperiod Τi of the oscillator and it depends on the strength ratio R and 
the characteristic period of the ground Tc. This check should be also performed when 
we apply the simplified displacements method on a single-degree-of-freedom 
oscillator that will be discussed in the next Chapter. 

 

1.3 The displacements method on a single-degree-of-freedom oscillator  

Observing the displacements spectra (Fig. 1.3) of the previous Chapter we get to a 
very interesting conclusion. The slope of the spectrum in the region of constant peak 
velocities is invariable and depends on the seismic factor α and the characteristic 
spectral period Tc (point of transition from the constant peak accelerations to constant 
peak velocities), that depends on the soil properties. 

Even for the region of constant peak accelerations, between the periods TB and Tc, 
we may assume (unfavourably) for elastoplastic oscillators with ratios R>2.5 (Fig. 
1.12) that the displacements spectrum relationship may be replaced by a line through 
zero as an extension of that of the region between Tc and TD (linearization of the 
displacements spectrum). Using the equation of the line from the definition of 
displacements spectrum (Fig. 1.3): 

 TTα625.0TΤ
π4

SmaxΤΤ
π4

gα5.2δ CC2
a

C2 ⋅⋅⋅≈⋅⋅=⋅⋅
⋅

⋅=   (1.32) 

then its slope will be:   

 Cs Tα625.0
Τ
δk ⋅⋅≈=   (1.33) 

The ks value determines approximately the earthquake displacements spectrum in 
the interesting for practical applications region containing also the soil properties (Tc). 

For the earthquake resistant design of a new structure that we will assume in this 
Chapter for simplification reasons as a single-degree-of-freedom oscillator we first 
choose the peak acceptable under a specified earthquake displacement of the mass 
centre and then we derive the respective eigenperiod from the simplified (linear) 
displacements spectrum: 

 
sk
δ

T =  (1.34) 
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Since oscillator’s mass M is known formula 1.4 gives the required stiffness K the 
system should be designed for:  

 MωΜ
Τ
π2Κ 2

2

⋅=⋅⎟
⎠
⎞

⎜
⎝
⎛=   (1.35) 

Then an eigenforms analysis of the system (especially with multiple degrees of 
freedom) may assure that in fact the fundamental period of the system equals (or is 
less than) T. Since the stiffness sound system is formed and peak displacements and 
deformations are within the acceptable limits remains the strength side of the 
members design.  

We know from the principle of equal displacements, valid in the spectral region 
ΤC<Τ<ΤD, that the peak displacement is strength independent. According to the 
previous assumption for R<2.5 the same is also in effect in the region ΤΒ<Τ<ΤC (Fig. 
1.12). The definition of ratio R gives: 

(1.8) ⇒  MSmaxΜSRVV aayel ⋅≤⋅=⋅=  (1.36) 

The required system strength in the region Τ<ΤC is derived from the value of the peak 
spectral acceleration maxSa. For the region ΤC<T: 

 
T
Tα25S C

a ⋅⋅=  (1.37) 

Replacing relations (1.33) and (1.34) in equation (1.37): 

 ( )
δ

kπ2S
2

s
a

⋅⋅
=  (1.38) 

Relations (1.36) and (1.37) result in: 

 
R
MSmax

δR
M)kπ2(V a

2
sy ⋅≤

⋅
⋅⋅⋅=  (1.39)  

where 2·π·ks = maxSV=4·α·ΤC  

Above formula (1.39) joins all physical entities of interest for the earthquake resistant 
design of a structure: 

R=Vel/Vy: strength ratio  

         Vy: yield strength  

           δ: total peak displacement  

          ks: displacements spectrum slope (seismic action)  

          Μ: oscillator's mass  
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gα5.2Smax a ⋅⋅= ,  in the accelerations spectrum.  

The required ductility of the system results from equation 1.12 equal to µ=C1R. 
Please remember that for oscillators with eigenperiods Τ>ΤC the principle of equal 
displacements is in effect and C1 factor equals 1.0. For oscillators with low 
eigenperiods Τ<ΤC C1 factor has values higher than 1.0 and is calculated in 
accordance with equation 1.10 (DCM method) or more conservatively 1.11 (MK 
proposal). Equation 1.31 results in even more conservative values (CSM method). 

The selection of the strength ratio R value (or q) is a decision of the structural 
engineer and should be in compliance with the type of structure (respective 
recommendations are included in the Code). Mainly, the required ductility should be 
assured through the appropriate design and detailing measures even in the member 
performance level of a usually multiple-degree-of-freedom system. The quantitative 
investigation of the members inelastic deformations in a multiple-degree-of-freedom 
system may be effected with the Pushover method discussed in the next chapters. 
The higher the available ductility of the system is the lower is the strength required to 
resist the seismic stress. This involves though an increase of the inelastic 
deformations. The higher is the available strength of the system the lower is the 
required ductility since inelastic deformations decrease. 

The required strength is also proportional to the mass of the oscillator. For 
eigenperiods Τ>ΤC the required strength is inversely proportional to the total peak 
displacement that forms the base of the design of the system. 

 

Example design of a new building : 

We plan to design a symmetrical 5-storey building with a ground plan of 
approximately 200 m2 in a region with a seismic factor α=0,16 on a class C soil 
(Tc=0.80 sec). The effective mass per square meter is approximately 0.5 t, thus its 
total mass is Μ=1000 m2 · 0.5 t=500 t.  

15.00 m
10.00 m

M =500 t δ

 
Figure 1.24 

 

Modeling the system as a single-degree-of-freedom oscillator where the mass centre 
is at the level of 10 m and assume the peak seismic displacement at the notional  
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position of the effective mass of the SDOF oscillator (not on the top of the building) 
δ=0,05 m, that represents an inclination of the building 0.05/10=5‰ then: 

equation 1.33 results in: sec/m08.080.016.0625.0Τα625.0k Cs =⋅⋅=⋅⋅=  

equation 1.34 in: sec625.0
08.0
05.0

k
δΤ

s

===  

Therefore the structure should be designed so that the fundamental eigenperiods 
corresponding to the first eigenform in x direction and the first eigenform in y direction 
will be Τ=Τx=Ty= 0.625 sec. The structure design is based primarily on the mass and 
stiffness relation expressed through the eigenperiod T. 

Subsequently we calculate the required resistance of the structure to lateral loading 
in order to design the reinforcements applying equation 1.39: 

( ) ( ) kN
R

2000
R

5001016.05.2kN
R

2524
05.0R

50008.0π2
δR

Mkπ2V
22

s
y =

⋅⋅⋅
≤=

⋅
⋅⋅

=
⋅

⋅⋅
=  

This resistance corresponds to an earthquake lateral loading factor: 

 
R
40.0

g500R
2000ε =

⋅⋅
=    

The strength ratio R according to the existing experience on this type of structures 
could be assumed equal to 3.5.  

 %4.11or114.0
5.3

40.0ε ==  

For soil class A (Tc=0.40 sec) respectively ks=0.04 m/sec and fundamental 
eigenperiod Τ=0.05/0.04=1.25 sec. 

Assuming the structure has the corresponding flexibility, then the earthquake lateral 
loading factor should be: 

 
( ) ( ) %7.3or037.0

1005.05.3
04.0π2

gδR
kπ2ε

22
s =

⋅⋅
⋅

=
⋅⋅

⋅
=  

This resistance is very low, therefore the regulations require a minimum resistance 
limit. This limit in accordance with the Greek Code is min ε=0.25ּα=0.25ּ0.16=0.04 or 
4%. Another point to be observed in the Greek Code is that the design spectrum in 
the region Τ>ΤC decreases more slowly (~(ΤC/T)2/3) than the elastic one (~ΤC/T). The 
acceleration calculated from the design spectrum in accordance with EAK for T=1.25 
and Tc=0.40 sec is 5.4%.  
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Supposing that for a class A soil we do not decrease the stiffness and the 
fundamental eigenperiod remains T=0.625 sec, then the total peak displacement is 
reduced to: δ=Τ·ks=0.625·0.04=0.025. The lateral loading factor for the design of the 
cross sections should be then: 

 

 ( ) %2.7or072.0
10025.05.3

04.0π2ε
2

=
⋅⋅

⋅
=  

 

At this point we should notice that in the event of a relatively low resistance demand it 
is advisable to partly use the ductility. This does not mean that we will assign reduced 
ductility to the structure because it should be wrong. The bigger ductility reserves a 
structure has the safer it is. The q factor value recommended by the Codes 
(equivalent to R) represents in any case an upper limit. 

 

When we wish to assure an elastic behaviour (R=1) then ε=0.252 or 25.2%. 

 

As a conclusion we may say that it is much more appropriate to base the earthquake 
resistant design of a building on the displacements method. The basic reasons are: 

1. The design of the buildings and other structures is based on modern Codes and 
would probably enter the inelastic region under the design earthquake. In this case 
the inelastic deformations cannot be calculated elastically but only through 
elastoplastic models. 

2. The inelastic deformations should vary within certain limits imposed by the ductility 
of the materials. This constitutes a basic criterion for the design. Therefore we do 
not refer to permissible stresses but to permissible inelastic deformations (strains, 
rotations etc.) 

3. The yield point of the cross-sections is of significant importance for the 
elastoplastic analysis of the structure. This has no influence on an elastic analysis, 
since stress distribution is based only on the stiffness relations, therefore is only 
valid within the strict limits of the elastic performance. After the excess of the yield 
point in various cross-sections stresses are redistributed and the new distribution 
is based especially on the relation of yield points. 

4. Stresses resulting from the elastoplastic analysis are close to the actual ones and 
are used for the verification of members against brittle failure modes such as 
shear, compressive shear, punching shear, reinforcement bond etc. Higher safety 
factors should be applied for the design against brittle failures.  
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5. The safety of an existing building against an earthquake cannot therefore be 
expressed in terms of sufficiently resistant cross-sections to stresses resulting 
from an elastic static with equivalent forces or dynamic eigenforms analysis. Each 
cross-section will exhibit different sufficiency or insufficiency and no reliable 
conclusion can be deducted. 

6. The safety of an existing building can be evaluated only through its performance in 
different levels of earthquake. Its displacements and deformations for a frequent 
earthquake should be practically elastic, for an occasional earthquake the inelastic 
deformations should vary within strict limits, while for the design earthquake the 
increase of the inelastic deformations should be such that probable damages will 
be repairable and brittle failures should be always excluded. In the event of a very 
rare earthquake brittle failures that could result to the collapse should be also 
excluded. The inelastic deformations could reach levels that the repair of damages 
could not be affordable. 

7. New and existing buildings are designed, verified or redesigned in a single way 
applying the displacements method. It is a method that assumes reinforcements 
are given and examines the performance of the system through more refined 
(elastoplastic) models that aim to the calculation of the displacements. 

The sequence of the necessary steps for the verification of the seismic performance 
of an existing structure is: 

We derive from the elastic model the fundamental eigenperiods T (Tx and Ty). It 
should be indicated at this point that the eigenperiod depends on the effective 
stiffness Κe that is influenced by the fact that especially in an existing structure many 
parts enter too early the plastic region and the V – δ diagram exhibits a bend (is not 
linear elastic). The effective stiffness of an existing and of a new structure should be 
calculated with reduced member stiffness due to formation of cracks and with a 
bilinear approximation of the V-δ performance curve (Fig. 1.25, see also following 
chapter on Push-Over theory). 

Calculating through dynamic analysis the fundamental eigenperiod Ti, then the 
effective eigenperiod will be: 

 
e

i
ie K

K
TT ⋅=   (1.40) 
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capacity or performance curveV 
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beginning of yield
Ke 
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Vy 
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Figure 1.25 Bilinear approximation V-δ, effective stiffness  

To simplify the approach let us assume the elastoplastic SDOF oscillator with bilinear 
performance (Fig. 1.26). Its eigenperiod is given by equation 1.4: 

 
y

y

δ
V

Κwhere,
K
Mπ2T =⋅=  

V 

δ

Vy 

δy  
Figure 1.26 Ideally elastoplastic SDOF oscillator  

From the slope of the displacements spectrum for a given earthquake and soil class it 
is derived (equation 1.34): 

 Tkδ s ⋅=      

The required resistance for the elastic performance of the structure should be 
(equation 1.39) : 

 ( ) MSmax
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Mkπ2V a

2
s

el ⋅≤
⋅⋅

=  
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The strength ratio of the system with Vy resistance should be (equation 1.8): 

 
y

el

V
VR =  

It remains to be verified if the system has the required ductility. In the case of 
reinforced concrete structures certain members will not exhibit any ductile behaviour 
at all but only brittle. This is caused by early shear or compressive shear failures, 
bond failure etc. In such cases resistance should be checked in terms of forces and 
not displacements and should be covered with sufficient safety. This is the reason the 
actual stress of the members should be computed and this is only achieved through 
the elastoplastic pushover analysis as we will see later. 

V 

δ

Vy 

δy 

flexural strength

Vu Vu: early shear failure 

δu  
Figure 1.27 Brittle failure before yield  

Brittle failure modes for reinforced and prestressed concrete will be discussed in the 
second part of the book. 

 

Example of an existing building: 

Suppose that the new building of the previous example on C class soil is an existing 
one and we try to evaluate its seismic performance. It does not have any shear wall 
and it is relatively flexible. The effective eigenperiod is estimated through the bilinear 
approximation of the performance curve as Te=1.25 sec and its lateral force 
resistance Vy=300 kN.  

The mass centre seismic displacement will be (equation 1.34): 

 m10.025.108.0Tkδ es =⋅=⋅=  

The required resistance for the elastic performance of the structure should be 
(equation 1.39): 

 ( )
⇒⋅⋅⋅≤

⋅⋅
= Mgα5.2

δ
Mkπ2V

2
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el  
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 ( ) kN2000kN1262
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50008.0π2V
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The strength ratio of the system with Vy=300 kN resistance will be (equation 1.8): 

 
yy

el

δ
δ20.4

300
1262

V
VR ====  

The question is if the system has this ductility that is reduced to the verification of 
plastic rotations and shear sufficiency of each individual member. From practice, we 
know that for such a considerable ductility a building mechanism (and not a soft 
storey mechanism, such as a pilotis type) and dense stirrups are necessary. 
Therefore an existing building designed according to the older regulations that do not 
comply with above conditions will have problems for R values greater than 1.5 
(empirical value). 

 If we wish to evaluate it in terms of plastic rotation (e.g. in accordance with FEMA 
356 tables) the inclination of the building, if a building mechanism occurs will be: 

 ( ) ‰10
0.10

10.0
0.10

δφ rad ===  

For unconfined columns the values of the allowable inelastic rotation are between 
2‰ to 6‰, depending on the axial and shear stress, therefore the risk of failure 
exists. 

If not a building mechanism but a local soft-storey (pilotis type) mechanism occurs, 
the situation will be more critical because the inelastic rotations are concentrated in 
the soft storey and their value is: 

 ( ) height)storey   (3.0m‰37
0.3

10.0
0.3
δφ rad ====  

We mainly realize that the shear force according to the column mechanism cannot be 
sustained by the usually insufficient existing stirrups and a risk of shear failure is 
apparent. 

In the case of building strengthening applying walls and cores and an increase, 
where necessary, of the members shear resistance using jackets, the procedure is 
similar to that of the first example already discussed with more severe restrictions 
regarding the building’s target displacement, e.g. to correspond to a building 
inclination of approximately 2 ‰. 

 m02.010002.0δ =⋅=  

 sec/m08.0ks =  
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(1.34)  ⇒  sec25.0
08.0
02.0

k
δT

s

===  

Therefore the stiffness of the building should be increased by adding more walls. The 
required resistance of the structure for the reinforcement design of the new members 
should be (equation 1.39): 

( ) ( ) kN
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2000
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5001016.05.2
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6316
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50008.0π2
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⋅

⋅⋅
=  

The strength ratio R is not advisable to exceed 1.5, since the system contains non-
ductile members (the existing ones) as well: 

 kN1333
50.1

2000Vy ==  

This resistance corresponds to a lateral seismic loading factor: 

 %27or27.0
10500

1333
gM

V
ε y =

⋅
=

⋅
=  

Therefore, we observe that a strengthened building requires much stiffer and 
stronger new members compared to that of a new one. The reason is that it should 
have smaller seismic displacements since the existing members do not have 
(sufficient) ductility. Obviously afterwards the strengthened building should be 
elastoplastically analyzed (with the Pushover method) in order to verify if the limited 
ductility of the existing members is sufficient, as well as if the stresses occurring to 
members with a brittle failure risk, are adequately undertaken thanks to the new 
resistance. 

 

Example of an existing building with low resistance (R>2.5): 

For soil class C (TC=0.80 sec), effective eigenperiod Te=0.40 sec and strength ratio 
R=7.0, the minimum displacement is calculated according equation 1.30: 

 m43.0
R37

32R5Τ625.0
α
δmin 2

2
C =

⋅
+⋅

⋅⋅=  

Assuming a target displacement δ=0.05 m for the design earthquake α=0.24:                        
minδ=0.43Χ0.24=0.10>0.05 

Therefore increase of the resistance is necessary. An increase of the resistance 
based on R=2.5 results:  

 minδ = 0.27X0.24 = 0.065 ≈ 0.05 

If we repeat the same calculation with the displacements method (1.33, 1.34) the 
result will be: 
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 cs
s

Ta625.0kwhere
k
δT ⋅⋅==  

 sec42.0
12.0
05.0T,12.08.024.0625.0ks ===⋅⋅=  

Therefore no increase of the stiffness is necessary since Τ= 0.40 < 0.42 but only the 
increase of resistance according to the previously discussed. 

If the mass of the oscillator is M then the required resistance will be: 

 W24.0
5.2

Mg24.05.2
R

Mgα5.2
R

MSmaxV a
y =

⋅⋅⋅
=

⋅⋅⋅
=

⋅
=  

This resistance corresponds to a lateral seismic acceleration factor ε=0.24. Initial 
resistance (with R=7.0) is ε0=0.085. 

Assuming for the above example a target displacement δ=0.075 m for an α=0.24 
earthquake and considering a smaller resistance increase for cost-effectiveness 
reasons (R=4.0), then: 

 m075.007.0
474

644108.0625.024.0δmin
2

2 <=
⋅
+⋅

⋅⋅⋅=  

This resistance corresponds to a lateral seismic acceleration factor  

 15.0
4

24.05.2ε =
⋅

=  

It is observed that in this case there is a lack of resistance (strength) and not a lack of 
stiffness. Critical for the strength increase is also, in this case, the target 
displacement. 

 

1.4. Elastoplastic analysis of MDOF systems with the Pushover method  

The dynamic action of earthquakes stresses the MDOF oscillator (the building) in a 
cyclic and complex way. To simplify the problem in practice we simulate the MDOF 
system with a SDOF, whose performance was examined in the previous Chapter. On 
the other hand, we do not follow the complete evolution of the event as we do for the 
time-history analysis but we examine the initial branch of load-displacement curve 
under a gradually increasing lateral static load up to a δt displacement. Then the 
building and its individual members are verified in regard to ductility, resistance 
(strength) and deformation. This method is called static inelastic method or according 
to the American publications Pushover method. 

Pushover method is based on the fact that the majority of the problems of individual 
members and the form of the elastoplastic deformation of the structure (soft-storey, 
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concentration of deformations, stress of brittle members) are already detectable 
during the monotonously increasing static lateral loading. 

The Pushover method evaluates the non-linear performance of the structure but not 
its vibratory performance examined by the dynamic eigenforms analysis (elastically) 
or the time-history analysis (inelastically). It has though the advantage of the 
simplicity, the uniformity of its application and easiness to deduct conclusions since it 
does not depend so much on the excitation but is concentrated on the verification of 
the performance of the members. 

The questions that arise for the application of the Pushover method are: 

- Are members capable to sustain these inelastic deformations without failures or 
without significant loss of strength? 

- Do the force transfer mechanisms without ductility (such as shear, punching, 
compressive shear, bending of over-reinforced cross-sections, reinforcement 
bond, rupture of longitudinal reinforcement under small plastic deformation etc.) 
satisfy the strength criterion in terms of forces or risk an early brittle failure mode? 

- Is the extent of damages due to a smaller (more frequent) earthquake within the 
functionally acceptable limits, depending on the kind of structure? 

Therefore we realize that we have to perform three kinds of unavoidable verifications: 

- of the ductility in terms of deformations  

- of the resistance in terms of forces against brittle failures  

- of deformations for functionality reasons. 

 

Consequently, special attention should be given to the verifications of ductility and of 
the resistance against brittle failure of reinforced concrete members, subjects that are 
discussed in the second part. 

Before the application of the Pushover method certain subjects concerning the 
modelling of the MDOF system (the building) as a SDOF system and the 
simplification of the performance curve through a bilinear approximation should be 
cleared first. 

 

1. The horizontal force distribution applied to the building may be based on the 
accelerations distribution of the corresponding fundamental eigenform resulting 
from the elastic analysis of eigenforms. Such an approach though, is not 
recommended due to the non-linearities (plastic hinges etc.) occurring in the 
reality. The use of a triangular distribution (load pattern), as it is applied in the 
equivalent static design method in accordance with the Code, or alternatively of a 
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rectangular (uniform) one is considered that covers a significant part of the 
problems occurring in practice. 

  

 

Seismic weight:  WQψG k2k =⋅+   (1.41) 

 Gk : Self weight of the building  

 Qk : Live load  

 ψ2 : Seismic live load reduction factor according to the Code  

 Lateral loading ratio λ= lateral seismic load / seismic weight  

 
W
Vλ =   (1.42) 

Symbol λ will be used in the pushover procedure instead of ε to prevent confusion 
since λ is increased gradually while ε represents a constant ratio. 
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Figure 1.28 Application of the pushover method  

2. The effective mass of a MDOF system is usually less than the total “seismic” mass 
of the superstructure. It could also result from the corresponding fundamental 
eigenform (mode shape) of the elastic analysis of eigenforms. For the same 
reasons though that are explained above such an approach is not recommended 
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and the use of the following table is suggested instead (Table 1.4) depending on 
the type of structure and the number of storeys. 

Table 1.4 Values of effective mass factor (Cm) according to FEMA 356 [7] 

Number 
of 

storeys  

Reinforced 
concrete 

frame  

Reinforced 
concrete 

wall  

Reinforced 
concrete 

core  

Steel 
frame  

Steel 
concentric 

braced 
frame  

Steel 
eccentric 
braced 
frame  

Other  

1, 2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

3 + 0.9 0.8 0.8 0.9 0.9 0.9 1.0 

 
0.1Cm =   when  Τ > 1 sec 

3. The roof displacement of the MDOF system (building) in relation to its effective 
mass centre displacement is expressed through C0 factor used for the modification 
of the MDOF to a SDOF oscillator. Values for C0 factor are included in FEMA 356 
recommendations [7] depending on the type of structure and the number of 
storeys (Table 1.5). 

 

Table 1.5 Values of the modification factor C0 according to FEMA 356 [7] 

Buildings with (shear) walls Other buildings  

Number of storeys  Triangular  load 
pattern  

uniform load 
pattern  

Any load pattern  

1 1.00 1.00 1.00 

2 1.20 1.15 1.20 

3 1.20 1.20 1.30 

5 1.30 1.20 1.40 

10 + 1.30 1.20 1.50 

 

4. The load-roof displacement curve of the building (Fig. 1.29) results from an 
elastoplastic analysis with the adequate computer program. As control node of the 
displacement, a node close to the gravity centre of the building’s roof diaphragm is 
chosen. 

To simplify the problem, the following bilinear approximation of the performance 
curve is used (Fig. 1.29): 
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We assume a tangent in the vicinity of δt point and specify iteratively the line segment 
of the first branch so that it intersects the performance curve at the 60% of the value 
of the intersection of the initial tangent to point (λy, δy). 

Yield displacement  
δy

λel

target displacement

δt

bi-linear approximation

λy = 0.233

Capacity or performance curveλ 

roof 
displacement

0.6 x λy = 0.140

δel

δr

Initial elastic
behaviour

 

Figure 1.29 bilinear approximation according to FEMA 356  

 

Then we calculate the areas formed between the two curves and check if they are 
approximately equal. If areas above the performance curve are greater we proceed 
to the next step increasing the slope of the first line segment (that initially was the 
tangent). This way, differences decrease and we continue until the areas between 
the performance curve and the bilinear approximation are practically balanced. 
Through the bilinear approximation: 

- the yield strength to lateral loads 
W
V

λ y
y =  and (1.43) 

- the yield displacement δy of the roof  

are specified 

From the performance curve result the initial elastic parameters of the structure: 

- the elasticity limit elλ  and 

- the elastic performance displacement limit δel 

The initial elastic lateral stiffness Ki results as tangent of the first branch of the 
performance curve: 

 
el

el

el

el
i δ

Wλ
δ
VK ⋅

==   (1.44) 
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The elastic eigenperiod of the building that coincides with the eigenperiod of the 
equivalent single-degree-of-freedom oscillator, may be specified either through the 
elastic dynamic analysis from the corresponding fundamental eigenform or in 
accordance with the following equation: 

 
0el

mel

0i

m
i Cgλ

Cδπ2
CK
CMπ2T

⋅⋅
⋅

=
⋅
⋅

⋅=   (1.45) 

The effective eigenperiod of the building is calculated in accordance with equation 
1.40: 

 
e

i
ie K

KTT ⋅=  

where the effective lateral stiffness Ke results from the bilinear approximation as: 

 
y

y

y

y
e δ

Wλ
δ
V

K
⋅

==   (1.46) 

5. The elastic response spectrum of a SDOF oscillator for a certain earthquake 
magnitude and foundation soil is useful to be represented [1] in acceleration-
displacement axes (ADRS format) in order to be compared to the performance 
curve. 
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Figure 1.30 Acceleration-displacement spectrum (ADRS) 

The equal eigenperiod lines passing through zero, have a slope (equation 1.2): 
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g
1

Τ
π2

g
ω

g
1

δmax
Smax

δg
S

δ
α

gα
S 22

aaa ⋅⎟
⎠
⎞

⎜
⎝
⎛==⋅=

⋅
=⋅

⋅
  (1.47) 

For various eigenperiod T values the adequately scaled elastic acceleration-
displacement spectrum is plotted on λ-δr axes (δr: roof displacement of the building) 
to enable the direct comparison to the bilinear approximation of the performance 
curve. 

The spectral ordinates and abscissas in ADRS format in transformed scale are given 
by the following equations : 

 m
a C

g
S

W
Vλ ⋅==   (1.48) 

 0d0a

2

0r CSCS
π2
TCδδ ⋅=⋅⋅⎟

⎠
⎞

⎜
⎝
⎛=⋅=   (1.49) 

(1.48), (1.49) ⇒
0

mr
2

0

m

r Cgλ
Cδπ2Τ

Τ
π2

gC
C

δ
λ

⋅⋅
⋅

⋅=⇒⎟
⎠
⎞

⎜
⎝
⎛⋅

⋅
=   (1.50) 
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Figure 1.31 ADRS format spectrum in transformed scale and performance curve on λ-δr axes  

 

The DCM method according to ATC 40 and FEMA 356, for the calculation of the 
maximum roof displacement of the building, is based on the following equation : 

 50.1S
π2

TηCCCCδ a

2
e

3210t ⋅⋅⎟
⎠
⎞

⎜
⎝
⎛⋅⋅⋅⋅⋅=   (1.51) 
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C1 factor relates the expected maximum displacement of the elastoplastic oscillator 
to the elastic one. For eigenperiod values Ce TT ≥  C1=1.0, while for lower values is 
calculated in accordance with equation 1.10: 

 
e

CDCM
1 T

T
R
11

R
1C ⋅⎟

⎠
⎞

⎜
⎝
⎛ −+= , Ce TT10.0 <<  

 50.1C1 = , 10.0Te ≤  

According to the proposal that was formulated in the OASP research project, C1 
factor results higher for strength ratio values R>2 in accordance with equation 1.11: 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⋅

−
+= 1

T
T

2
1R1C

e

CMK
1 , Ce TT10.0 <<  

where strength ratio is derived in both cases from equation 1.8 for the effective 
seismic weight W.Cm: 

 
y

ma

Vg
CWSR

⋅
⋅⋅

=   (1.52) 

In CSM method C1 factor is calculated in accordance with equation 1.31:  

 
R37

32R5
T
TC

22

e

CCSM
1 ⋅

+⋅
⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=          0.20<Te<TC 

With C2 factor hysteretic behaviour is taken into account (Table 1.6) for the effects of 
pinched hysteresis shape or stiffness degradation in frame structures or unreinforced 
masonries, short shear sensitive coupling beams etc. 

Table 1.6 Values of hysteretic behaviour C2 factor [7] 

Performance level  1.0T ≤ sec CTT ≥ (sec) 

Immediate occupancy  1.0 1.0 

Life safety  1.3 1.1 

Collapse prevention  1.5 1.2 

 

C3 coefficient captures P-∆ effects, i.e. the influence of gravity loads acting on the 
deformed system. More sensitive are buildings exhibiting negative post-yield stiffness 
(Ks) slope, with relatively low strength and low effective eigenperiod. C3 coefficient is 
calculated in accordance with equation 1.53 (FEMA 356): 
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+=   (1.53) 

where :  0
K
Ka

e

s <=  

With η factor the effect of building rotation to the increase of deformations is taken 
into account and is expressed through equation 1.54 (FEMA 356): 

 mean

max

δ
δη =   (1.54) 

where displacements may result from the elastic analysis. 

The multiplicative factor 1.50 is a safety factor to cover inaccuracies of the method 
and the dispersion of the results due to inherent factors of the problem. 

 

 

1.5. Application of the Pushover method for the evaluation of the seismic 
performance of buildings  

- Data Structure (geometry, masses) with longitudinal reinforcement and stirrups, 
the elastic response spectrum (for earthquake I to IV, soil class etc.). 

- Unknown  

• The seismic performance of the structure due to the maximum probable drift γmax 
and the system ductility µ required for the peak displacement δt of the roof of the 
building (functionality verifications). 

• The individual structural members performance, such as columns, walls, beams, 
footings in plastic hinges (plastic rotation). 

• The individual structural members shear strength against brittle failure modes 
(stirrups or concrete failure). 

• The plastic deformation mechanism of the system to confirm the prevention of soft 
storey or other local failures  

 1st step: elastoplastic analysis of the three dimensional structure for each direction 
and sense and computation of the λ-δr curve, i.e. the lateral force factor relation to 
the roof displacement of the building. Practically, a computer program is required 
that provides plastic hinges for biaxial bending with axial force for the vertical 
members and usually uni-axial bending for beams. Cross-sections should be 
described with their actual shape and longitudinal reinforcements specified in their 
actual positions. Transverse reinforcements should be specified for both directions in 
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the vertical members and for one in beams. In certain cases the modeling of the 
ground under the footings may be required to verify the probability of a plastic hinge 
formation.  

 

 

yield moment
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bending moment

φ

δ
δ

Ieff

φ

yield moment

bending moment
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Figure 1.32 plastic rotations  

 

Brick masonry walls may be modeled as friction elements (compressive struts with a 
specific elasticity and yield strength). This approach is not always recommended 
since brick walls usually exhibit early out-of-plane instability failures. It is though very 
important to understand the real behaviour of the structure and for the interpretation 
of various failure modes. The tensile strength of the struts is assumed very small or 
zero. Member stiffnesses are assumed reduced due to the formation of cracks in 
accordance with the recommendations of the Code (columns 1.0, walls 0.67 and 
beams 0.50) or the reductions should be based on more precise calculations. 

2nd step: the estimation of the effective stiffness of the system that in general is lower 
than the initial, the effective eigenperiod Te and the strength ratio R is based on the λ-
δr curve and the bilinear approximation. 

3rd step: the maximum probable displacement δt results from the elastic response 
spectrum applying the Tc (response spectrum characteristic period of the transition 
from the constant acceleration to the constant velocity region) relation to Te in the 
corresponding equations (displacement coefficient method DCM).  
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For stiff systems (Te<Tc) peak displacement is affected from the strength ratio R and 
the eigenperiods ratio Tc/Te as well. The respective ductility µ of the system results 
from the derived value of the displacement δt through the bilinear approximation of 
the elastoplastic performance. 

4th step: the maximum angular storey deformation γmax resulting from the previous 
step is compared with the values of the Tables for various types of structures and the 
corresponding performance level SPi

d due to angular deformation is recorded. The 
system’s ductility µ resulting from the previous step is compared with the values of 
the Tables for various types of structures and the corresponding performance level 
SPi

i due to ductility is recorded. 

5th step: member performance against plastic rotations verifications. 
The value of plastic rotations in plastic hinges resulting from the maximum probable 
displacement δt of the structure are compared with the permissible values provided in 
Tables (e.g. FEMA 356). In these Tables for columns and walls the ratio of 
compressive stress, shear stress and available stirrups are considered. For beams 
compressive reinforcement, shear stress and stirrups arrangement are considered. In 
all cases the permissible values are organized in three performance categories, i.e. 
the category of immediate occupancy (minimal damages), the category of life safety 
(repairable damages) and the category of collapse prevention (with extensive 
damages though). It is also verified if the plastic deformation mechanism is a 
building’s general one or a local (soft storey, Fig. 1.33). 
 

building mechanismsoft storey mechanism

γ γ'

δ δ

H

h

γ=δ/h γ'=δ/H

 
Figure 1.33 plastic deformation mechanism  

6th step: members brittle shear failure verification  
Required shear reinforcements (stirrups) calculated for the maximum probable 
displacement δt are compared with the existing in the structural members, i.e. 
columns, walls, beams. This verification is of utmost importance since the occurrence 
of an early brittle shear failure overturns the whole picture of the elastoplastic 
performance of the structure. The concrete shear stress of the thin-web members 
particularly is also verified to detect any occurrence of concrete insufficiency. The 
prevention of early shear failures demands additional shear reinforcement (jackets, 
steel plates etc.). 
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Such failures may also be prevented through the decrease of the stress of the 
particular members. This is achieved with additional earthquake bearing systems 
(walls, cores, trusses) and through the stiffening of the structure. The reduced 
ductility of these failure modes will be extensively discussed in the second part.  

When angular deformation and ductility performance indices (step 4) and plastic 
rotations verifications (step 5) and brittle shear failure of members (step 6) do not 
comply with the Code and other recommendations requirements then strengthening 
and general modification of the properties of the structure (redesign) measures are 
taken. 

Finally, in the results of the evaluation of the resistance of a structure against a 
specific earthquake, following values should be reported:  

Spectral parameters, Μe, Τe, δt, γmax, µ and λ and the respective performance 
levels due to angular deformation  (drift) and ductility SPi

d and SPi
i. 

It should be also reported in form of tables the sufficiency of the rotational ductility of 
members, i.e. their compliance with above seismic performance indices and if the 
storey mechanism or an early brittle shear failure is avoided. 

 

 

1.6 Evaluation of the resistance of buildings  

 

The question is: what is the earthquake resistance of an existing building? And when 
we say earthquake what level of earthquake we mean? And when we say resistant 
what is the exact meaning of the characterization “high” or “low”. And since this 
question is answered, what should we do next? Is the strengthening necessary, what 
kind of strengthening and in what extent? What are the criteria that could lead to 
rational decisions?  

It should be mentioned from the side of historical evolution that in Greece, up to 1990 
the earthquake resistant design of the buildings was based on the theory of elasticity. 
Specifically the calculation was based on a simplified static (one-storey) model under 
horizontal loadings (forces) proportional to the mass of the building (ε=4% to 8%). 
The design of reinforcements with safety factors based on the method of permissible 
stresses followed to cover the uncertainties concerning seismic action and the 
resistance of the building. The disadvantages of this method were that it was based 
on a minimal knowledge of the seismic actions, the elastoplastic behaviour of the 
building was not considered, the modelling was far from the reality since no space 
frame models were used.  
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Since 1990 the Code introduced the eigenforms analysis (linear-elastic) and the use 
of seismic response spectra. Models were improved (space frames) and more refined 
analysis techniques were established based obviously on the use of computers. At 
the same time the concept of the elastoplastic performance was also introduced 
through a reduction factor of the elastic spectrum, i.e. the behaviour factor q. The q 
factor may have values from 1.5 to 4 depending on the available ductility of the 
system. In order to avoid brittle failure modes and the formation of a storey 
mechanism the capacity design was introduced. Structural measures were also 
enforced to increase the ductility in plastic hinges (confinement, compressive 
reinforcement, reinforcement ratios, low axial stress etc.). With the selection of 
appropriate static systems it is attempted to predefine the plastic deformation 
mechanism (of the building and not of a storey, of beams and not columns), i.e. the 
positions where plastic hinges will probably form through over dimensioning of other 
regions. The disadvantage of this design method is that it cannot be used for the 
verification of existing structures since the capacity conditions a priori assured for the 
new structures are not fulfilled. Even for the new structures though the selection of 
the behaviour factor q cannot be physically justified. No physical model is adopted 
and the overview of the event is completely lost.  

 

The displacements method (pushover) was initially introduced in America through 
ATC 40 (1996) [1] and FEMA 273 (1997) [6] for the verification of existing structures. 
In Greece it is included in the new under development KANEΠE (2004) regulations 
[10]. It is an elastoplastic analysis of the space frame model under monotonously 
increasing static lateral load until the displacement reaches a specified e.g. critical 
value. This value results from the performance of an equivalent single-degree-of-
freedom oscillator for a specific seismic response spectrum. Afterwards the 
performance of members is verified in terms of strength against brittle failure modes 
and available ductility in the positions where plastic hinges form. The advantage of 
the Pushover analysis is that it allows the evaluation of all structures based on their 
characteristics, i.e. stiffness, strength and ductility of individual members. A physical 
model is adopted, namely the elastoplastic analysis and the response of the SDOF 
elastoplastic oscillator to a specified seismic spectrum. The whole procedure is 
completely clear to the practicing engineer. To its disadvantages account the 
increase of calculations and the need for additional experience in the interpretation of 
the non-linear analysis results. Finally it should be emphasized that pushover 
analysis approximates reality up to the collapse. It assists rehabilitation/strengthening 
strategies such as stiffness or strength increase etc.  
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The use of only one seismic level according to EAK 2003 does not allow conclusions 
regarding damages or potential collapse occurring under another higher or lower 
seismic level. It should be useful though to know the performance of the structure 
under various seismic levels (SEAOC 1999) [17], occurring obviously with different 
probabilities. A “frequent” earthquake (I) has a probability of 2.3% to occur within a 
year, while an “occasional” (II) 1.4%, the “design” earthquake (III) 0.2% and the “very 
rare” earthquake (IV) 0.1% (Table 1.7).  

 

Table 1.7 seismic levels according to SEAOC (1999) [17] 

 

 

 

 

 

 

 

 

 

 

 

Design earthquake is assumed to be the rare, namely the one with a 10% probability 
of exceedance within 50 years. 

The reciprocal of the return period is the probability of the occurrence of this 
earthquake in one year. The corresponding acceleration values of the response 
spectrum used for design, i.e. for an earthquake with a return period of 475 years 
may be calculated also for the other earthquakes as follows (Table 1.8): 

 
n

r
50/10ii 475

PSS ⎟
⎠
⎞

⎜
⎝
⎛=  (1.55) 

where n=0.44 for the F, O, R earthquakes and 0.29 for V. So the following 
acceleration coefficients emerge: 

 

 

Earthquake  Return period 
(years) 

Probability of 
occurrence in 

1 year  

F frequent  

 
42 0.023 

O  Occasional 72 0.014 

R  Rare 475 0.002 

V  Very Rare 970 0.001 
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Table 1.8 peak ground acceleration coefficients for various seismic levels (SEAOC 1999) [17] 

Seismic level (Pr/475)n α=0.16 α=0.24 

F 0.35 0.06 0.08 
O 0.44  0.07  0.11 

R 1.0 0.16 0.24 

V 1.23 0.20   0.30 

 

Equation 1.55 is not valid in general. It cannot be applied independently from 
seismicity and therefore independently from the geotectonic characteristics (active 
faults, energy accumulation-dissipation etc.) of a region. Equation 1.55, 
recommended for California, should be adequately adjusted for other regions and 
even then the exponent n may vary for each subdivision of a specific region. In two 
regions, one with low and the other with high seismicity may apply correspondingly 
very rare earthquakes of the same approximately magnitude. In the high seismicity 
region though, F, O, R earthquakes are greater than these in the low seismicity.  
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Figure 1.34 Seismic levels in relation to Athens 1999 earthquake acceleration spectrum  
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For comparison reasons only, the different seismic levels according to the equation 
1.55 are represented with one of the Athens 1999 earthquake acceleration spectrum 
(Fig. 1.34). 

The relation between the 4 levels I, II, III and IV is likely not expressed by the 
equation 1.55 for the Athens’ region. Relations of the form of (1.55) refer to wider 
seismic zones affected by many seismic faults (minor, major, near, remote, fast, 
slow) and not by only one specific fault (such as e.g. of Parnis) that probably creates 
earthquakes of a magnitude (with an upper maximum bound) with a return period of 
approximately Pr years. 
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Figure 1.35 Seismic levels in relation to Athens 1999 earthquake displacements spectrum  

Nevertheless, it is worthy trying to come to some useful conclusions observing these 
two figures 1.34 and 1.35 :  

1. For eigenperiods 1.0 to 2.0 sec, which are common for blocks of flats in the 
elastoplastic region, Athens earthquake results in displacements approximately 
half than these of the design earthquake according to EAK. Therefore it could be 
considered as “occasional”. Thinking of all these damages from an earthquake of 
relatively low magnitude and duration (7 sec) we come to the conclusion that many 
of our structures are insufficient.  

2. To evaluate the resistance of a structure it is worthwhile to quantify various 
performance properties, i.e. inter-storey drift, plastic deformations (rotations etc.), 
energy absorption ratio (ductility) that is an index of the system materials 
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degradation and to identify probable brittle failure modes (e.g. shear) that may 
occur to structural members with the corresponding consequences to the structure 
as a whole. 

The first remark on seismic actions leads to the multilevel investigation of the 
problem, an approach similar to the one for static loadings with serviceability and 
design level (Fig. 1.36). 
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Figure 1.36 Seismic levels in relation to performance demand  

The second remark leads to the decision to use as design criterion and performance 
verification the displacements of the structure resulting from elastic and inelastic 
deformations in each individual member (beam, column, wall, footing). And in that 
sense displacements are very important since the quantification of damages and the 
occurrence of brittle failure modes depends mainly on inelastic deformations. 

 

Obviously elastic analysis cannot any longer satisfy our needs and we are employing 
elastoplastic analysis based usually on the classic approach of rotational plastic 
hinges. 

 

The elastoplastic analysis of a building under lateral static seismic load (time-
independent) increasing monotonously results in a building roof displacement curve 
that is called performance curve. The curve’s slope is successively decreasing due to 
the appearance of plastic hinges. We may distinguish the various performance levels 



1.6  Evaluation of the resistance of buildings 

65 

of the structure depending on the type and extent of damages, such as the 
immediate occupancy, life safety and collapse prevention levels.  

Immediate occupancy: the building is safe to be occupied after the earthquake. It 
retains the pre-earthquake stiffness and strength. Certain repairs may be appropriate 
but these would not be required prior to reoccupancy. No permanent drift. The 
ground floor columns have hairline cracks and very limited longitudinal reinforcement 
yielding. Concrete strains remain below 3‰. 

Life safety: includes damage to structural components but retains a safe margin 
against either partial or total collapse. Usually it is possible to repair the structure; 
however this may not be practical for economic reasons. It is recommended to 
implement structural repairs and install temporary stiffness increase systems (e.g. 
bracings) prior to reoccupancy. Damages to partitions, non-structural components, 
architectural, mechanical and electrical systems. Damages to beams, spalling of 
cover and shear cracking for columns. Joints with cracks as well. 

Collapse prevention: includes substantial damages to structural components but the 
structure continues to support gravity loads.There is though no margin against 
collapse, significant degradation in the stiffness and strength of the lateral force 
resisting system, permanent deformations and to a more limited extent degradation in 
vertical load carrying capacity. The structure may not be technically practical to repair 
and is not safe for reoccupancy, as aftershock activity could induce collapse. 
Columns with extensive cracking and plastic hinges. Severe damage in short 
columns and extensive reinforcement splice failure. 

From the side of actions the above mentioned 4 earthquake levels would lead to 4 
different values of the maximum displacement of the roof of the building (Fig. 1.37). 
Using simple comparison criteria we may result in certain conclusions for the 
resistance of the building. To describe the performance of the building as acceptable 
following conditions should be satisfied (main target): 

Life safety for the design earthquake and at the same time collapse prevention 
for the very rare earthquake. 

The performance of the building is acceptable if it satisfies certain additional 
conditions: 

Immediate occupancy for a frequent earthquake and at the same time limited 
damages for an occasional earthquake. 
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Figure 1.37 building roof displacements for different earthquake levels  

In Figure 1.37 the quantification of the limits between the structure’s performance 
levels [17] in regard to the performance curve resulting from a pushover analysis is 
attempted. If the collapse limit (point 5) and the nominal yield (point 1) are defined, 
the region of inelastic deformation may be subdivided to serve specific purposes. 
Immediate occupancy is assumed that is assured up to the nominal yield (point 1), 
damage prevention up to a strain of approximately 0.3 ∆p (point 2), life safety up to 
0.6 ∆p (point 3) and collapse prevention up to 0.8 ∆p (point 4). In the example of 
Figure 1.37 the displacements resulting from the pushover analysis for the 4 
earthquake levels are indicatively plotted as well. 

 

1.7 Structural system – modeling methods  

Our first concern in all resistance evaluation projects is to understand the static 
system performance of the existing building. 

In Europe, but in other continents also, blocks and bricks with weak connecting 
mortar are used from old times, combined sometimes with wooden or metal 
elements. In our country wholly timber old structures are very rare and the metal 
structures were very few. Later reinforced concrete was used in combination with 
brickworks for the partitions. The reinforced concrete frame structure alone has 
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relatively low resistance to lateral loads. The partition wall panels add strength and 
stiffness. 

Some static systems usual in our country are following (Fig. 1.38): 

8. brick or stone walls
with poor foundation

3. ground floor pilotis with no shear
walls with weak brickworks

11. ground floor pilots with mezzanine 

6. brick or stone walls
with diaphragms

12. ground floor pilotis with poor foundation

7. brick or stone walls
with no diaphragms

1. old block of flats with 
strong brickworks                

2. old block of flats where
the ground floor walls are removed

14. schools - industrial buildings

10. industrial towers

13. buildings with huge spans without

partitions or shear walls

9. churches with stone walls

5. ground floor pilotis with
eccentric staicase core

4. ground floor pilotis with
eccentric staircase

 

Figure 1.38 characteristic structural types in Greece  

 

The most important factors affecting the seismic performance of the structures are: 

 

1. Foundation soil  
 
The bad soil and foundation conditions lead to high accelerations and displacements 
for increased eigenperiod range of the oscillator. For stiff systems in the region of 
peak acceleration lead to further increase of the displacement of the elastoplastic 
system compared to the displacement of the elastic one. The soil affects though the 
magnitude of the spectral accelerations as well, a fact not yet covered by the EAK 
2003 spectrum (Table 1.1). The soil classification should not be only descriptive but 
should be also combined with quantitative criteria such as wave propagation velocity 
[FEMA 356], [SEAOC 99], [EC 8] etc.  
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2. The effective eigenperiod of the structure  
 
The correct estimation of the effective eigenperiod of the structure is very important 
for the calculation of the maximum seismic displacement of the building. We may 
observe from the displacements spectrum that the maximum displacement is 
increasing practically linearly with the eigenperiod. The eigenperiod of an elastic 
oscillator depends as we know on the root of its mass to stiffness ratio. Taking into 
consideration stiffness degradation due to cracking and with the progress of inelastic 
deformation cycles we may assume there is a high error probability on the estimation 
of the effective stiffness. An error may also occur due to the inappropriate modelling 
(omitting walls etc.).  

3. Rotation of the storeys of the building  
 
The structural members deformations depend mainly on the differential displacement 
of the successive diaphragms. In the presence of relative rotation of the two 
diaphragms, these displacements increase considerably at points remote from the 
rotation centre. Thus extensive damages occur and frequently collapse starts from 
these regions. We may not forget rotational oscillations and the rotational inertia 
during modelling through the correct distribution of the masses on the plan of the 
floor. Types 4, 5, 11 of Fig. 1.38 are sensitive to this factor. 

4. Deformation of the foundation soil  
 
Foundation soil deforms not only elastically but also inelastically subjected to the 
differential pressures occurring during the earthquake on the bottom of the footings. 
The effect is more intense in cases of bad soil conditions or high differential 
pressures in buildings without stiff foundation (buildings without basement perimeter 
walls or without stiff foundation beams). The residual inelastic settlements lead to 
column forces redistribution and usually to brittle (explosive) compressive shear 
failures. They also lead to increased damages of partition walls and the bearing 
structure. Types 8 and 12 of Fig. 1.38 are sensitive to this factor. 

5. Diaphragms and connections in general 
  
When there is no diaphragmatic action of the slabs on the storeys, inertia forces are 
not distributed to the individual members proportionally to their stiffness and there is 
no opportunity for redistribution, which leads to overstressing and early failure of 
certain members. In other words the structure exhibits a very low statical over 
determinacy and low total strength due to the fact that strength reserves cannot be 
mobilized. Low strength leads to large displacements and corresponding damages. 
Another equally important reason is that the lateral stability of the partition walls is 
based mainly on their support on the slab diaphragms. Besides the vertical members 
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interconnecting diaphragms, important is any kind of connection, e.g. of pre-cast 
members etc. Types 7, 8, 9, 10 of Fig. 1.38 are sensitive to this factor. 

 

6. The characteristics of elastoplastic deformation 
  
While elastic performance of structural members results simply from the models of 
mechanics (beam theory, finite elements etc.), very few elements of structural 
members inelastic performance came into practical applications up to now. The main 
reason is that it is difficult to calculate inelastic performance with simple theories and 
common programs. In most cases experimental research was utilized to result in 
simple empirical relations. For linear members the model of rotational plastic hinge is 
used, for walls the model of shear slip etc. Our main concern for an existing structure 
is to discover the way and the positions where inelastic deformations will occur and to 
estimate their magnitude compared to the acceptable limits. Mainly the elastoplastic 
deformation mechanism of the structure has to be studied in order to locate potential 
inelastic deformation concentrations (e.g. soft-storey). Elastoplastic deformation and 
rupture mechanisms of reinforced concrete members are discussed in the second 
part.  

7. Stiffness degradation due to secondary components failure  
 
After the occurrence of inelastic deformations and failures in secondary members 
(masonry walls, beams etc.), in future cycles is observed that the structure softens 
(its eigenperiod increases), i.e. performs a higher total displacement for the same 
force. This leads to an increase of seismic displacements (damages) but at the same 
time to the decrease of spectral accelerations, i.e. decrease of inertial forces applied 
to the structure. Many structures avoided collapse escaping from the high 
accelerations region of the response spectrum. Therefore we should estimate the 
effective eigenperiod taking into account above effects in order to evaluate the risk of 
collapse of the building.  

 8. Strength degradation  
 
After the occurrence of inelastic deformations a loss of strength of the structure is 
observed during the next cycles (has a declining branch), i.e. for the same 
displacement its strength decreases. This leads to an increase of seismic 
displacements (damages) and often to collapse since there is not enough time to 
balance the inertial forces imposed. The effect of strength degradation caused by 
deformation obliges us to limit drastically or even annihilate inelastic deformations in 
these members (elastic behaviour). In an existing structure first of all we should 
locate these members and estimate the failure risk and its consequences.  
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9. Columns compression ratio 
  
The strength of vertical members is critical for the stability of the building since they 
support the gravity loads. While under compressive stress they have to sustain shear 
forces from seismic actions as well.  The shear forces transfer basically occurs 
through the compressive struts of the truss formed in the cracked state and need 
space in order to function. This means that the column has to have strength reserves, 
i.e. the compressive stress ratio to be less than 1/3.  The practical conclusion is that 
1/3 of the cross-section should be enough for the compressive load. The shear force 
developed depends also on the proportions of the column and the ratio of the 
available longitudinal reinforcement. However the failure rotation of the column is 
also directly affected by the height of the compression zone. Increased compression 
leads to decrease of plastic rotation. Finally, it should be emphasized that columns 
should have enough reserves to sustain additional axial load caused by seismic 
overturning moment or by redistribution of forces due to yield of adjacent columns. 
The previous effect may cause explosive brittle failure of the column due to 
compressive shear since it does not show significant ductility under compression. 
Therefore the first action should be the estimation of the compression ratio of 
columns or stone or brick piers.  

 

10. Stirrups 
  
Brittle failures mainly occur due to absence of transverse reinforcement. Shear force 
transfer requires compressive and tensile strength simultaneously. Reinforced 
concrete has limited tensile strength while stone and brick walls even less. This is the 
reason why steel in form of bars or meshes is used; the last years for the 
requirements of strengthening composite materials are also used, mainly glass fibre 
or carbon fabrics with epoxy resin as bonding material. Transverse reinforcement 
assures shear forces transfer through the Moersch type truss action to reinforced 
concrete with no ductility and should therefore behave elastically. In short columns 
the shear transferred is relatively high and frequently leads to brittle failures caused 
by the absence of stirrups. Generally, the shear transfer due to the moment of 
longitudinal reinforcement should be entirely covered by transverse reinforcement 
(verification of columns against brittle failure). The more the longitudinal 
reinforcement the more stirrups are required. The shorter the column the more 
stirrups are required. Sensitive to this factor are reinforced concrete buildings with 
ground floor pilotis or short columns. 
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11. Plastic rotations and confinement 
  
The most typical way of seismic energy dissipation in reinforced concrete buildings is 
plastic hinges formed in beams, columns and walls. The rotational ductility depends 
on the height of the compression zone x/d, on the shear ratio as=M/Vd, on strain-
hardening and ductility of steel but mainly on the transverse reinforcement. 
Transverse reinforcement not only prevents shear failure but increases the inelastic 
strain limit of the reinforced concrete compression zone through the confinement 
since an early disruption through rupture mechanisms is avoided. Confinement 
reinforcement through the lateral compression imposed converts the rupture 
mechanism to slip (friction) mechanism with much higher rotational ductility. For 
strengthening reasons besides jackets with stirrups composite materials are also 
used as previously discussed. Confinement increases also the longitudinal 
reinforcement splices strength and the buckling load of compressed reinforcement 
bars as well. Sensitive to this factor are building types with ground floor pilotis, 
industrial towers and buildings with wide spans. 

 

12. Materials quality and their actual condition on site  
 
The effect of corrosion and other factors on the material properties should be 
sufficiently evaluated. In addition their actual condition such as the position of the 
reinforcement bars and stirrups, the holes in the concrete for various passages 
should be recorded. Non-destructive strength test methods, using impact test devices 
or reinforcement detection devices for magnetic scanning is widely used in these 
cases. Nevertheless it is the engineer’s responsibility to locate and examine the 
critical positions as far as the strength and performance of the structure as a whole 
are concerned. The condition and the quality of the foundation soil should be also 
investigated since it could be a source of damages due to increased deformations. 
Satisfactory strength variation limits should be studied since there is always a high 
dispersion on site.  
It is very difficult to change traditional approaches and habits concerning the building 
design and construction methods. Since 1986 additional regulations were introduced 
demanding three-dimensional modelling and therefore more precise stiffness 
calculation that leaded to shear walls and cores. The concept of the ductility increase 
was also introduced (confinement – column compression ratio decrease) based on 
certain quantitative criteria. 
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1990 was the year that spectral analysis, capacity design and the whole concept of 
elastic and inelastic response spectra through the behaviour factor q were 
introduced. In 2000 and 2003 the Code was revised and improved, mainly regarding 
the function of shear walls, the short columns and the influence of the foundation soil. 
In 2004 the first proposal for static elastoplastic Pushover analysis and the 
verification of inelastic deformations of structural members was introduced. The 
elastoplastic dynamic analysis through time history analysis of (real or artificial) 
accelerograms is also mentioned. 

 

Table 1.9 Earthquake resistant design methods applied in Greece  

 
Analysis methods  Dynamic 

performance  
Ductility  

Exclusively up to 1990  Elastic static  NO  NO  

after 1990  Elastic spectral or pseudo-dynamic  YES  NO  

after 2004  Elastoplastic static (Pushover) NO  YES  

after 2004  Elastoplastic dynamic  YES  YES  

 

 

Above Table 1.9 illustrates the rapid developments of the last 15 years and the new 
prospects opening for the earthquake resistant design of structures for the next 
years. The static elastoplastic analysis or Pushover method as it is described in the 
American literature (ATC 40 or FEMA 273/356), although it is simpler to use, it does 
not investigate the dynamic characteristics of the structure mainly in regards with the 
higher vibration eigenforms and the rotational ones. Dynamic elastoplastic analysis 
through time history analysis investigates the dynamic properties but it is more 
complex, hard to apply and depends highly on the characteristics of the 
accelerogram that it is used. Generally we could say that a combination of the 
dynamic elastic and static elastoplastic analysis (Pushover) may sufficiently meet the 
design’s requirements even of more composite problems. The necessary condition is 
a deeper understanding of the theories behind them in combination with the existing 
experience and the results of the experimental research. A simple and sound design 
of the structure where static elastoplastic analysis is sufficient is preferable instead of 
a very complicated and incorrect structural design (problematic) under the pretext 
that we have adequate analytical tools for their computation. 
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It is also remarkable that design practice follows after many decades the theoretical 
and experimental research. During the last years along with the development of 
personal computers, the wider practical problems application of dynamic and inelastic 
methods became more widely known. The development of the adequate software 
orientated towards the solution of practical problems and not only towards research is 
also necessary.  

In the following we are going to comment the performance of static systems 
commonly met in existing structures or static systems applied in modern ones. 

Stonewalls under lateral loads base their balance on friction forces and on the 
strength of individual stone blocks mainly under compression. Their resistance is 
clearly limited at high accelerations since they have relatively heavy mass and 
therefore sustain increased inertial forces due to earthquake. Particularly vulnerable 
are the stone walls in case of an intense vertical earthquake component, since the 
friction between individual blocks decreases. The same decrease happens to the slip 
resistance under the simultaneous lateral forces. The strengthening of stonewalls, 
when it comes to monumental buildings, is complex and expensive. It is mostly 
achieved through the application of reinforced shotcrete on the surface of one or both 
sides of the walls. This way, the walls obtain thanks to the reinforcement tensile 
strength. Other techniques aim at the increase of strength of the connective mortars 
through cement or resin injections inside the joints. In several cases additional steel 
components or even prestressing are used. In our country there are also examples 
where a combination of the above described techniques and a new reinforced 
concrete structure is applied. 

Existing reinforced concrete, frame structures without sufficient shear walls or cores 
base their strength and stiffness on the infill masonry walls. Modelling of the masonry 
walls contribution for the analysis may be effected with diagonal members of 
equivalent stiffness and strength. A frame – truss is formed with moment resisting 
columns and shear-resisting infill walls. To understand the quantitative correlations, 
the pilotis interactive program free downloaded available (www.cubushellas.gr) has 
been developed offering excellent overview through graphics. In 3D space the static 
inelastic method (Pushover) may be applied in a three-dimensional frame with 
diagonal friction members modelling the infill walls. Attention should be paid to the 
infill walls modelling because of the simplification of failure modes by using only one 
simple member. The failure of the shear-resisting infill wall depends, in proportion to 
its geometric characteristics and individual strengths on either the diagonal strut 
compression or on the slip of blocks along the joints or even on the lateral (out-of-
plane) instability. This information should be indirectly included in the parameters of 
the model. 
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The basic components for the transfer of forces are the slabs of the storeys, the so 
called diaphragms. Through the diaphragms the inertial horizontal forces are 
transferred to the vertical members, columns, shear walls, walls or infills. The 
diaphragms remain practically undeformed in their plane due to their huge stiffness 
and strength, allowing simultaneously the redistribution of vertical members’ 
reactions and activating the total available resistance to lateral displacements.  

 

In case there are no diaphragms or the existing diaphragms are interrupted, have 
openings or do not have the necessary strength, all these should be taken into 
account in the study of the performance of the structure through the appropriate 
modelling. In general, such cases result in problematic behaviour causing 
concentration of displacements in specific positions and complex dynamic response 
due to the many degrees of freedom. The absence of diaphragms decreases the 
strength, the stiffness and the over determination of the structure, i.e. the structure is 
not able to dissipate / consume seismic energy with “low-cost” in form of 
displacements (deformations). Frequently in strengthening interventions rehabilitation 
or even strengthening of existing diaphragms is taken place. 

 

In contemporary reinforced concrete buildings, walls and cores are used to increase 
stiffness and strength. Usually concrete walls are also used, acting as vertical 
diaphragms, offering very high strength and stiffness to the structure. The fixity of 
walls and cores at the foundation and generally at the lower part of the building 
(basement, ground floor etc.) is very important, since the elements act as vertical 
cantilevers. The walls also influence significantly the dynamic performance of the 
building because they ensure its smooth deformation (practically linear along the 
height) and prevent the concentration of large shear deformations of individual 
storeys. If their foundation is not appropriate the effect of rocking to their footing 
occurs, their contribution though to the smooth distribution of deformations along the 
height of the building and the activation of the strength of the storeys with 
simultaneous high energy dissipation remains. Therefore even the walls and cores 
with insufficient foundation contribute to the earthquake resistance of the building.  

 

 

1.8 Design or redesign strategies  

Earthquake resistant design aims at the improvement of the building’s mechanics 
performance. This improvement concerns principally three areas: 
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- decrease of the total deformations (elastic and mainly inelastic)  
- decrease of inertial forces developing on the structure due to seismic action  
- energy dissipation capacity through plastic deformation (or damping generally) 

without structural members failure risk  
 
Modern Codes recommendations may be classified as follows : 

a.   decrease of deformations  
- simple symmetrical or compact forms  
- stiffness through walls and cores  
- no slender under-compression elements (p-∆ effect) 
- good cooperation with the foundation soil  
- connection of the vertical elements with diaphragms  
- limitation of non-structural components deformations  
- prevent soil liquefaction (sand) 

b.   decrease of inertial forces  
- reduced weights (masses)  
- flexibility where appropriate  
- joints – bearings where appropriate  

c.   energy dissipation capacity  
- ductility and static over determination  
- soft-storey prevention  
- shear capacity design  
- limitation of columns compressive stress  
- use of dampers where appropriate  
- ductile steel with strain-hardening  
- concrete compression zones confinement  
- brick- and stonewalls reinforcing  

 
Inelastic deformations should be taken into account in order to evaluate the 
mechanics performance. Therefore, the application of the elastoplastic analysis 
(Pushover), as the action (earthquake) causes a maximum probable displacement of 
the structure, in order to check all the structural elements’ deformations and strengths 
and in order to locate the potential damages on structural and non-structural 
components. The Pushover method is discussed in previous chapters. 

 

The redesign (strengthening) procedure of a building is complex and requires the 
following steps: 
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1. Geometry surveying and materials quality examination of the existing building and 

its foundation. Identification of the quantity and the position of reinforcements. 
2. Study the performance of the existing building under the design earthquake and 

eventually under a smaller earthquake. The modeling should primarily consider 
the factors influencing the building’s performance under the actual conditions.  

3. Localization and recording of all results concerning its performance, comparison 
of the performance parameters’ values with the permissible ones according to the 
Codes. Calibration of the behaviour based on an acceptable system. 

4. Evaluation of the necessity of intervention based on the characteristics of the 
building such as the remaining life span, the type of use (importance), the human 
life endangerment at personal or communal level in case of a collapse, other 
consequences of a collapse and finally evaluation of the necessity of intervention 
based on economic aspects such as the cost of rehabilitation in the event of 
partial or total damage. It is a complex and multi-parametric procedure that 
requires experience and time. 

5. Since the intervention is considered feasible its technical and economic aspect is 
examined. This evaluation results usually in a reasonable intervention cost, as a 
maximum cost. This facilitates the configuration of the technical solution excluding 
approaches that obviously exceed the above cost (not viable). 

6. The feasible technical solution is never single-interpretable and it may noticeably 
vary from one designer to the other. In other words there are more than one 
solutions with different characteristics and certainly different cost each. The 
difficulty lies on the technical evaluation of the different solutions through new 
performance studies of the strengthened building, as well as on the most precise 
possible, preliminary cost estimation of each solution. 

 
As assistance for the elaboration of various solutions it is useful to point out some 
classic strategies on this field: 
 
 
1.8.1 Stiffness increase  

The stiffness increase of a flexible system leads to a decrease of its total 
displacements and deformations. This effect may be easily verified with a single-
degree-of-freedom mechanical model (Fig. 1.39): 
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Figure 1.39 Stiffness increase mechanical model 
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Figure 1.40 Stiffness and strength increase mechanical model  
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In practice stiffening may be required at the foundation or at the superstructure. As 
far as the foundation stiffening is concerned footings may be interconnected or 
extended, the process of underpinning may be applied or micropiles could be 
installed. The increase of the stiffness of the ground floor may be required through 
the addition of concrete walls. For the stiffening of the superstructure the stiffness of 
the frame bays may be increased through the addition of adequately strong infill 
walls. Generally stiffness increase is accompanied with the corresponding strength 
increase. This effect is illustrated through the performance of the mechanical model 
(Fig. 1.40). 

Along with the decrease of total displacements, the decrease of members’ inelastic 
deformations is usually achieved, a fact which is essential when members lack 
sufficient ductility. 

1.8.2 Strength increase  

Strength increase concerns mainly the critical cross-sections bearing the seismic 
stress. With the increase of strength in a relatively weak system failures are avoided, 
the decrease of inelastic deformations is achieved and if the system is stiff (T<Tc) 
decrease of the total displacements and deformations is achieved as well. The 
following mechanical model (Fig. 1.41) illustrates a system with T>Tc: 
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Figure 1.41 Strength increase mechanical model  
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This approach is advisable in practice, when certain cross-sections of main structural 
components lack, for some reason, in strength and enter early into the inelastic 
region. Such positions are met usually in walls or staircases or elevator cores with 
insufficient reinforcement at their base. Another factor is the insufficiency of the walls’ 
foundations which - under seismic actions - results to their uplift from the ground and 
to their rocking as well. Such problems are coped with, through the local 
strengthening of structural elements with additional reinforced concrete mass. The 
degree of insufficiency should –of course- be checked in order to be fully covered. 
Fiber-reinforced, ultra-high strength concretes usually offer solutions to such 
problems since they result to small thicknesses and easy application avoiding 
simultaneously heavy reinforcement. 

 

1.8.3 Increase of ductility  

Increase of ductility is required when certain members of major importance encounter 
early failure due to its exhaustion. This effect may also be illustrated through a single-
degree-of-freedom mechanical model (Fig. 1.42):  
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Figure 1.42 Ductility increase mechanical model  

Such problems usually occur to ground floor pilotis columns where at their top and 
bottom a plastic hinge is expected to be formed and they are not sufficiently confined.  
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In these cases, if the web stirrups are insufficient, shear failure may occur. Often, in 
order to cope with this problem, solutions such us jacketing either with steel 
components (plates, angles) or reinforcement and shotcrete or even glass- or 
carbon-fiber fabrics bonded with resin are used. In such cases it should be checked if 
displacements remain within acceptable limits since ductility increase does not 
contribute to the decrease of total displacements. Therefore if the problem of 
increased inelastic deformations of structural and non-structural components 
(masonry walls) with reduced ductility is general, i.e. occurs also in other storeys, it 
cannot be faced with the above solution of jacketing. In such cases the stiffness and 
strength of the whole structure should be increased. Therefore the right diagnosis of 
the inelastic deformation mechanism needs special attention and for that reason the 
masonry walls should also be included in the model. In practice, cases of short 
columns or short coupling beams without sufficient ductility for reasons similar to 
those described for the columns are often met. In addition the problem of 
reinforcement’s anchorage failure due to the spalling of concrete cover in splices is 
also often. Even these cases are faced with jacketing solutions under the condition 
that limits imposed by the Codes for inelastic deformation of structural and non-
structural components of the whole structure are followed. 

Jacketing of rectangular cross-sections with sides’ ratio greater than 2 are generally 
less effective at least as far as the confinement of the compression zones is 
concerned and requires the elaboration of special solutions. Finally, there are 
instances where the minimum required longitudinal reinforcement is not available and 
there is a risk of steel failure without warning under small plastic deformation. This 
problem is cured with the addition of external longitudinal reinforcement either in form 
of steel elements or in bars and shotcrete or even with carbon fibre laminates with 
resin as bond material. 

 

1.8.4 Stiffness decrease – seismic isolation  

Another sort of problems may be faced with the decrease of the action, i.e. isolating 
the structure from the ground. The mechanic model illustrates that along with the 
decrease of the structure’s stiffness, the maximum relative displacement increases, 
while simultaneously the seismic action (acceleration, force) on the structure 
decreases. The most important, though, is that the bigger part of the seismic 
deformation is concentrated on the isolator that is specially constructed to withstand 
it. 
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Figure 1.43 Seismic isolation’s mechanical model  

In cases of seismic isolation, which are met in practice, the aim is to keep the 
structure elastic under the design earthquake. For that, it is necessary that the 
existing structure’s isolation from the ground is technically feasible and financially 
affordable. Consequently the structure should have few and distinct support points 
and a rigid foundation. A tank or a silo on columns, for example, can be isolated by 
cutting appropriately the columns and inserting special bearings (neoprene-lead 
isolators). These bearings, apart from flexibility, have the ability to dissipate energy 
through plastic deformation of lead cores. Thus, through hysteretic damping the 
bearing deformations are decreased mainly in frequency regions with constant 
maximum velocity (T>Tc). This kind of intervention is difficult for buildings since the 
necessary conditions are usually not fulfilled. In industrial structures and bridges, the 
conditions are more favourable for an a-priori or an a-posteriori application of the 
seismic isolation. 

 

1.9 Calculation methods of earthquake resistant walls  

Through simplification assumptions we can come to simple relations for the 
estimation of the required walls for a building with an acceptable performance under 
a specified seismic action. These assumptions are the following: 
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1. The walls function as cantilevers; therefore they should be perfectly fixed at their 
base. 

2. The maximum angular deformation (drift) of the building under a “frequent’ 
earthquake should not exceed 5‰ 

3. The building does not rotate under the earthquake but does practically a parallel 
displacement. To do that, the arrangement of the walls should be appropriate 
(symmetry, arrangement on the perimeter, cores etc). 

4. The building is modelled as a single-degree-of-freedom oscillator given the centre 
and the percentage of its oscillating mass. 

5. The deformation of the building under horizontal loading is uniform and not 
concentrated in certain storeys. Besides, this is assured with the use of walls. 

 

The following parameters are given: 

 

1. maxSa = 2.5ּαּg: seismic acceleration multiplied by the amplification factor 2.5. 

2. we: weight per m2 of the storey’s ground plan multiplied by the effective mass 
coefficient Cm and by the ratio of the seismic force carried by the walls to the total 
one (since we usually refer to mixed systems). The effective mass coefficient Cm is 
included in Tables of various sources depending on the number of storeys, while 
the wall shear ratio should be greater than 0.60 (according to EAK 2003). 

3. q: behaviour factor according to the Code depending on the type of structure. 
Expresses the energy dissipation ability of the structure without failure under the 
earthquake. It usually varies between 2.0 and 3.5. 

4.  ρl: geometric longitudinal wall reinforcement ratio, i.e. As/b.d where As is 
 longitudinal reinforcement section area of the end-column. 

5. as= l/d: wall shear ratio, where l is the height of the wall up to the effective mass 
centre of the building and d the static height of the wall. 

The problem is the calculation of the total required wall area as a ratio to the areas of 
the ground plans of the building:  

µ∆ : total required walls cross-section area to the total area of the ground plans of   
the vibrating slabs of the building with a medium effective weight we based on the 
restriction of the 5‰ maximum drift of the building under a “frequent” earthquake. 

µF : total required walls cross-section area to the total area of the ground plans of the 
vibrating slabs of the building based on the flexural strength at the base of the 
walls under the design earthquake. 
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For the calculation of µ∆ the following relation is in effect: 

 ee MgαδKM
5.2

gα5.2
⋅⋅=⋅=⋅

⋅⋅  (1) 

Divide by 2.5 since the verification refers to a frequent earthquake. 

 gMG ee ⋅=  (2) 

 eBe wAG ⋅=  (3) 

where eM : is the total effective mass  

   eG : the total effective weight  

           ΒΑ : the total area of the vibrating slabs of the building  

    Κ  : the stiffness of the walls  

    δ  :  the maximum displacement of the centre of the effective mass  

Me

δ d

 l

 
Figure 1.44 Seismic displacement of the wall  

(2) and (3)⇒ e
eB M

g
wA

=
⋅    (4) 

(4) and (1)⇒ eB
eB wAαδK

g
wAgα ⋅⋅=⋅=
⋅

⋅⋅    (5) 

The rigidity of the walls as fixed cantilevers is calculated as follows: 

 
2

w
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33 l
d

l
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4
E
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l
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l
JE3K ⎟

⎠
⎞

⎜
⎝
⎛⋅⋅=

⋅
⋅

⋅
=

⋅⋅
=  (6) 

where dbΑw ⋅=  is the total cross-sectional area of the walls  

(5) and (6)⇒
l
δ

l
dA

4
EwΑα

2

weΒ ⋅⎟
⎠
⎞

⎜
⎝
⎛⋅⋅=⋅⋅  , (7) 

(7)     ⇒      
2

e
B

w∆

d
l

δ
l

E
4wα

A
Αµ ⎟

⎠
⎞

⎜
⎝
⎛⋅⋅⋅⋅==  

For elasticity modulus 7102Ε ⋅=  kN/m2 and  200δ/l =  above relationship results in: 
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⋅
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Thus:  or]m,kN[
25000

a
wαµ

2
s

e
∆ ⋅⋅=  

 ( ) ]m,kN[
5
awα‰µ

2
s

e
∆ ⎟

⎠
⎞

⎜
⎝
⎛⋅⋅=  (1.56) 

where 
d
las =  is the wall shear ratio  

For the calculation of µF the following relation is in effect: 

d

 l

''M''
2.5aGe/q

Fsy
 

Figure 1.45  

 dFMlG
q
α5.2

syye ⋅==⋅⋅
⋅  (1) 

assuming that the contribution of axial force to the ultimate moment of the wall is 
relatively small. 

 sylsy fρdbF ⋅⋅⋅=  (2) 

Choose steel S500 where 5
sy 105f ⋅= kN/m2 (3) 

(1), (2) and (3) ⇒  

 d105ρdblG
q
α5.2 5

le ⋅⋅⋅⋅⋅=⋅⋅
⋅    (4) 

 eBe wAG ⋅=  (5) 

(4) and (5) ⇒ d105ρAlwA
q
α5.2 5

lweB ⋅⋅⋅⋅=⋅⋅⋅
⋅    (6) 
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wF   (1.57)   
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Application example: 

The ground plan is 20m x 20m  

d=2.20 m

15.00 m
l=11.00 m

b=0.25 m
Cm=0.8

20.00 m

20
.00

 m

 
Figure 1.46 Example building  

16.0α =  
2

m
2

e m/kN00.560.08.01060.0Cm/kN00.10w ≅⋅⋅=⋅⋅=  

(where 0.60 is the ratio of the horizontal forces the walls are bearing) 

5.3q =  

%40.0ρl =  

5as =  

applying expression 1.56: ( ) ‰8.0
5
5516.0‰µ

2
∆ =⎟

⎠
⎞

⎜
⎝
⎛⋅⋅=  

applying expression 1.57: ( ) ‰4.1
5
5

4.0
15

5.3
16.05.2‰µF =⎟

⎠
⎞

⎜
⎝
⎛⋅⋅⋅

⋅
=  

2
B m200020205A =⋅⋅=  

2
w 2.8m2000‰4.1A =⋅=  

Five walls 0.25x2.20 m are required in each direction with a reinforcement of 
0.004x25x220=22 cm2/end column. Applying the double end column longitudinal 
reinforcement ratio, i.e. ρl=0.80% expression 1.57 will result to µF( ‰)=0.7 ‰ and 
then critical will be the stiffness (displacement). The required cross-sectional area of 
the walls will be Αw=0.8 ‰·2000=1.6 m2, i.e. 3 walls 0.25x2.20 m in each direction 
with reinforcemen 0.008x25x220=44 cm2/end column. 
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