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Abstract
A methodology for assessing the seismic input energy into structure (building) from earthquake (or seismic) 

excitation is proposed. The procedure is based on the energy balance of the structure and employs the 
earthquake intensity characteristic known as the specific energy density (SED) to estimate the maximum input 
energy. This energy is evaluated for the portion of earthquake record (accelerogram) where strong ground 
motion occurs (the interval between 5-95% accumulations of the Arias intensity). Comparison of the proposed 
approach in this paper and other proposals for assessing seismic input energy as a basis for energy-based 
seismic design methodology is presented. Since a critical condition to realize an energy-based seismic design 
is that the structure should have a rational relationship between damage/energy absorbed, the procedure 
establishes a relation between the seismic input energy into structure and strain, total cyclic displacement 
and low cycle fatigue. Seismic input energy obtained using this procedure is compared with results from other 
methods for assessment of seismic input energy. The procedure can useful especially, at the initial stage of 
design to provide the desired ductility to structure since it allows for evaluating the maximum input energy into 
structural system from any seismic excitation without recourse to dynamic analysis.
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Introduction
In most cases, seismic design practices structures 

are based on representing the earthquake loading 
effect in terms of static equivalent forces that are 
calculated from elastic response spectra relating the 
peak ground acceleration (PGA) with the absolute 
pseudo-acceleration response implemented in 
several current seismic codes. This procedure 
indirectly attempts to account for inelastic behavior 
during severe seismic excitation and the overstrength 
of the structure through ductility-based force-reduction 
factor, R. Based on these understanding, Fajfar 
(1992), proposed a methodology in which the ductility 
of the structure is reduced by a non-dimensional 
parameter γ that represents a normalization of the 
dissipated hysteretic energy EH. Teran-Gilmore and 
Jirsa, (2005) used the observed correlation between 
the plastic energy demand EH and the strength 
reduction factor R to propose two procedures for 
seismic design against low-cycle fatigue.

The force-based method has a number 
of disadvantages, which are outlined by Priestley 
et al. (2007). One of such disadvantages is that the 
earthquake loading effect depends on the elastic and 
plastic characteristics of the structure, which in turn 
govern the structural resistance. This relationship 
between earthquake loading effect and structural 
resistance makes seismic design cumbersome. 
In addition, the concept of equivalent ductility allows 
only implicitly to address the cumulative damage 
(low cycle fatigue) and is dependent on series of 
empirical parameters. Furthermore, the degree of 
protection against damage provided by force-based 
design methods under a given seismic intensity is 
non-uniform from structure to structure.

Since the 1990s, more emphasis has been 
laid on displacement considerations, resulting in 
the development of displacement-based design 
methods (Priestley et al., 2007). The maximum 
relative displacement is the structural response index 
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often used for evaluating the inelastic behaviour 
of structures. However, it is widely recognized that 
apart from maximum displacement, the level of 
structural damage from seismic excitation depends 
on the cumulative damage resulting from numerous 
inelastic cycles (Fajfar and Vidic, 1994).

Recent earthquake excitations such as 2005 
Kashmir earthquake in India, 2008 Sichuan 
earthquake in China, 2011 Fukushima earthquake in 
Japan and most recently the Central Italy earthquake 
of 2016 have imposed severe damage to relatively 
new buildings (structures) across several cities, 
designed based of some force- or displacement-
based methods. These damages may in part be 
due to construction and design errors, and or partly 
due to the shortcomings of the employed seismic 
design method (code). If the latter is the case, it is 
a further confirmation that force-based design and 
displacement-based design does not result in reliable 
structural seismic design of building systems.

Serious consideration of seismic energy as an 
alternative index to other response quantities such 
as force or displacement earthquake resistant 
design began in 1950s. Since the original works by 
Housner (1956), Berg and Thomaides (1960), Kato 
and Akiyama (1975) and Housner and Jennings 
(1977), the energy-based procedure has been 
widely developed Zahrah and Hall (1984), Akiyama 
(1985), Kuwamura and Galambos (1989), Unag and 
Bertero (1990), Fajfar et al. (1992), McCabe and Hall 
(1989), Zhu and Tso (1992). Anderson and Bertero 
(2006) have given a review on the evolution of the 
energy-based method.

The fundamental basis of the energy-based 
seismic design (EBSD) is that, unlike the force-based 
and displacement-based methods of earthquake 
resistant design, is that the loading effect of seismic 
excitation on structures can be interpreted not as 
forces or displacements separately, but rather as the 
product of both, in terms of input energy EI. A design 
approach based on energy, has the potential to 
address the effects of the duration, frequency 
content and hysteretic behaviour directly Khashaee 
et al. (2003). It must be noted, however, that the 
loading history also affects cumulative damage as 
discussed by several authors some of which include 
Benavent_Climent (2007); Chai (1995, 2004), 
Erberik and Sucouglu (2004), Sucouglu and Erberik 
(2004) in the context of both steel and reinforced 
concrete structural elements.

A basic parameter for the implementation of 
energy-based concepts is the estimation of the 
input energy that is considered a reliable indicator 
of ground motion severity. Accurate estimation of 
the seismic input energy from seismic excitation is 
therefore, very important. Researchers have used 
different earthquake strong-motion parameters for 
characterization of seismic hazard Safac (2000), 

Chou and Uang (2000), Ambraseys and Douglas 
(2003), Decanini and Mollaoli (1998, 2001), 
Benavent-Climent et al. (2002), Teran-Gilmore and 
Jirsa (2007), Amiri et al. (2008), Shiwua (2014), 
Rutman and Shiwua (2015). This has resulted in the 
proposal of strong-motion attenuation relationships, 
design energy input spectra and various formulations 
for representing the seismic demand with reference 
to single-degree-of-freedom (SDOF) systems.

In an energy-based seismic design, one needs 
to estimate the input energy in a structure and 
distribute it to various structural components. The 
development of an effective and feasible procedure 
for analyzing and evaluating the seismic demands is 
one major challenge in energy-based seismic design 
of structures. This paper seeks to offer an alternative 
procedure for assessing the seismic input energy into 
structural system based on energy considerations. 
The proposal employs the earthquake intensity 
characteristic known as the specific energy density 
(SED) to estimate the maximum input energy 
and establishes a relation between the seismic 
input energy into structure and strain, total cyclic 
displacement and low cycle fatigue.

Materials and method
The materials and methods used include proven 

research work by authors on the subject of energy-
based seismic design, theory of seismic stability, 
general assumptions of structural mechanics, theory 
of elasticity and plasticity, earthquake records in the 
form of accelerogram and computer software like 
Nonlin, SeismoSignal and Ing+.

Existing procedures for computing input 
energy

Several methods have being proposed for 
estimating seismic input energy. However, only a 
select few will be examined for comparison within 
the context and limitations of this work. 

Housner (1956) has presented a first estimation 
of the input energy per unit mass, based on the 
maximum kinetic energy, for both elastic and inelastic 
behaviour as:

E m PSVI / ( )= 1
2

2                       (1)
where m is the mass and PSV denotes the pseudo-
spectral velocity.

Akiyama (1985) proposed the input energy per 
unit mass for an elastic SDOF structure as: 

E m VI E/ ( )= 1
2

2                        (2)
where VE (in m/s) is an equivalent velocity. He 
recommended the following values for VE

V T T T V T T TE G E G G for   for = ≤ = ≥2 5 2 5. ; .   (3)
where T is the period of the system, TG is the 
predominant period of ground motion as a function 
of soil type. The values of GT  are 0.4, 0.6, 0.8, and 
1.0 s for soil types I (bedrock), II, III, and IV (softest 
soil), respectively.
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Kuwamura and Galambos (1989) used the 
equation proposed by Akiyama and recommended 
the following values for VE 

E m VI E/ ( )= 1
2

2
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0 5

. ;

.

E G

E G

 for 

 for               (4)

where I u dtg
t

E = ∫ 20
 is the integral of the square of 

the ground acceleration for the total duration of 
accelerogram t.

Uang and Bertero (1990), proposed two different 
approaches to estimate the input energy, based 
on either the absolute or the relative equation of 
motion. Chopra (1995), and Bruneau and Wang 
(1996) believe that the input energy in terms of the 
relative motion is more meaningful than the input 
energy in terms of the absolute motion since internal 
forces within a structure are computed using relative 
displacements and velocities. The relative input 
energy per unit mass is defined as:

E m u udtg
t

I / = −∫  0
                       (5)

where u is the velocity of the mass relative to ground 
and ug is the ground acceleration.

Rutman (2012) proposed a formula that 
establishes the relation between the possible 
maximum seismic energy received by the system, 
and the criterion of cumulative absolute velocity 
(CAV). The proposal is generalised and does not 
depend on the degrees of freedom of a system, and 
on the presence of nonlinearities. This estimate is 
given as:

E t m CAV( ) ( )â ≤ 1
2

2                      (6)
where E t( )â the seismic input energy into a system,
CAV X dt

= ∫ ( )ξ ξ
0

 is the cumulative absolute velocity, 
X  is the ground acceleration.

Shiwua (2014) has applied Arias intensity to 
assess the seismic energy. The evaluation of the 
input energy per unit mass, taking into account only 
the nature of the impact is expressed as:

E m II = ( )1
2

2
A                        (7)

where I u t dtA g g
t

= ( )∫π
2

2

0
  is Arias intensity.

Background on energy-balance equation
The equation of motion of an inelastic single-

degree-of-freedom system (SDOF) subjected to 
a unidirectional horizontal ground motion can be 
written as follows:

mu cu F u u mug   + + = −( , )                 (8)
where m is the mass, c is the damping coefficient, F u( ) 
is the restoring force, u is the relative displacement 
of mass, u is velocity of mass relative to base (first 
derivative with respect to time), u is the acceleration 
of mass relative to base (or second derivatives with 
respect to time), ug is the ground acceleration.

Dividing all terms by the mass m, the Eq. (8) can 
be written in the form:

   u u f u u ug+ + ( ) = −2ξω ,                 (9)
where ξ ω= c m2  is the dimensionless damping ratio, 
ω is natural frequency of the system, f u u, ( ) is the 
restoring force per unit mass.

Multiplying (8) by du udt=   and integrating over 
the entire duration of the earthquake give the energy 
balance equation

E E E EK A I+ + =ξ                      (10)

where E umudt mut
K = =∫   

0

1
2

2 is the relative 
kinetic energy, E cu dtt

ξ =∫ 

2

0
 is damping energy, 

E F u u udtA
t

=∫ ( , ) 
0

 is the absorbed energy and 

E mu udtg
t

I=− ∫  

0
 is the relative input energy. The 

absorbed energy comprises of the recoverable 
elastic strain energy, ES, and the energy dissipated 
through plastic deformation (irrecoverable hysteretic 
energy), EH, that represents the cumulative damage 
to the structure, i.e. E E EA S H= +  and Eq. (10) is 
rewritten as:

E E E E EK S H I+ + + =ξ                  (11)
The left-hand side of equation (11) describes the 

ultimate energy absorbing capacity (UEAC) while 
the right-hand side of the equation represents the 
loading in terms of input energy into a structure 
from earthquake excitation. Seismic stability of 
the structure can be evaluated by comparing the 
expected value EI at the site where the structure is 
located, with the value of UEAC (Benevant-Clement 
and Zahran, 2010). At the brink of collapse, the UEAC 
and EI have the same value; therefore the seismic 
capacity of building can be expressed in terms of the 
EI corresponding to the ‘‘ultimate earthquake’’ that 
the building can resist. 

On the other hand, the sum of EK and ES 
constitutes the elastic vibrational energy of the 
system, EE. So that equation (11) can be rewritten 
as:

E E E EE H I+ = − ξ                       (12)
The difference between EI and Eξ is considered 

the energy input that contributes to damage ED by 
Housner (1956).

E E ED I= − ξ                          (13)
At the end of the ground motion duration EE is 

almost zero; consequently, from Eqs. (12) and (13) 
it follows that EH can be taken as equal to ED, i.e. 
E EH D≈ . Further, EI and ED can be normalized by 
the mass m and expressed in terms of equivalent 
velocities VE and VD defined by:

V E m V E mE I D D = =2 2/ ; /            (14)
Numerical analysis of the inelastic response 

under earthquakes shows that the seismic input 
energy, EI, is mildly affected by the strength; is 
insignificantly affected by the configuration of the 
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restoring force characteristics of the structure and 
scarcely affected by the fraction of critical damping ξ. 
The ratio, E mI , is independent of the total mass m of 
the structure and mainly dependent on the vibration 
periods Ti of the structure, mostly on that of the first 
mode T1 (Zahrah and Hall,1984; Akiyama, 1985; and 
Kuwamura and Galambos, 1989).

Procedure for estimation of seismic input 
energy into SDOF system during earthquake

When the structure enters the inelastic range, 
there is a deterioration of the hysteretic behaviour, 
which can lead to failure of critical elements at 
deformation levels significantly below the ultimate 
deformation capacity of the structure. Therefore, of 
particular interest is the dissipated hysteretic energy,
EH, which is the structural response parameter that 
is commonly correlated to cumulative damage, and 
it provides a good characterization of the severity 
of plastic cycling (Teran-Gilmore and Jirsa, 2005). 
Due to the monotonicity of EH, the evaluation, of its 
maximum value must be done at the end of seismic 
excitation or at the end of the intensive phase of 
excitation (t ).

Numerical analysis shows that the term 
E cu dtt
ξ = ∫ 

2

0
 in Eqs.(10) – (12) for a SDOF system 

(Fig. 1) can be neglected due to its smallness. 
Integrating  u udtg

t
0∫  by parts results to the following 

expression:

E u udt u u u udt u udtg

t

g
t

g

t

g

t

I,1 = = − = −∫ ∫ ∫       

0
0

0 0
   (15)

where EI,1 
is input energy per unit mass.

By neglecting viscous damping from Eq. (8) or 
(9), it follows that

  u f u u ug= − −( , )                      (16)
By substituting Eq. (16) into (15), we obtain:

� ( , ) ( )E u udt u f u u u t dt

u u dt

g

t

g g

t

g g

t

I,1 = = +( ) =

= +

∫ ∫

∫

    

 

0 0

0

ff u u u dt

u
u f u u dt u f u u dt

g

t

g
t

g

t

g

t

( , )

( , ) ( , )

 



   

0

2

0 0 0
2

∫

∫ ∫= + =     (17)

At the end of the ground motion duration EE is 
almost zero; consequently, from Eqs. (12) and (13) 
it follows that EH can be taken as equal to ED, i.e.
E EH D≈ . Given that u tg ( ) = 0  and taking into 
account Eq. (17), we obtain the following expression 
from (12)

E u u dt u f u u dtg

t

g

t

H,1 ≤ =∫ ∫   

0 0

( , )           (18)

where EH,1 
is hysteretic energy per unit mass.

Let us introduce the following notation
f u u f( , ) max =                       (19)

Using Eqs. (18) and (19) and applying the 
Cauchy-Schwarz inequality we obtain:

E f t u dtg

t

H,1 ≤ ∫max 

2

0                   
(20)

where fmax is the lateral yield force, t  in the time 
corresponding to the duration of strong ground 
motion (Fig. 2). The integral u dtg

t 2

0∫  is referred to as 
the Specific Energy Density of earthquake. In this 
case, the SED value is determined for an interval of 
the duration of earthquake motion t  corresponding 
to the significant duration and defined as u dtg

t 2

0∫ .
Equation (20) can be expressed as:

E f tSED EH,1 SED≤ =max             (21)
where ESED is the seismic input energy per unit 
mass based on SED.

Transition from energy loading of system to 
level of deformation during elastoplastic cyclic 
loading

A relationship between the input energy 
demand and the maximum displacement of 
structure

The diagram shown in Figure 3 schematically 
represents typical shear drift curve, f −∆, of a 
given SDOF system (building) subjected to seismic 
actions. 

The values f u u( , )  and ∆i are the corresponding 
values at yielding. The integration of the f −∆
curve i.e. linear summation of the displacements 
at different stages of cyclic deformation, gives the 
hysteretic energy dissipated by the system, EH,
which represents the cumulative damage in that 
storey (or building).

Following the notation in Figure 3, we obtain:

E f i
i

z
H,1 =

=
∑max ∆
1

                     (22)

where ∆i is cyclic displacement corresponding i-th 
cycle, z is the number of half cycles.
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Figure 1. Elastic perfectly plastic (Elastoplastic) system
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From equations (21) and (22) we obtain:

f f tSEDi
i

z
max max∆

=
∑ ≤
1

               (23)

This way is the total displacement of the system 
with single degree of freedom is expressed as:

∆i
i

z
tSED

=
∑ ≤

1
                       (24)

The left hand side of the inequality (24) is 
considered (within the framework of the above 
assumptions of using a model with single degree 
of freedom) as the total cyclic displacement of 
the top of the structure. If a relationship between 
displacement and deformation is established, the 
relation (24) allows determining the possibility of 
low-cycle fracture.

Relationship between deformation and 
displacement

Usually, in order to simplify analysis beyond 
the elastic limit, strain (deformation) curves 
are schematized. A common variant of this 
schematization is the stress-strain exponential 
relationship given as:

σ ε εµ= −B1
1                         (25)

where σ – stress, ε – strain, B1 characteristic 

parameter for the considered material, μ is strain 
hardening parameter, B1 0>  and µ ≤1 are constants.

Applying the stress-strain exponential relationship 
leads to following relation:

B J M1
1

ob χ χµ− = −                     (26)

where χ = d v dx2 2 is the curvature of the beam, 
Job is the generalized moment of inertia.

Figure 4 shows the stress dependence on the 
index η due to beam bending. Plastic deflection for 
a cantilever shown in Figure 5 (Simbort, 2012) is 
defined as follows:

Figure 3. Cyclic stress-strain diagram

Figure 2. Interval of the strong motion on the example of Kobe earthquake record, Japan

Figure 4. Relationshinp between the parameter η and stress 
distribution under bending
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∆ =
+( )

+P l
D

η η

η

2

2
                        (27)

where η µ=1 , D B J= 1
η η

ob, P point load at the end of 
the beam, and l is the length of the beam.

Applying the recommendations of Simbort 
(2012) to Eqs. (26) and (27) result in the following 
relationship between deformation (strain) and 
displacement

∆ =
+( )

=





















+( )
=

=

M l
D

B J
h

l

D

B J
h
l

η

µ η

η η

η

ε

η

ε

2
1

2

1
2

2 2

2

ob

ob

++( )
=

+( )η

ε
ηη ηB J

l
h

1

2

2
ob	

(28)

By making the strain in Eq. (28) the subject of the 
formula, we obtain

ε η= +( )h
l
( )∆
2

2                     (29)

where h is height of beam section.
Figure 6 is used to describe one of the possible 

ways of establishing a relationship between top 
displacement of structure and the maximum 
deformation. Often, in framed buildings structures, 
the weakest is the lower (first) storey. The lower 
storey is weakened for functional reasons: the 
presence of many shops, public facilities and 
open spaces, etc., so there are less load-bearing 
columns. At the same time, the maximum load acts 
on the lower floor (storey). During transition to limit 
equilibrium state, plastic hinges are formed only at 
the lower storey. Therefore, the displacement of the 
top of the building coincides with the displacement of 
the ground floor beam. 

In this case, considering the bending moment 
diagram of columns, the bending moment at the 

middle is equal to zero. The column behaves as two 
identical, sequentially, connected beams, with plastic 
hinges at the rigid supports. Based on the above 
assumption, a transition to the problem of determining 
the maximum stresses in the elastoplastic cantilever 
beam with free end displacement is achieved. As 
shown in Figure 6b, the displacement of the free end 
of the equivalent cantilever beam is equal to half the 
displacement of the lower (first) storey beam (floor) 
and consequently, the top of the building. 

The resulting Eq. (29) for cantilever beam can be 
used to determine the maximum plastic deformations 
in the structural elements, in particular, in frame 
elements of buildings.

By following the recommendations of Simbort 
(2012), it is possible to determine the position plastic 
hinges (Figure 6a) due to limit load and reduce (or 
convert) the analysis to the design of cantilever 
beams. 

To achieve this it necessary to 
I. Geometrically, link the top displacement of the 

structure (established upon evaluation of the input 
seismic energy) to the floor drift of each storey 
(frame contour).

II. Transit from the floor displacement of each 
storey to displacement of an equivalent cantilever 
beam as shown in Figure 6b (at the middle of the 
column, moment is zero, so its half behaves like 
a cantilever beam).

III. Use Eq. (29) to determine the maximum 
deformation in the lower rigid supports of the frame 
where plastic hinges are formed.

The location of plastic hinges can be determined, 
by performing limit equilibrium analysis where the 
horizontal load is proportional to the distributed mass 
of the system by method of pseudo-rigidity proposed 
by Routman (1997), and realized in the computer 
program “Ing+”.
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The desired ductility (plastic properties) of 
structures are then optimized, to withstand a given 
earthquake excitation.

Relationship between deformation and 
displacement under cyclic loading

The level of damage to structures due to seismic 
influence depends not only on the maximum response 
in terms of forces or lateral displacement. Inelastic 
excursions below the maximum lateral displacement 
capacity of the structure can still cause significant 
damage (low-cycle-fatigue). This duration-related 
cumulative damage from multiple cycles of elastic-
plastic deformation has to be accounted for during 
seismic action on structures. For cyclic deformation 
with different amplitude, it is convenient to use 
Martin low-cycle-fatigue criteria based on the Coffin-
Manson’s criteria: 

∆ ∆ε ε ε εi
i

z
B i

i

Z
B

2

1

2 2

1

2
2

= =
∑ ∑≤ ≤ or           (30)

where εB tensile deformation, z is the number of half 
cycles, Z is the number of cyclic loading.

If all cycles are the same, then 

Z Zi B i
B∆ ∆ε ε ε
ε2 21

2 2

1
2≤ ⇒ ≤          (31)

The least or non-damage conditions for a system 
(structure) under elastoplastic cyclic loading, from 
seismic excitation can be obtained by relating 
expressions (30) with (31) as follows 

∆ ∆ε ε εi
i

z
i

i

z
B

2

1 1

2

2

= =
∑ ∑≤












≤            (32)

From (32) we obtain the following equilibrium 
condition of stability:

∆ ε εi
i

z
B

=
∑ ≤

1
                      (33)

Applying the criteria in (33) to the above-
mentioned method for equivalent cantilever beams 
(29) and expression (24), we obtain: 

ε ηi
ih

l
= +( )∆

2 2                      (34)

h
l

h
l

tSEDi

i

z
B

∆
2

1
2

2 2

=
∑ +( ) ≤ +( ) ≤η η ε     (35)

The expression (35) can be adopted as a criteria 
for seismic resistance (stability), based on an 
assessment of the input energy under elastoplastic 
loading of a structure during an earthquake.

It should be noted that the proposed assessment 
is correct only for the design schematic shown in 
Figure 6, i.e., for plane frame system. In this case, 
having performed limit equilibrium analysis the top 
displacement of the frame is geometrically, linked to 
displacement of an equivalent cantilever beam. As 
a consequence of such geometric transformation, 
equation (35) is applied which does not include the 
value of fmax. However, the distribution of energy 
between the structural elements may be different. 
Among others, a certain relationship defining the 
distribution of input seismic energy among individual 
structural elements. In this case, fmax will be used 
during the stress-strain state analysis of load-bearing 
structural members.

Analysis and discussion of results
Comparative analysis seismic input energy
A non-linear analysis was performed in Nonlin for 

an elastoplastic SDOF system (Figure 1) described 
by the differential Eq. (9), from seismic excitation. 
The assessment is carried out for a unit mass system 
with 0% damping to estimate the real input energy 
into moderate systems with periods within the range 
of 0.02 – 2.0s (f = 0.5 – 50 Hz), from 4 earthquakes 
excitations imposed in the form of accelerograms 
(Table 1). PGA is peak ground acceleration, PGV is 
peak ground velocity, SED specific energy density, 
ttd is the total duration and tsd is significant duration.

The maximum yield (ultimate) load was defined 
as f PGAmax = , where PGA is peak ground 
acceleration. The total duration of each excitation is 
taken as interval between 5 and 95% accumulation 
of Arias intensity (significant duration) Trifunac and 
Brady (1975) that characterizes the duration of 
strong motion. 

The predominant period of the ground (TG) is 
determined based on the soil type. These values are 
taken as 0.4, 0.6, 0.8 and 1s for soil type I, II, III 
and IV respectively (Khashaee et al., 2003). Values 
of PSV, CAV, IA and SED for specified impacts are 
determined in the SeismoSignal and seismic input 
energy estimates based on assessments in Eqs.
(1), (2), (4), (7) and (21) are also evaluated and the 
results compared (Figure 7).

The results obtained shows that values of the 
input energy vary significantly, depending on the 
proposed method, which is explained by the use 
of different parameters and assumptions. In some 

Table 1
Earthquake records

Earthquake name Country and date Component PGA (m/s²) PGV
(m/s) SED ttd (s) tsd (s)

Kobe Japan, 1995 0° 4.99 0.36 0.164 40,95 9.73
Avej Iran, 2002 Long 4,37 0.25 0.028 58,86 6
Loma Prieta 1989 270° 2,7 0.37 0.108 40 7,8 
Parkfield 1971 40° 2.33 0.11 0.026 26.2 13,8 
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cases, the obtained values of maximum seismic 
energy are underestimated compared to the real 
values from equation (9). Consequently, it can 
result to underestimation of the desired ductility 
(plastic properties) which in turn govern the 
structural resistance, should be based the accurate 
assessment of the input energy into the structure 
(or system). It is important to note that the proposed 
assessment (21) always give seismic input energy 
value above the real values, thereby excluding any 
possibility of inadequate ductility during energy-
based design.

Determination cyclic deformation in a SDOF 
multi-storey plane frame

To determine the cyclic deformation in multi-storey 
plane frame SDOF system (Figure 7), the following 
parameters and seismic excitations (Table 2) were 
used

h = 0.4m, l =3.5m, η = 5, εB = 0.2, 
tSED E fSED= max, f PGAmax = λ , λ = 0 25.

where l is length of equivalent cantilever beam, h 
is section height of beam, η is bending parameter, 
εB is permissible deformation limit, λ is yield force 
reduction factor.

The results (Table 3), indicate that for seismic 
excitations 2-10, the deformation in the system 
are within acceptable limits. However, for the first 
excitation, the deformation exceeds the permissible 
value. This means that to ensure the seismic 
resistance of the system, it is necessary to make 
corrections to initial design data.

Conclusions
This work has shown that the value of the seismic 

input energy into system from seismic excitation 
differ, significantly, depending on the method used. 
It is important at the initial design stage not to 
underestimate the input energy, as it will undermine 
the provision of desired ductility, which in turn 
governs the seismic resistance. 

The procedure proposed always evaluates the 
seismic input energy above the real values with 

Figure 7. Seismic input energy into various systems 
from earthquake excitation based on different proposals

Table 2
Characteristics of earthquake records

No. Earthquake PGA (m/s2) SED (m2/s) Duration, 
t (s)

1 Chi-chi 4.32 2.442 26.49
2 Friuli 3.43 0.025 4.24
3 Kobe 5.00 0.164 9.73
4 Kacaeli 3.51 0.314 10.56
5 Northridge 9.15 0.388 8.53
6 Ano Liosia_K 3.01 0.007 4.41
7 Ano Liosia_S 2.38 0.006 3.86
8 Avej 4.37 0.024 6
9 Kozani 2.04 0.005 6.46

10 Montenegro 2.62 0.020 9.95
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reasonable margin of safety, which excludes the 
possibility of underestimating the desired ductility. 
This procedure is performed without recourse 
to dynamic analysis and is a convenient tool for 
selection of key design parameters at the initial 
design stage.

Based on the definition of seismic input energy 
proposed, a relationship is established between 
deformation and total cyclic displacement, and low 
cycle fatigue criteria. These set of proposed formulae 
and methods allows us to assess the behaviour of 
a structural system from earthquakes.



Architecture and Engineering   Volume 1  Issue 4

34

References
Advanced structural concepts (2008). NONLIN - A computer program for nonlinear dynamic time-history analysis 

of single and multi-degree of freedom systems.
Akiyama, H. (1985). Earthquake-resistant limit-state design for buildings. Tokyo: University of Tokyo Press.
Ambraseys, N.N, Douglas, J. (2003). Near-field horizontal and vertical earthquake ground motions. Soil Dynamics 

and Earthquake Engineering, 23, pp.1–18.
Amiri, G.G., Darzi, G.A, Amiri, J.V. (2008). Design elastic input  energy  spectra  based on Iranian earthquakes. 

Canadian Journal of Civil Engineering, 35(6), pp. 635–646.
Anderson, J.C., Bertero, V.V. (2006). Use of Energy Concepts in Earthquake Engineering: A Historical Review. 

In Proceedings of the 8th National Conference on Earthquake Engineering, San Francisco. 
Benavent-Climent, A, Pujades, L.G., Lopez-Almansa, F. (2002). Design energy input spectra for moderate seismicity 

regions. Earthquake Engineering and Structural Dynamics, 31, pp. 1151–1172.
Benavent-Climent, A., Zahran, R. (2010).  An energy-based procedure for assessment of seismic capacity of existing 

frames: Application to RC wide beam systems in Spain. Earthquake Engineering and Structural Dynamics, 30, pp. 354–367.
Benavent-Climent. A. (2007). An energy-based damage model for seismic response of steel structures. Earthquake 

Engineering and Structural Dynamics, 36, pp. 1049–1064.
Berg, G.V., Thomaides, S.S. (1960). Energy consumption by structures in strong- motion earthquakes. In Proceedings 

of the second world conference on earthquake engineering, vol. 2, pp. 681–697.
Chai, Y.H. (2004). Incorporating low-cycle fatigue model into duration-dependent inelastic design spectra. Earthquake 

Engineering and Structural Dynamics, 34, pp. 83–96.
Chai. Y.H. (1995). Energy-based linear damage model for high-intensity seismic loading. Journal of Structural 

Engineering, 121(5), pp. 857–863.
Chou, C.C, Uang, C.M. (2000). Establishing absorbed energy spectra – an attenuation approach. Earthquake 

Engineering and Structural Dynamics, 29, pp. 1441–1455.
Decanini LD, Mollaioli F. (2001). An energy-based methodology for the seismic assessment of seismic demand. Soil 

Dynamics and Earthquake Engineering, 21, pp.113–137.
Decanini, L, Mollaoli, F. (1998). Formulation of Elastic Earthquake Input Energy Spectra. Earthquake Engineering 

and Structural Dynamics, 27, pp. 1503–1522.
Duma, G. (red.) (1995). Observations and lessons learned from the earthquake of the 12th December 1990 in south-

east Sicily. In: Proceedings of the 10th european conference on earthquake engineering and structural dynamics, Vienna: 
Balkema.

Table 3
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h
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1 Chi-Chi 8.049 1.839
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Recommendations
This research has shown that wide application 

of the energy method to the analysis of earthquake 
resistance of structures requires further development. 
First, it concerns the development of other (beyond 
the suggested) a unified approach for assessment 
seismic input energy and secondly, methods of 
distribution of seismic energy among elements of the 
structure (building).

The method and procedure proposed in this 
research work is recommended at initial stage of 
design, thus avoiding the consideration of numerous 
non-functional options of load-bearing structures.

Further development of the topic should be aimed 
at establishing a unified procedure for estimating 
seismic input energy and method of distribution of 
input energy among the various structural elements 
(building).
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