
Introduction

When earthquakes strike, it releases the strain 

energy stored inside the earth's crust resulting in 

vibratory waves propagating through the 

surface in all directions. The energy released 

disturbs functionality of infrastructures like 

buildings, bridges, dams, roads, canals and 

pipelines. The extent of disturbance, however, 

depends on the epicentre and severity of the 

earthquake induced ground motion at the site 

and the ability of the infrastructure to offer 

adequate resistance. Seismic resistance of an 

infrastructure depends on the design, materials, 

and construction practice prevailing in the 

region at the time when the infrastructure was 

built. Similarly, the ground motion severity 

depends, among others, on the soil conditions at 

the site and on the proximity of the location to 

tectonic plate boundaries and inter-plate faults. 

Seismic design aims to avoid/minimize the 

damage to infrastructures due to ground shaking 

resulting from all possible earthquake sources in 

the vicinity. The magnitude and damage caused 

to lives and property by earthquake today calls 

for concerted efforts in planning and 

c o n s t r u c t i n g  e a r t h q u a k e - r e s i s t a n t  

infrastructure.
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Abstract
Effect of ground motion characteristics and structural properties on energy components of a 

structure is presented. The energy-based criterion for design of seismic resistant structures 

envisages that a structure collapses or experiences significant damage when the amount of energy 

it can absorb and dissipate is less than energy demand of the structure. This follows that a structure 

would be seismic resistant if energy absorption capacity is greater than seismic input energy or 

seismic energy demand. The factors that influence the input energy and its components 

quantitatively are investigated. The result of the investigations shows that as the peak ground 

acceleration increases, the input energy also increases indicating that the input energy is related to 

the intensity of ground motion. It is shown that for a given peak ground acceleration, the effect of 

strong motion duration on the input energy is as significant as the influence of frequency content 

even for records with the same intensity and duration of strong motion. And all small damping 

ratios less than 5% have a minor influence on the input energy, but a major effect on the damage 

potentials of structures.
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The basic principle of seismic protection of 

structures consists of ensuring they have the 

capability to dissipate the input energy received 

from earthquake ground motion.  Researchers 

have argued that present seismic design 

methods based on strength principles largely 

ignore the influence of duration of motion 

(strong motion) and hysteretic behavior effects 

on structural design and have advanced the used 

of earthquake input energy into a structure 

during earthquake ground motion as measure of 

potential damage

Housner (1956) first proposed the seismic 

design methodology based on energy and over 

the past decades it has been extensively 

researched and largely accepted (Zahrah and 

Hall (1984), Akiyama (1985), Uang and Bertero 

(1990), Fajfar et al (1992). Anderson and 

Bertero (2006) present a historical review of the 

past and present stages in the evolution of 

energy concept of seismic design. Energy based 

evaluations of the seismic performance of the 

constructions represent the best simulation of 

the real behaviour as it has the potential to 

address the effects of the duration, frequency 

content and hysteretic behaviour directly 

Khashaee et al. (2003). 

Previously many of researches investigated the 

duration of ground motion, damping of 

structure and soil condition influences on input 

energy and obtained different conclusions. 

Zahrah and Hall (1984) computed the input 

energy for eight earthquake records and they 

considered that ductility, damping and past to-

pre yield stiffness ratios have small effects on 

the input and hysteretic energies for a structure 

with bilinear behavior. McKevitte et al. (1980), 

Akiyama (1985), and Nakashima et al. (1996) 

observed that damping does not have a 

significant influence on the earthquake input 

energy. Bruneau and Wang (1996), in their work 

indicated that damping ratios smaller than 5% 

have a minor influence on the input energy. 

Rahnama and Manuel (1996), computed the 

input energy for ductility ratios of 2 and 6 with 

5% damping for six sets of 19 accelerations 

each, actual records and simulated records with 

the same duration 5, 10, 15 and 20 s and 

observed that input energy increases as duration 

increases. Khashaee et al. (2003) computed the 

relative input energy for 10 accelerations with 

short duration (shorter than 8 s) and 10 with long 

duration (longer than 18 s) of strong ground 

motions. They observed that as the duration of 

strong ground motions increases, the input 

energy also increases. They computed the 

relative input energy for structures with 

damping ratios 0, 2, 5, 10, 20 and 40% for 3 

accelerations records with short duration and 

with long duration of strong ground motion 

respectively. They observed that for damping 

ratios smaller than 5%, damping has little 

influence on the input energy while for damping 

ratios greater than 5%, damping has a 

significant influence on the input energy 

spectra, particularly for very long natural 

periods as the damping increases, the input 

energy increases. 

Energy-based seismic design methodology 

actively being research today and various 

proposals put forward to facilitate seismic 

design of structures, Choi, J. and Kim, J. (2009), 

Benavent-Climent and Zahran (2010), 

Benavent-Climent (2011),  Ali et al (2013), 
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Rutman and Shiwua (2015). The key to 

successful seismic resistant design based on the 

energy concept is dependent on accurate 

estimation of the input energy into the 

structures. It is therefore, important to consider 

all factors that might possibly, affect the value of 

the input energy. The present study seeks to 

evaluate the effects of ground motion intensity, 

duration of motion, frequency content, and 

structural properties (damping) on input energy.

Theoretical background

The fundamental equation regulating the energy 

balance of the seismic response can be 

formulated according to Uang and Bertero 

(1988) from the following expression (1): 

       (1)

where m is the mass of the structure, u  = u+u  is t g

absolute (or total) displacement of the mass, c is 

the damping coefficient, f (u) is the restoring 

force, u is relative displacement of the mass with 

respect to ground, 

(2)

where    is the second derivative of u with 

respect to time or acceleration of mass with 

respect to ground and is ground acceleration.

Therefore, the structural system in a moving 

base system can be treated conveniently as an 

equivalent system with a fixed base subjected to 

an effective horizontal dynamic force of 

magnitude      Depending on whether the energy 

equation is derived from Equation (1)  or (2) 

different definitions of input energy can result 

into absolute energy and relative energy 

equations. 

Derivation of absolute energy equation

If both sides of Equation (1) are multiplied by 

and then integrated over the entire duration (t) of 

an earthquake, reduces to the following energy 

balance equation:

(3)

(4)
 ;

(5)

where

Here        and     are absolute kinetic energy, the 

damping energy and the absorbed energy, 

respectively, and E  is defined as the absolute 

input energy. The absorbed energy consists of 

the recoverable elastic strain energy     and the 

irrecoverable hysteretic energy   where      ; 

where k is the pre-yield stiffness of the structure. 

Thus,     represents the work done by the total 

base shear at the foundation through the 

foundation displacement.

Derivation of relative energy equation

If both sides of Equation  (2)  are multiplied by 

and integrated over the entire duration 

(t) of an earthquake, it reduces to the following 

energy equation:

                                                    (6)
                     

         (7)
                          

         (8)

Where

While     is relative kinetic energy,     is the 
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relative input energy which is the work done by 

the static equivalent lateral force (         )  on the 

equivalent fixed-base system.
The difference between the two energy 
formulations therefore can be written as 
follows: 

         (9)

The difference between the two procedures is 

less important in damage assessment since the 

hysteretic energy, which is associated with the 

damage potential of structures, is independent 

of the approach used. It is argued 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 according to 

Chopra (1995), Bruneau and Wang (1996) and 

Akiyama (1999).

Figure 2 shows energy time-histories and 

energy ratios for an elastoplastic SDOF 

structure (Fig. 1) with pre-yield period T =0.5s, 

pre-yield damping ratio    =5%, and zero post to 

pre-yield stiffness subjected to the 90° 

component of Imperial Valley – El Centro  of 

May 18, 1940. The maximum kinetic and elastic 

strain energies occur in the initial stages of the 

excitation, whereas the maximum damping, 

hysteretic, and input energies occur at the end of 

the excitation. Therefore, the duration of strong 

motion significantly affects the maximum 

damping energy, the maximum hysteretic 

energy, and the maximum input energies, but 

not the maximum kinetic energy and the 

maximum elastic strain energy. The time-

histories in figure 1 (b) shows that 

have large oscillations during the linear portion 

of the response with the peak ratio decaying 

rapidly as the structure experiences nonlinear 

deformation because a significant portion of the 

input energy is distributed among hysteretic and 

damping energies rather than kinetic and elastic 

strain energies. 

Figure 1 Elastic-perfectly plastic (elastoplastic) 
model

Figure (a) Energy time-histories (b) energy 

ratios for a elastoplastic SDOF structure with a 

pre-yield period T = 0.5 s, a pre-yield damping 

ratio î = 5%, and zero  post- to pre-yield 

stiffness ratio  subjected to the 90° component 

of Imperial Valley - El Centro, May 18, 1940

 Methods

An elastoplastic system with single degree of 

freedom (SDOF) with zero (0) post yield 

stiffness ratio is subjected to three sets of 

earthquake records selected from records 

available in the software package NONLIN 
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(2003) on Table 1. The records all have a PGA of 
2

3.4m/s . The duration of strong motion (t ) is sd

computed in SEISMOSIGNAL using the 

definition proposed by Trifunac and Brady 

(1975), and in shown graphically in Figure 3 (a-

c) The Arias intensity plot on how energy 

accumulates is shown for two records 

(Northridge and Imperial Valley) with the same 

PGA but different t  to single out the effect of sd

duration of strong motion on the input energy. 

The elastic input energy spectra of two records 

(Kobe and Northridge) with the same PGA and 

t is plotted by running the records in sd 

SEISMOSIGNAL to show case how the 

frequency content of earthquake records 

influence the input energy. 

To determine the effect of earthquake intensity 

on the input energy into a system, an 

elastoplastic systems with single degree of 

freedom (SDOF) with zero (0) post yield 

stiffness ratio is subjected to two earthquake 

records (Northridge and Imperial Valley), 

scaled to PGA of 0.4g, 0.5g and 0.6g 

respectively. The input energy into various 

systems with periods (T) ranging from 0.02s to 

5s for a given scaled value of the PGA were 

evaluated. By varying the damping ratio of each 

system through   = 0%, 2%, 5%, 10%, 20%, 

30% and 40%, the effect of damping on the input 

energy into a system and energy ratios was 

investigated and the result presented. The input 

energy is obtained through nonlinear dynamic 

time-history analysis using NONLIN.

Table  Characteristics of selected records

Source: NONLIN (2003) – a computer program 
for nonlinear dynamic time-history analysis of 
single and multi-degree of freedom systems.

Figure 3 Accelerograms (a) Northridge 
earthquake, (b) Kobe earthquake and (c) 
Imperial Valley earthquake
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No Earthquake, Year Station Component PGA (m/s2) tsd (s)

1

 

Imperial Valley, 1940

 

El Centro

 

270° 3.4 24.5

2

 

Northridge, 

 

1994

 

Arleta Nordhoff 90° 3.4 13

3

 
Kobe, 1952

 
Kakogawa 90° 3.4 13



 Results and Discussion

The Arias intensity plot of two ground motion 

records having the same peak ground 

accelerations (PGA), but different durations 

shown in Figure 4(a) indicates that the energy 

accumulates over more time for the longer 

duration ground motion as compared to the 

shorter duration ground motion. Figure 4 (b)  

shows the elastic energy spectra of Northridge 

and Kobe earthquakes at 5% damping. The 

result shows that even for records with the same 

intensity and duration of strong motion the input 

energy spectra are different. This variation is a 

result of the difference in the frequency content 

of the two records. 

Figure. 4 (a) Arias intensity plot for Imperial 
Valley earthquake and Northridge earthquakes, 
(b) Input energy spectra for Northridge and f 
Kobe earthquake, both having the same peak 
ground acceleration (PGA) and duration strong 
motion

The relative input energy into an elastoplastic 

SDOF structure with 5% damping and zero 

post- to pre-yield stiffness ratio subjected 

ground motion records with the PGA of the 

records scaled to 0.4g, 0.5g, and 0.5g, 

respectively shows that as the PGA increases, 

the input energy increases as reflected in Figure 

5 (a-b). This demonstrates clearly, that the input 

energy is related to the intensity of ground 

motion. 

Figure  5 Earthquake input energy E  of records I

scaled to 0.4g, 0.5g and 0.6g respectively for a  

damping ratio î = 5%.  

(a ) Northridge earthquake and 

(b) Imperial Valley earthquake
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The relative input energy and energy ratios for 

SDOF with zero post- to pre-yield stiffness ratio 

and damping ratios î = 0, 2, 5, 10, 20, 30 and 

40% are shown in (a-b) shows that for damping 

ratios smaller than 5%, damping has little effect 

on the input energy. For damping ratios greater 

than 5%, on the other hand, damping has a 

significant influence on the input energy 

spectra. According to Khashaee et al. (2003), a 

damping ratio î = 40% may reduce the input 

energy by approximately 50% for periods close 

to the predominant period in the energy spectra. 

Figure 6  (c-f) shows that the ratios E /EHmax Imax 

and (E /E ) decreases as the damping H I max  

increases. Since damage potential is a measure 

of mostly, the hysteretic energy component, 

smaller damping ratios will increase the damage 

potential of the structure

Figure   Variation of input energy (a-b) and 
energy rations (c-f) with damping for 
Northridge and Imperial Valley earthquakes
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Conclusions

The effects of ground motion duration of 

earthquake, earthquake intensity, frequency 

content and damping ratios on the input energy 

in SDOF systems and compare results with 

existing works are presented. This study shows 

that as the peak ground acceleration increases, 

the input energy also increases indicating that 

the input energy is related to the intensity of 

ground motion. It is shown that for a given peak 

ground acceleration, the effect of strong motion 

duration on the input energy is as significant as 

the effect of frequency content even for records 

with the same intensity and duration of strong 

motion. Results from the above analysis 

indicate that damping significantly influences 

the input energy and its distribution among the 

energy components. All small damping ratios 

less than 5% have a minor influence on the input 

energy, but a major effect on the damage 

potential of structures. 
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