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Abstract: This research presents a method based on impulse response to determine the time and location of
plastic hinge formation by using the recorded responses of the structure in time domain without using
complicated transformations. At early stages of earthquake loading, structural systems remain in the elastic
phase but when the loading increases, plastic hinges will be formed and will affect the structural response.
Determining the location and time of this damage can be very important in decision making process. Most of
the previously presented methods aimed at finding the time and location of hinge formation by changing the
response space by employing Fourier, Short time Fourier or wavelet transform methods using changes in
vibration properties of the system like vibration frequency or vibration modes of the structure. But these
methods are not very effective in early warning applications since the vibration properties do not change
significantly at the beginning of plastic hinge formation. The obtained results indicate that the proposed method
can effectively determine time and location of damage without employing complicated methods and concepts.
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INTRODUCTION

Moment frame is one of lateral load resisting systems
which are now widely used in either concrete or steel
building construction. In this system the resistance against
lateral loads such as earthquake and wind is provided by
flexural actions of beams and columns. Estimation of the
damage in building frames has two main targets:

C Determination of stability and serviceability of
structures after the earthquake

C Producing a priority scheme and timetable to repair
the damaged parts

Also, as these estimations are often based on
vibration responses of a system, substantive changes in
response - e.g. frequency changes - are often the basis for
damage detection. These changes are functions of
intensity and distance of induced damage. This means that
less damage at the closer distance can have similar effects
as more damage at farther away which makes the
detection more complicated. In any case, relative damage
estimation is also useful because it can be basis for
choosing strategy to repair damaged areas. These
behavioural changes are usually rooted in the change of
material behaviour in one or several structural element
and usually are in a way that would reduce the bearing
capacity of that specific element also damage will weaken
element(s) and consequently the system as a whole. 

Modelling of damage is also an important point in
determining structural behaviour. In a proper modelling,
damage should be formed in loading process and
increases with loading increments. In other words; it
should be in agreement with real damage in the structure.
Formation of plastic hinges in a specific section has these
properties so it can be a simple and appropriate model to
track the behaviour changes in a section of structural
element.

Plastic hinges behaviour are expressed in terms of
force-displacement curves, e.g., moment-curvature.
Having moment-curvature relation for a specific member,
one can determine the level of plastic rotation capacity.
Angular displacements of the plastic hinges at the ends of
the beams and columns in a frame are important in the
nonlinear dynamic analysis because they represent
damage to the structure (Hui et al., 2004). Damage index
based on the same idea was presented by Campbell et al.
(2008) which is a quantitative parameter for estimating
structural damage and damage in a member. Jankovic and
Stojadinovic (2008) provided damage index based on
joint maximum plastic rotation for positive and negative
rotation. The plastic ductility damage index is at the
centre of attention of standards such as FEMA (2000)
because of the simplicity in calculation and tangible
physical concept and, it was developed by Powell and
Allahabadi (1987). The main idea is that, if a given type
of damage changes a linear system into a nonlinear
system, then any observed manifestation of nonlinearity
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serves to indicate that damage is present (Farrar et al.,
2007).

A method of structural damage detection called Local
Damage Factor (LDF) was presented by Shanshan et al.
(2006), which is capable of determining the presence,
severity, and location of structural damage at the same
time. This method is based on Auto-correlation and cross
correlation of entire structure response and local structure
response. There has also been some research using
wavelet analysis to locate the discontinuity caused by
damage using local analysis of the signal (Ovanesova and
Sua'rez, 2004). In this method the response needs to be
obtained only at the regions where it is suspected that the
damage may be present. Wavelet analysis can detect the
place of pre-embedded damage in the structure.

Recently some research has been conducted to extract
the damage caused by earthquake loading directly from
stories’ seismic responses (Todorovska and Trifunac,
2009; Raufi and Bahar, 2010; Todorovska and Trifunac,
2008; Lynn et al., 1997; Bisht, 2005; Safak and Hudnut,
2006). These responses can be measured by using
instruments planted on structures and can be acceleration,
velocity or displacement responses. Processing of these
recorded signals can reveal some information regarding
time and location of damage. A study on the acceleration
responses of a six-storey concrete building in the
Southern California area has shown that wavelet analysis
of the recorded responses has useful information about the
time and location of damage (Todorovska and Trifunac,
2009). On the other hand, different response components
do not have the same amount of information about the
formation of plastic hinge, so choosing a specific response
which is more sensitive to changes due to nonlinear
behaviour of the structure is also an important issue.
Research conducted by Raufi and Bahar (2010)
demonstrated that nodal rotational response can be a good
indicator of plastic hinge location. 

Wave travel has also been used to determine the
damage location (Todorovska and Trifunac, 2008). The
travel time can be computed having the seismic response
in different stories. The main concept of this method is the
reduction of wave transferring velocity due to damage.
Time Delay (TD) in inter-storey propagation indicates
local damage, where TD in wave propagation from
basement to top floor indicates global damage.

Impulse response Function (IFR) is another method
which has been used in damage detection. It can be
employed as a basis to determine the damage state of the
system. The structural response of a Linear Time
Invariant system (LTI) in time domain x (t) is related to an
excitation f(t) by the system’s impulse response function
h(t) (Lynn et al., 1997) Eq. (1):

(1)       x t h t f d
t

 
   

where x(t) is time series of response,  f(J) is time series of
excitation and h(t) is impulse response function (IRF). In
discrete-time case for LTI, Eq. (1) can be written as:

(2)x t f h t( ) ( ) ( ) 


  
0

Impulse response has been used in determination of
dynamic properties of a system like estimation of
vibration frequency and mode shapes. Impulse response
function of a multi-storey building can be generated from
structural analysis or ambient noise to study:

C Modal parameters of the building
C Wave propagation inside the building 
C Estimates of the quality factor (Q) associated with the

normal modes
C Predictions of building response to scenario ground

motions  of  moderately  sized earthquakes (German
et al., 2010).

Then the obtained dynamic properties can be used in
determining the damage in structural systems by
analyzing the response in frequency domain by means of
continuous wavelet transform using morlet mother
wavelet (Bisht, 2005). However this method cannot
capture the changes in stages of damage in which there
are no significant changes in vibration properties of the
system, i.e., the initiation of damage. On the other hand;
change in natural frequencies, as commonly used criterion
for damage detection, is not always a reliable indicator of
damage (Safak and Hudnut, 2006). 

Impulse response can also be expressed in frequency
domain. Building response can be calculated by
deconvolving the waves which are achieved from records
of all stories either with records of basement or with
records of top floor of the building. Frequency domain
form of deconvolution is as Eq. (3) (Snieder and Safak,
2006):

(3)H j
X j

F j
( )

( )

( )







where H(jT) is the frequency response of the system-i.e.,
the Fourier transform of the system's impulse response; F
(jT) and X(jT)  are the Fourier transform of inputs and
output of the system, respectively.

In this research acceleration response of different
stories has been selected for processing. It will be shown
that  by  having  impulse  response  function  of  a linear
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Fig. 1: Overview of the proposed method (a) Impulse load (b) System (frame) (c) Impulse response function in time domain (d)
General excitation (e) ith storey impulse response (f) Linear response (g) ith storey earthquake response (h) Linear response
(same as “f”) (i) History of nonlinearity or difference curve ()-curve)

structure in time domain, useful information can be
obtained about time and location of plastic hinges formed
in case of a real earthquake. 

METHODOLOGY

In an instrumented building, responses can be
recorded in all the stories. Earthquake time history can
also be recorded by means of instrumenting the site. In
linear response phase, the structural response is linearly
related to the input.

A discrete linear system is a digital implementation
of a linear time-invariant system. Its input is a vector
representing the sampled input signal and its output is a
vector of the same size as the input, representing the
sampled output signal. In this research input signal is the
ground acceleration and recorded acceleration (acc.)
response at the selected stories is considered as the output
signal. Any sampled signal is just a series of scaled
impulses whose amplitudes are the instantaneous
amplitudes of the original analogue signal which occur
regularly at the sampling instants. Thus if the input signal
(ground acceleration) is just a series of impulses

considering that the system obeys the principle of
superposition; by knowing system response to impulses,
the output (response) of the system to any input signal can
be calculated. This can be achieved by triggering an
impulse response at each input sample, scaled according
to the amplitude of the sample. The sum of the
overlapping triggered scaled impulse responses is the
output signal. Mathematically this is called convolution
(Lynn et al., 1997). Impulse response in time domain and
in all stories can be calculated using finite element
analysis of the structure. Fig. 1a shows the impulse load
and Fig. 1b and c show the structural frame and impulse
acceleration response. According to the previous
discussion, having the impulse response of the system in
ith storey as in Fig. 1e and the base excitation shown in
Fig. 1d, linear response can be calculated employing the
convolution shown in Fig. 1f. If the behaviour remains
elastic there will be no difference between this response
and the earthquake response shown in Fig. 1g recorded in
a specific storey. But once a hinge is formed and structure
enters the nonlinear phase, the recorded response at
stories and the response computed from the convolution
will  no  longer  be  the  same  and  the  difference  will be
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greater in the vicinity of the plastic hinge location. In
other words, the difference curve ()-curve) which is
obtained by subtracting the earthquake response and
impulse response has two distinguished parts: a zero part
and a non-zero part as shown in Fig. 1 (i). The
intersection of these two parts has significant information
about the time (T) and location of the damage which will
be demonstrated by using numerical examples in Section
(3). The existence of the zero part is due to the fact that in
most of the earthquakes, acceleration amplitude begins
from zero and eventually increases to reach its maximum
and then fades again so at the beginning there will be no
plastic hinge and the system behaviour will be linear. But
with increasing acceleration amplitude plastic hinges will
form and behaviour enters its nonlinear phase. The non-
zero part reflects this nonlinearity in response and can be
a measure of nonlinear response. Properties of zero and
non-zero parts at intersection point (T, ) and 2 ) can be
used to determine time and location of plastic hinge
formation. It will be shown that ) and 2 will have
sufficient sensitivity to changes in element behaviour due
to plastic hinge formation.

Time of damage is readily available by reading the T-
coordinate of intersection point. Having )-curve for all
stories, the minimum T is considered as the damage
ignition time. ) or 2 can be computed from )-curve for
each storey. Larger ) or 2 indicates that the damage is
closer to the storey associated with that ) or 2. In other
words, the value of ) or 2 acts as an indicator of the
damage distance. Larger ) or 2 for a specific storey in
comparison with values associated with other stories,
shows that damage location is closer to that specific
storey. It is worth mentioning that impulse response
functions are needed to be computed once for the
structure at hand and can be used for damage assessment
of any earthquake which may happen to the structure in
the future.

NUMERICAL ANALYSES AND RESULTS 

Example 1) 7-storey steel frame: For a frame similar to
Fig. 1b (n = 7) time and location of damage can be
calculated using the proposed method. In this example,
the finite element model of a 7-storey steel frame with
typical 3 m storey height and 5 m span having 2000 Kg/m
gravity load, under Tabas earthquake, as shown in Fig. 2,
was analyzed (period of sampling = 0.02 s). Damage was
considered as plastic hinge formation at the base of one of
the columns of the first storey.

As shown in Fig. 3 based on TD and 2 or ), we can find
out the time and location of damage, which is at first floor. In
this structure time of first damage has been determined as T =
11.33 sec using the proposed method which is in agreement with
the results of finite element analysis. Reduction in amplitude of
) for other than the first storey, reflects that plastic   hinge  has
been  formed  on the  first  storey, so  its  effect  has  gradually

Fig. 2: Normalized TABAS record with respect to its Peak
Ground Acceleration (PGA)

Fig. 3: History of nonlinearity ()-curve) for the 7-storey steel
frame (27<26<25<24<23<22<21 and )7<)6<)5<)4

<)3<)2<)1)

Fig. 4: Node numbers and considered damage scenarios (a to c)

reduced in higher stories. Obviously, unlike short frames, in tall
frames, as this 7-storey frame, TD is remarkable. Additionally,
as can be seen in the figure, the effect of plastic hinge formation
at the base of first floor column can also be seen in the higher
stories but with a TD and less amplitude. Transmission velocity
of damage over the height of frame can be calculated
considering the height of stories and TD. Obtained results
for time of initiation and damage location are in
agreement with the results of nonlinear finite element
analysis.

Example 2) 3-storey steel frame: The second example
given here is a 3-storey steel frame subjected to a
distributed  gravity  load  and a random excitation on its
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Fig. 5: Schematic difference between earthquake response and linear response ()-curve) for 3-storey frame

Table 1: Computation and comparison of 2 1, 2 2, 23 for example 2: 3-storey steel frame
Damage case figure No. Storey  )X = dt (sec) )Y (g’s)* *2* = *)Y*/)X Comparison** 2 1 , 2 2, 23

St3 0.02  0 0
(a) St2 0.02  0.001543 0.07715 2 3< 2 2<21

Fig. 7 St1 0.02 -0.01884 0.942
St3 0.02 -2.506E-3 0.1253

(a) St2 0.02  0.01160 0.5800 2 3< 2 2<21

Fig. 8 St1 0.02 -0.15658 7.829
St3 0.02 -0.007561 0.3780

(b) St2 0.02  0.1039 5.195 2 3< 2 2<21

Fig. 10 St1 0.02 -0.1534 7.67
St3 0.02  0.01555 0.7775

(c ) St2 0.02 -0.04367 2.1835 2 3< 2 1<22

Fig. 12 St1 0.02  0.02898 1.449
St3 0.02 -0.04390 2.195

(c) St2 0.02  0.11672 5.836 2 3< 2 1<22

Fig. 13 St1 0.02 -0.07478 3.739
*: g is gravitational constant; **: Higher 2 value indicates that damage is closer

 supports   (Tabas  earthquake,  Fig.  2).  A  frame  with
Lcolumn = 3 m and L beam = 5.0 m has been designed using
AISC (1989) and IPE steel profiles with 2400 Kg/cm2

yield strength and ultimate strength of 3500 kg/cm2. A
uniform gravity load equal to 2000 kg/m is applied on the
beams. This frame has been analysed considering
different damage scenarios. These scenarios and node
numbers are shown in Fig. 4. 

The general format of )-curve obtained here is
shown schematically in Fig. 5. Each color is associated
with a storey and each one has two parts. One is zero part
and the other is the non-zero part.

As mentioned before, time and location of damage
can be determined by using TD, amplitude ()) or slope
(2). Obtained data from the analyses for each damage
scenario   will  be  investigated  separately.  For  low rise
frames, like this 3-storey frame, TD is small. In different
damage cases presented, location of damage is determined
by  comparing  the  slope  (2)  of  )-curve   obtained  for
different stories. 21 is related to first storey and is
presented by blue line, 22 with red line and 23 using black
line. Table 1 summarises the obtained results for each
damage case considering Fig. 7, 8, 10, 12, 13. 

Fig. 6: Difference between earthquake response and linear
response ()-curve) damage case (a)

Damage case (a): For this case, as shown in Fig. 4 a), the
difference between linear and nonlinear time history
response ()-curve) is given in Fig. 6 which has two
visible jumps each one demonstrates a hinge formation.
As shown in Fig. 7 and 8 time of first hinge formation is
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Fig. 7: )-curve for 10 to 10.2 sec time window (23<22<21) 

Fig. 8: )-curve for 11.55 to 11.95 sec time window (23<22<21)

at T = 10.04 sec and second one at T = 11.76 sec which
both has occurred at first storey (23<22<21). Table 1
demonstrates numerical values and comparison of
different 2s obtained for different damage cases.

Damage case (b): For damage case (b), the difference
between linear and nonlinear time history response is
given in Fig. 9. As shown in Fig. 10 time of first hinge
formation is at T = 10.48 sec which has occurred at
second storey (23<22#21) (Table 1).

As it can be seen, the difference between this case
and the previous case is that the 21 and 22 are about the
same (blue line and red line in Fig. 10).  This means that
the plastic hinge is formed on the second floor and is
closer to the first floor. One can conclude that it has been
formed at the lower end of the second floor columns.

Damage case (c): Fig. 11 shows the difference between
 linear  and  nonlinear  time  history  response for damage
case (c) which has two visible jumps and so formation of
two hinges can be concluded. As shown in Fig. 12 and 13
time of first hinge formation is at T = 10.08 sec and
second one at T = 10.48 sec which both hinges  have
 occurred  at  second  storey  (23<21<22) (Table 1).

Fig. 9: Difference between earthquake response and linear
response ()-curve) damage case (b)

Fig. 10: )-curve for 10.2 to 10.8 sec time window (23<22#21)

Fig. 11: Difference between earthquake response and linear
response ()-curve) damage case (c)

Effect of multiple damage location: In case of multiple
damage location, even though time and location of
damage can be calculated on the basis of measuring 2 - as
described in previous section - using wavelet transform of
)-curve gives a more convenient estimate of time and
location of damage.
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Fig. 12: )-curve for 9.9 to 10.4 sec time window (23<21<22)

Fig. 13: )-curve for 10.35 to 10.6 sec time window (23<21<22)

Mallat and Hwang (1992) showed that wavelet
transform is well suited to detect discontinuities in the
signal and in its derivatives (2s). Wavelet transform
analysis of a function is based on wavelet functions.
Wavelet functions have a limited bandwidth in time
domain and frequency domain. These functions are
available as asymmetrical, symmetrical inverted, real or
virtual. Wavelet (which are known as daughter wavelets)
are transferred, using b parameter, and scaled samples,
using a parameter, from a mother function. Eq. (4) and (5)
show main equations of wavelet transform method.
 Using  a  selected analysing or mother wavelet function
R (t), the continuous wavelet transform of a signal f(t) is
defined as  (Misisti et al., 2007):

(4)C a b f t t dta b( , ) ( ) ( ),




 

(5) a b t a
t b

a, ( ) 







1

2

Fig. 14: (a) Considered frame and nodal numbers (b) Time and
location of plastic hinge formation

Table 2: Comparison of wavelet coefficients for 3-storey steel frame
Time
----------------------------------------------------------------

Story T = 9.78 sec T = 11 sec T = 11.62 sec
St3 0.00093 0.00546 0.00086
St2 0.00880 0.00507 0.00914
St1 0.01370 0.00068 0.01110

Example 3) 3-storey steel frame: In this example a 3-
storey frame as shown in Fig. 14, under Tabas earthquake
was analysed. It has been assumed that three plastic
hinges at different time and locations were formed.

Selection of proper wavelet function is the first step
in the wavelet analysis. The choice depends on the
problem at hand and can have a considerable effect on the
results. In this case morlet wavelet was used.

Absolute coefficients of continuous wavelet
transform are shown in Fig. 15. In this figure the lighter
lines represent greater wavelet coefficients i.e. location of
damage is nearer. For example, Fig. 15a represents hinge
formed at T = 11 sec closer to level of node 8 (roof) Fig.
14. Meanwhile the same line in Fig. 15c is darker and it
implicates that damage is far from node 6 at first storey.
In case of difficulty in differentiation between colours
judgment can be based on values of the coefficients as
shown in Fig. 16. Table 2 summarises the Wavelet
Coefficients (WC) obtained from Fig. 16.

Comparing the wavelet coefficients presented in
Table 2. For different times and stories, damage location
can be predicted as below:

C For  T = 09.78 sec: WC3<WC2# WC1  ÷ Damage
in 2nd Story (closer to one)

C For  T = 11.00 sec: WC1<WC2# WC3  ÷ Damage
in 3rd Story (closer to three)

C For  T = 11.62 sec: WC3<WC2# WC1  ÷ Damage
in 2nd Story (closer to one)

CONCLUSION

Analysis of output signal is a method of system
identification and damage determination which is based
on detection of changes due to damage. Sometimes these
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Fig. 15: Wavelet analysis of )-curve for different stories (a) Third storey (b) Second storey (c) First storey

Fig. 16: Wavelet coefficient of ) function for different stories (a) Third storey (b) Second storey (c) First storey

changes are visible in the measuring space and sometimes
in transformed space. A method has been introduced
which is able to appropriately determine time and location
of damage due to sensitivity of selected parameters of
damage. Due to the nature of earthquake in which
acceleration amplitude begins form zero and then reaches
to a maximum value and then fades in a period of time, so
behavior of the structures after a specific time will enter
the nonlinear phase. At this time the structure responses
will change especially in the vicinity of plastic hinge
formation. By calculating the difference of linear and
nonlinear response of a structure, a function can be found
which contains useful information regarding time and

location of damage formation ()-curve). In early stages of
damage formation, measuring 2, slope of )-curve, and
location of damage can be calculated, but wavelet analysis
of )-curve is a more convenient way for detecting time
and location of damage in the case of multiple-damage
scenario.
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