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Introduction 
It is well-known that the identification of dynamic character-

istics of an existing structure through instrumental measurements 
(i.e., response acceleration time-histories) contributes to reduce 
the uncertainties of the numerical simulation of the structure, in or-
der to perform an advanced seismic non-linear analysis, such as the 
calculating the building seismic capacity. Besides, the identification 
of eigen-frequencies of a structure supports the simple monitoring 
of structural integrity examined building. The achievement of the 
identification of dynamic characteristics via instrumental measure-
ments is based on the fact that the response acceleration time-his 

 
tories contain the structure modal responses and thus there must 
be some way to identify the mode shapes of a structure. However, 
here there are two fundamental problems: (a) The existence of ex-
ternal excitation has a significant effect on the structure response, 
especially after to the short transient vibration of the structure, and 
therefore the influence of external excitation must be removed. (b) 
In fact, the measured structure response is complex and is not only 
due to the external base excitation. Indeed, in the case of various 
environmental excitations, it is common, a variety of causes to coex-
ist simultaneously at different points on the structure. For example, 

Abstract

The present article investigates the simultaneous effect of two orthogonal and horizontal components of strong ground motion 
on the identification of dynamic characteristics and, in particular, the eigen-frequencies and mode shapes of spatial asymmetric 
buildings. It is well known that one of the major problems in identification of structure mode-shapes via strong seismic excitation 
(not ambient excitation) at the base, is the influence of external excitation on the response results, an influence effect that must 
be eliminated to detect the actual structural dynamic characteristics. Specifically, in the case of an earthquake event, it is true that 
there are three seismic excitation components along the three axes (two horizontal and one vertical). In the present paper, in order 
to identify the building eigen-frequencies, a methodology for removing the influence of seismic excitation of strong ground motion 
along the two horizontal axes is presented. For verification reasons, only simulated data are used, and next the response modal 
time-histories method can be applied to find the fundamental building mode shapes.

Keywords: Identification of eigen-frequencies; Harmonic excitation; Strong ground motion; Instrumentation form.

https://lupinepublishers.com/index.php
https://lupinepublishers.com/civil-engineering-journal/
http://dx.doi.org/10.32474/TCEIA.2022.04.000189


Citation: Aggeliki Tziotziou and Triantafyllos K Makarios*. Influence of Two Orthogonal and Horizontal Seismic Excitation Components 
of Strong Ground Motion on the Identification of Eigen-Frequencies of Asymmetric Buildings. Tr Civil Eng & Arch 4(3)- 2022. TCEIA.
MS.ID.000189. DOI: 10.32474/TCEIA.2022.04.000189

                                                                                                                                                          Volume 4 - Issue 3 Copyrights @ Triantafyllos K MakariosTr Civil Eng & Arch

679

the movement of vehicles (traffic) near to the measured structure, 
which traffic causes vibrations in the ground, first, transmitted to 
the base, while at the same time a strong wind may acts directly on 
the superstructure (e.g. on the floors of a structure). In the last case, 
the structure base does not affect by the wind loading. Thus, when 
the response accelerations are recorded on a floor of a structure, 
may be have affected or may be have not affected by the external dy-
namic loadings, while the separation of these loading from the re-
cords is impossible. The result of all these is the following; the final 
response of the structure dues to many causes of dynamic loadings, 
which are not measurable, generally, and therefore is de facto im-
possible to remove they, even if there was a safe remove technique.

Thus, knowing the above-mentioned two issues, many method-
ologies have been developed to identify the dynamic characteris-
tics, based on the response acceleration data, only, provided that 
the external excitations (whatever they are) maintains low ampli-
tudes of vibrations. In other words, in order to achieve right identi-
fication of dynamic characteristics of a structure using acceleration 
results only, both, the strong ground motion and the strong wind 
pressure on the superstructure do not must exist. These methodol-
ogies are more known as operational modal analysis, and the out-
put only modal analysis or ambient modal analysis. However, these 
technics are unsuitable for use in case of strong ground motion 

where the Peak Ground Acceleration are generally upwards the 5% 
of g (where g= gravity acceleration) [1]. This issue has been inves-
tigated in preliminary form in the MSc diploma dissertation of the 
first Author (who is now working at her Doctoral Thesis that is in 
full progress) [2]. The present article attempts to cover this gap, 
where an identification technique of the dynamic characteristics of 
an asymmetric multi-storey building submitted in seismic ground 
strong motion along two horizontal directions (perpendicular each 
other) is presented. It is worth noting that on this building, two hor-
izontal seismic components of strong motion, perpendicular each 
other, are acting, while simulated data have been used, only, for ver-
ification reasons. In the proposed method the input base excitation 
is always known, as the earthquake acts directly on the structure 
base.

Identification of eigen-frequency of single-de-
gree-of-freedom system under base harmonic exci-
tation. Numerical application

Consider the SDOF system with its features shown in Figure 
1. The base Ο of this system excited by complex harmonic ground 
motion shown in Figure 2. This complex excitation of Figure 2 was 
obtained by the superposition of the following sinusoidal functions 
, where:

Figure 1: Single Degree of Freedom oscillator (lengths in meters and forces in kN)

Figure 2: Composition of three sinusoidal excitations F1(t)+F2(t)+F3(t)
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The natural frequencies of these three harmonic excitations are 
respectively: 

The Fast Fourier Transform (FFT) of the excitation of Figure 
2 gives the FFT diagram shown in Figure 3.  We can see that the 
FFT diagram of the excitation actually shows peaks at exactly the 
three natural frequencies of each of the harmonic motions. Figure 
4 shows the FFT diagram of the response at the mass location m of 
the SDoF system in which is observed only the frequencies   due to 
the external excitation. On the contrary, seeing on the Figure 3 on 
the one hand the actual eigenfrequency  of the SDoF system Figure 
1 is obscure, but on the other hand certainly exist. Figure 5 shows 
the diagram of the ratio of the FFT amplitude of the response to the 
corresponding FFT amplitude of the excitation of the SDoF base, 
for each frequency separately. In this diagram, the SDoF properties 
are just beginning to be discernible, but there are and other peaks 
(at frequencies 7.031 Hz and 11.328 Hz) which are not belong to 

the SDoF system but are a product of numerical instability due to 
the division by very small numbers of FFT amplitudes of excitation. 
This phenomenon of the numerical instability is very common in 
such numerical analysis and must be removed using appropriate 
techniques, which are beyond of the scope of the present paper. Fig-
ure 6 shows the diagram of the ratio of the Power Spectral Density 
(PSD) amplitude of the response to the corresponding PSD ampli-
tude of the external base excitation, for each frequency separately. 
The PSD symbolizes the function of the auto-spectral density func-
tion or better known as the Power Spectrum Density (PSD). In order 
to calculate the Auto-Spectral Density function, the Wiener-Khin-
tchine theorem is applied, according to which “Both the energy den-
sity spectrum of an energy signal and the power density spectrum of 
a power signal are equals with the amplitude spectrum of the expo-
nential Fourier series (F.F.T.) of the signal autocorrelation function”. 
Namely, for the practical calculation of the Power Spectral Density 
(PSD) function two simple steps are followed: In the first step, the 
auto-correlation function  of a signal is calculated and in the second 
step, the FFT diagram of the auto-correlation function  is calculated. 
The last FFT diagram of the auto-correlation function  is the asked 
Power Spectral Density diagram.  

Figure 3: FFT diagram of external excitation F1(t)+F2(t)+F3(t)

Figure 4: FFT diagram of response acceleration (recorded on the mass of SDoF system). The eigen-frequency of the SDoF is not 
detected.
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Figure 5: Diagram of ratios amplitude FFT of response acceleration (recorded on the mass of SDoF system). The eigen-frequency 
of the SDoF is just beginning to be discernible, but there are and other peaks (at frequencies 7.031 Hz and 11.328 Hz) which are 

not belong to the SDoF system.

Figure 6: Diagram of ratios amplitude PSD of response acceleration (recorded on the mass of SDoF system). The eigen-frequency 
of the SDoF is pure identified.

The diagram of Figure 6 indisputably shows the natural fre-
quency   (calculated with a slight deviation as  due to the math-
ematical processing of the composition and signal decomposition, 
but also due to the SDOF damping effect). The above numerical ex-
ample shows the unequivocal conclusion that in order to highlight 
the true eigen-frequencies of a structure by analyzing measured 
response accelerograms due to strong excitation of the base, it is 
necessary to remove the influence of the external excitation. Thus, 
the methodologies where have been supported on the response 
data, only, (such as “stochastic subspace identification”, “operation-
al modal analysis”, “output only modal analysis”, “ambient modal 
analysis”) are fully unsuitable for use in case that the structure is 
excited by strong ground motion.

Identification of eigen-frequencies of asymmetric 
building under strong ground motion. Numerical 
Applications

Theory
Consider an asymmetric N-storey building Figure 7 which is 

subjected to a seismic ground motion consists of two different but 
simultaneous ground acceleration time-histories  and  along the x 
and y-axes, respectively. Figure 7 also shows the proposed instru-

mentation points (form) where the three uniaxial accelerometers 
per floor have been installed, to record the horizontal movements 
due to above-mentioned seismic excitation [3,4]. It is worth not-
ing that from the three locations of uniaxial accelerometers per 
floor, the two uniaxial accelerometers must be located on the two 
parallel sides of the building along the positive x or y-axis (in this 
case x-axis, the first two accelerometers have been installed along   
local degrees of freedom) of the reference system Mxy. These two 
accelerometers must have as much distance as possible in order to 
more reliably calculate the rotation  about the vertical axis of the 
diaphragm, while the third position  of the third accelerometer 
must be perpendicular with respect to the first two ones. In order 
to identify the actual natural frequencies of the building, the follow 
methodology is presented:

i.	 Calculation of Fast Fourier Transform (FFT) and Power 
Spectra Density (PSD) diagrams of the acceleration response time 
histories both for the three locations on each floor and for the 
two seismic components of ground motion. In particular, for the 
response accelerograms of the DoFs   (first floor) and  (n-floor) 
were calculated the  and  diagrams, where  και . Also, from the two 
accelerograms of the external base excitation (two seismic compo-
nents), the ,  as well as the corresponding  are calculated.
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Figure 7: The N-storey asymmetric building

ii.	 The rule of square root of the sum of squares is applying 
on the FFT and PSD diagrams of the two seismic ground com-
ponents, that is, the calculation of the square means  and  by the 
following equations:

iii.	  The ratio of the response FFT functions by the ground  is 
calculated for each record.  Thus, the ratios  according to equation 
(3) and then the summary  by equation (4) are calculated,  where 
A,B,C,D are simple coefficients that change the amplitudes for 
comparison reasons:

iv.	 The ratio of the response PSD functions by the ground  is 
calculated for each recording. Thus, the ratios  according to equa-
tion (5) and then the summary  by equation (6) are calculated:

v.	 The functions of  and  are calculated according to the 
following equation (7) and (8):

vi.	 The graphs of eq. (7) and eq. (8) shows peaks. The com-
mon peak values (or rather the frequency numerical average of 
the peak values) correspond to the real frequencies of the building 
with almost zero deviation.

It is worth noting that using this methodology, the influence of 
the external excitation on the response data is removed, thus, at 
least the first two or three natural frequencies of the building can 
be detected, which is particularly important for adequately mon-
itoring of the building structural integrity or the sufficient docu-
mentation of the building numerical model. The proposed method-
ology is recommended for verification purposes to be repeated for 
at least three different seismic excitations, namely we must have six 
different seismic components of the base. Subsequently, and with 
the frequencies of the building now known, it is easy to calculate 
the corresponding mode shapes from the free vibration part of re-
sponse accelerograms, by the modal time-histories method, using 
appropriate filters on the original corrected (without noise) re-
sponse record [3-13]. 

Numerical Application
Consider an asymmetric two-storey building, as shown in the 

Figure 7. The total mass equals to  and the mass moment of Inertia  
to each diaphragm. The building subjects in four different earth-
quakes consisting of two horizontal seismic components: (a) Thes-
saloniki Earthquake (June 20, 1978), (b) Kozani Earthquake (May 
13, 1995) (c) A pair of artificial accelerograms (e) Athens Earth-
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quake (September 7,1999). For these four earthquakes and always 
in accordance of Figure 7, the acceleration response time histories 
are obtained along the three degrees of freedom  of the first floor 
(where the floor is denoted by the second index) and  of the second 
floor, respectively.

According to the first step (i), FFT and PSD functions of all the 
above acceleration time histories are calculated. Furthermore, the 
mean square values ​​of the FFT and PSD of the excitation are also 

calculated, i.e.,  and  by equations (1) and (2). Afterwards, the ratios 
,  and the parameters,  are calculated Figures 8,9. Finally, Figures 
10,11 show the ratios  and  as well as  and  for all the four earth-
quakes examined. The last two figures show as average values ​​the 
first three frequencies, which, when compared to the values ​​of the 
modal analysis, show a difference of less than 6.7 per thousand. 
Then, the modal time-histories method can be applied to find the 
mode shapes with now know the frequencies of the building using 
the part of free vibration for each record [1-3]. (Table 1,2)

Figure 8: Parameters λRi,j and λsq for (c) excitation. Distinguished the first three eigen-frequencies of the building.

Figure 9: Parameters μRi,j and μsq for (c) excitation.

Figure 10: Parameters λRi,j and λsq for all excitations.
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Figure 11: Parameters μRi,j and μsq for all excitations.

Table 1: Estimated values of the first three eigen-frequencies from ratios λsq.

2-Storey building
Ratios λsq

1st frequency (Hz) 2nd frequency (Hz) 3rd frequency (Hz)

Artificial Accelerograms 2.392 3.735 5.054

Earthquake of Kozani (1995) 2.368 3.711 4.98

Earthquake of Thessaloniki (1978) 2.392 3.711 5.029

Earthquake of Athens (1999) 2.344 3.66 5.029

Average value 2.374 3.704 5.023

Modal analysis 2.364 3.717 5.047

Deviation (%) 0.417 0.332 0.482

Table 2: Estimated values of the first three eigen-frequencies from ratios μsq.

2-Storey building
Ratios μsq

1st frequency (Hz) 2nd frequency (Hz) 3rd frequency (Hz)

Artificial Accelerograms 2.392 3.735 5.054

Earthquake of Kozani (1995) 2.368 3.711 4.98

Earthquake of Thessaloniki (1978) 2.392 3.711 5.029

Earthquake of Athens (1999) 2.368 3.711 5.054

Average value 2.38 3.717 5.029

Modal analysis 2.364 3.717 5.047

Deviation (%) 0.67 0.011 0.358

Conclusions
A numerical procedure by which the influence of external 

strong ground motion on response acceleration time histories 
has been presented. Two numerical applications were given: The 
first one proves the existence of the problem and the second one 
demonstrates the solution proposed by the present methodology. 
Four different earthquakes have been used and the average values ​​
have been got by the estimated eigen-frequencies. The deviations 
are smaller than 6.7 per thousand from the actual modal analysis 
(simulated data). Afterwards, knowing the actual building eigen-
frequencies, it is easy to calculate the modal shapes according 
to international literature using the free vibration parts of 
accelerograms [3-13].
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