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Abstract:
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Energy harvesting, which is a popular subject, can be defined as the use of energy released by
environmental forces such as earth-shaking, wind, etc. Civil engineering structures also harvest
energy in a different way. Thanks to this energy harvest, the modal properties of structures such as
natural frequency, mode shape can be estimated from the response histories taken from the
structure. Modal properties of the structure give an impression of the health of the building.
However, an important question comes to mind: Did the energy harvesting of the structures
sufficiently drive the modes used to detect damage? Or in other words, has it exceeded a certain
amount of energy to drive the modes? If the mode in question is not sufficiently excited, it can be
interpreted as a harbinger of damage for an undamaged structure in the analysis using these modes.
For this reason, it is an important issue to determine to what extent the modes are driven. In this
study, the aforementioned subject has been explored with the title "Mode Excitation Energy" using
the modal plot method.
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Nomenclature

DOF | Degree of Freedom

FFT | Fast Fourier Transform

FRF | Frequency Response Function
SHM | Structural Health Monitoring
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1. INTRODUCTION

Monitoring the health and determining the health status of each building in the building stock of a zone
is an important issue to minimize the vulnerability parameter in the risk definition in the mitigation step
of disaster management [1].

Thousands of bridges in the US are damaged or at risk of failure [2], and Japan will face the same
situation in a few years [3]. In addition, damage caused by earthquakes [4], a tsunami [5], typhoon, or
hurricane [6] will reduce the useful life of buildings. Therefore, it is crucial to install early warning
systems to monitor and control therefore to assess the health of important structures. In many countries
such as Japan [7] and Australia [8], SHM systems are widely used in critical structures and the necessary
software and hardware components are developed by these countries. This issue is taken into
consideration and its popularity is increasing day by day also in Istanbul [9] and in the world [10-17].

The health of a structure can be assessed according to the change in the modal properties of the system.
However, the reason for this change can be both structural damage in the structure or changes in
environmental conditions. Theoretically, the change in the natural frequency of the structure is defined
as the change in the stiffness of the structure or damage to the structure in cases where there is no change
in the mass of the structure and in environmental conditions such as temperature, and humidity.

The structures absorb the surrounding energy at any moment and transform it into unique vibrations that
express characteristics of structure and the input force (Fig. 1). In fact, there is a relation between
response spectrum and input spectrum of data taken on a system that is related to the system transfer
function. This expression is formulated in Equation [1]:

Y(jw) = H(Gjw) U(jw) 1)

where Y(s) is output spectrum or Fourier transforms of the response, U(s) is frequency response or
Fourier transforms of the input force, and H(s) is the transfer function [18].

In the white noise assumption, the input forces excite all frequency ranges on consideration ‘equally’
[19-21]. Thanks to the white noise assumption without the input force information, modal parameters
of the structure can be estimated under operational conditions [22].
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Figure 1. Energy harvesting of a structure

85



If environmental energy is not harvested adequately, vibrations that give information about the
properties of the structures do not occur. Because, as can be seen from equation 1, if there is no input
force or the frequency band of the input force is not proper, there is no response (in that frequency
range), and the transfer function, which expresses the properties of the structure, cannot be determined
(in that frequency range).

In theory, modal analysis is a process defining the inherent dynamic characteristics of an object
depending on the material and its geometry in terms of its resonant frequencies, mode shapes, damping
factors, and modal scaling factors without the need of a disturbing force. The modal data are used to
formulate the (mathematical) modal model of the object for its dynamic behavior [23]. In practice, due
to irregularities in the characterization of a structure [24], location of excitation [25], input frequency
content, the structure has not received sufficient energy to excite all the modes properly [26-28]. Also,
there are problems related to scaling in the mode shape estimation and narrow-banded frequency content
of the input forces [29] where Operational Modal Analysis (OMA) methods are insufficient. To address
these problems, researchers have developed methods based on the combined experimental and
operational modal analysis called Operational Modal Analysis with eXogenous inputs (OMAX) [30-32]

To approach the damage detection and system identification problem correctly, it should be clearly
shown that the operational forces cannot drive the modes in the desired frequency range therefore OMA
methods are inadequate and OMAX methods should be used. Then utilization and placement of shaker
would arise. In that case, it is very important to place the shaker correctly so that the shaker can excite
all the desired modes without damaging the structure. It is usually decided whether the modes are driven
or not based on the “Frequency Response Function (FRF)” peaks. However, it is a very controversial
issue that this method can answer such an important step. In this study, as an alternative to FRF, the
modal plot [33] shows whether the defined input force can activate the modes sufficiently. To our best
knowledge, there is no such alternative technique to FRF used to detect the mode excitation energy in
the literature. Therefore, the proposed method presents a kind of novel approach to the literature and
information in the field of SHM.

2. SYSTEM IDENTIFICATION

In the structural health monitoring (SHM) procedure, after receiving data such as acceleration, velocity,
and displacement from the structure, the first step to be taken is to identify the system. In general, it is
desired to estimate modal information of the system using frequency or time-domain methods. Many
frequencies and mode shape estimates are subjected to screening and it is desired to calculate the closest
“true” mode shape and natural frequency of the system. While the stabilization diagrams aim to
accomplish this task with various elimination steps, the modal plot aims to construct modal points and
modal regions without an elimination step.

2.1. Modal Plot

Modal plot is the name given to a graph where estimates of the mode shape and frequency of a system
under an ambient input force are shown simultaneously according to a DOF. The natural frequencies of
the system and the mode shape values corresponding to those frequencies appear in the modal plot as a
modal point. Generally, damage information is tried to be calculated using only these mode points.
modal Plots additionally show modal zones other than modal points. The modal zone is an important
feature that is eliminated as noise in the literature, but shown to be associated with modal points and
provides information about the input force. A representative modal plot is shown in Fig. 2. In short, the
modal plot consists of (1) Modal points expressing natural frequencies and mode shape pair of the
system and (2) a damage sensitive feature, which is the modal zone [33]. Even if modal points are not
included in the modal zone, they remain quite close to it (Fig. 3).
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Figure 3. Modal point.

Modal zones can be converted to lines by using clustering methods. In this study, modal zones were
converted into curves with the K-Means Clustering [34, 35] method, which is one of the popular methods
in clustering. In the k-means method, m points/estimates with n dimensions are decomposed into k
clusters; so that difference of squares within the cluster is minimized [36].
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3. SIMULATION
3.1. The Mode Excitation Energy

The numerical first case study is aimed at determining modal excitation energy with a modal plot. For
this purpose, a fixed mass-spring model with 6 translational DOF with one free end and one free end
has been investigated. In the piecewise system, all mass values are defined as equal and 1 kg and stiffness
values equal and 14000 N / m. Primarily, the free-end, which is the 6th DOF, was chosen as a reference
DOF. In the analyzes, the DOF's were examined in pairs together with the reference DOF one by one.
Five-minute acceleration data taken from each DOF and sampled at 200 Hz were analyzed into 22-
second data segments with 88% overlap. It was observed that the responses did not have a time-
dependent slope, and only seven-second data averages were subtracted from it. The data were analyzed
with 2933x2933 sized Hankel matrices and modal plots were built with the first 390 mode variable,
which was seen to correspond to the 0-40 Hz frequency range that includes all modes. These procedures
were repeated six times where force was applied from all DOFs in turn.

The Fig. 4 consists of 3 sub-graphs. Two modal plots are showed on top of each other in each subgraph.
In the first sub-graph, first of all, the ambient force was applied from the 1st DOF and the modal plot
was drawn, then the white noise was again applied from only the 4th DOF and again the modal plot was
added. Similarly, white noise was applied separately from the 2nd and 5th DOF in the 2nd subgraph,
and from the 3rd and 6th DOF in the last subgraph. From the 2nd graph of all sub-figures, we can draw
the following 2 conclusions: Modal plots were drawn according to forces exerted by different degrees
of freedom 1) pass quite close to modal points and 2) modal graphs drawn according to different force
action points intersect at modal points. These two features are important for system identification
purposes.
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Figure 4. Modal plot for the 3rd DOF for different input force configuration couples.

In this study, it was stated that some modes cannot be driven sufficiently according to the force, and
detecting damage with modes that cannot be driven sufficiently will cause the healthy structure to be
detected as a damaged structure. To illustrate this phenomenon, an example is shown in Fig. 5, in which
the modal plots are presented in the same way as in Fig. 4. Unlikely, it is aimed to show only the modal
zones related to the 2nd modal point of the 5th DOF to better examine the modal plots. As can be seen
in Fig. 4, when force is applied from all DOF except the 5th DOF, it is seen that the modal zones are
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very close to the modal points. When force is exerted by the 5th freedom, the 5th degree of freedom 2nd
mode shape value will be determined with approximately 5-7% error. Note that in this part, average
values were calculated with 1 cluster (k=1) in 2 dimensions (both the natural frequencies and the mode
shapes) according to sufficiently small frequency ranges, thus completely eliminating noise-induced
modes.
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Figure 5. Modal plot for the 5th DOF and 2nd mode for different input force configuration couples.
3.2. The Shaker Position in Mode Excitation

In the second case study, it was desired to investigate the position effect of the shaker without any
vibration. Shaker applies white noise to the degrees of freedom (DOF) where it is placed. For this, a
system with 15 DOF is examined. The shaker is placed in 2 different positions, namely the 4th and 10th
DOFs, and the ability of the shaker to activate all modes is investigated. In Figs. 6-12, two subgraphs
are given in each figure according to the position of the shaker. Accordingly, for the analyzed DOF,
while the shaker position was at the 4th degree of freedom, the first six modes are properly driven for
all DOFs. However, while the shaker was at the 10th DOF, the 2nd and 5th modes could not be activated
in the first nine DOFs. But all other DOFs (10-15) could be properly driven. In this case, it is seen that
the position of the shaker is also important.
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Modal Plot for the 6th DOF
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Figure 8. Shaker location comparison for the 6th DOF.
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Figure 9. Shaker location comparison for the 8th DOF.
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Figure 11. Shaker location comparison for the 12th DOF.
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3.3. Case Study I11: Damping Effect

In the third case study, a different system whose features are given in Table 1 is used. The modal
properties of a system with 5% critical damping and an undamped system are expected to be very close
to each other.

Table 1 Numerical Analysis Specifications.

Properties Type/Value
Number of DOFs 15

End Conditions Fixed-Free

Spring Stiffness 2.27E8 N/m
1st-14th DOF mass 4530 kg

15th DOF mass 2265 kg

Input DOF 15th DOF

Input Type Ambient Vibration

Fig. 13 shows the modal plots of systems with 5% critical damping and the undamped system for the
1st DOF when the ambient force is exerted from the 15th DOF. For the undamped system, it is seen that
the modal zones pass quite close to the modal points. However, when the damping is introduced to the
system, it is seen that the modal zones move away from the modal points, especially from the 3rd Modal
point and following modes. In this case, it is clearly seen that the modal properties of the system to be
determined will express the system incorrectly.
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4. CONCLUSION

In the literature, the modal plot method is used in system identification and damage detection and the
purpose of this study is to show that it can also be used in the assessment of mode excitation energy. In
cases where operational forces are not proper due to irregularities in the characterization of a structure ,
location of excitation, input frequency content to activate system mode in a certain frequency band,
OMA methods are insufficient and to assess system properties shakers should be used and the system
must be analyzed by using and OMAX methods. It is decided by looking at the frequency response
function peaks to understand whether the use of a shaker is necessary, but as in the second case study,
modal plots in a more systematic way allow us to make this decision more clearly. This decision is
important because it is possible for the shaking structure to activate its mods while simultaneously
damaging the structure. It is aimed to show how much the modes are excited under operational white
noises by using modal plots through three case studies. In the case studies, modal plots are therefore a
suitable tool for displaying mode excitation energy. Thus, the answer to the question about how much
the energy harvested by environmental forces can drive the structural modes is sought with modal plots.
It should be noted that if the mode in question is not sufficiently excited, it is interpreted as a harbinger
of damage for an undamaged structure in the analysis using these modes.
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