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Abstract

Civil engineering structures are constructed for strength, serviceability and durability. The struc-
tures thus constructed involve huge investment and labour work. In order to protect the structure
from various damages, periodic monitoring of structures is necessary. Hence Structural Health
Monitoring (SHM) plays a vital role in diagnosing the state of the structure at every moment dur-
ing its life period. For this purpose, sensors are deployed in the structures for its efficient health
monitoring. Sensors cannot be deployed at random locations of the structure. They have to be lo-
cated at those points which reflect the damage. In this study, a 3-storey and a 4-storey building are
taken and Modal Strain Energy (MSE) is used for finding the initial locations of sensors. The num-
ber of sensors obtained is then optimized using Genetic Algorithm (GA) technique. Finally damag-
es are induced in certain locations of the structure and a damage detection technique called as
“Flexibility Matrix Based Technique (FMBT)” is introduced for damage localization in the struc-
ture.
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1. Introduction

Structural Health Monitoring (SHM) is the process of comparing the current state of the structure with the orig-
inal state persisted after construction. The state of the structure should always be within the safe limit as speci-
fied in the design. But this original state can be altered by aging of the structure, environmental conditions and
by accidental loads acting on the structure [1]-[3]. The damage is usually characterized by change in the modal
parameters of the structure [4]. Previously, frequencies and vibration based damage detection and several Non
Destructive Techniques (NDT) were made use of in SHM. But the continuous monitoring of the structures was
impossible by those NDT methods. Hence automated systems have to be developed by deploying sensors in
certain locations of the structure to monitor its health from time to time. Various sensor placement techniques
were introduced for determining the locations of sensors [5]. Generally for obtaining more information, more
sensors have to be placed at the nodes of the structure. Placing a number of sensors is uneconomical and not
possible in reality. Hence limiting the number of sensors comes into consideration. This process of limiting the
sensors and placing them only at certain important nodes is termed as “Optimal Sensor Placement (OSP)” in
structures [6].

Six different optimal sensor placements in buildings, namely Effective Independence (EFI), Optimal Driving
Point (ODP), Non-Optimal Driving Point (NODP), Effective Independence Driving Point Residue (EFI-DPR),
Singular Value Decomposition (SVD) and the Sensor Set Expansion (SSE) methods, are introduced by Pelin
Gundes Bakir [7]. It was concluded that SSE technique was the best since it resulted in the homogenous distri-
bution of sensors. Also an integrated methodology [8] has also been introduced by Pelin Gundes Bakir for effi-
cient sensor placement and robustness of each technique is also presented and the Effective Independence me-
thod (EFI) was concluded as the best method. Kammer proposed a technique called “Effective Independence (EI)
method” in which a number of candidate sensor positions were eliminated or added according to their ranks
evaluated by the determinant of a Fisher Information Matrix (FIM) [9]. The relationship between the effective
independence method and the modal kinetic energy method was presented by Li et al. [10] and a quick compu-
tation of the effective independence method through QR downdating was introduced. The most important stage
is the selection of appropriate optimization algorithms for optimal sensor placement.

Carne and Dohrmann [11] proposed a famous algorithm called minMAC by distinguishing one modal vector
from another to realize modal parameter identification. All of these algorithms have their own limitations so we
go for traditional algorithm such as Simulated Annealing method [12], Particle Swarm Algorithm [13], Genetic
Algorithm [14].

Among the above-mentioned heuristic algorithms, the use of Genetic Algorithm (GA) seemed to be an effec-
tive approach to sensor placement problems. Genetic Algorithms (GAs) are adaptive heuristic search algorithm
based on the evolutionary ideas of natural selection and genetics. Genetic algorithms are a type of optimization
algorithm, meaning they are used to find the optimal solution to a given computational problem that maximizes
or minimizes a particular function. They imitate the biological processes of reproduction and natural selection to
solve for the “fittest” solutions. The “traditional” GA is composed of a fitness function, a selection technique,
and crossover and mutation operators which are governed by fixed probabilities [15]. The optimization problem
using genetic algorithm is formulated by defining the sensor positions and the MAC as the design variables and
the objective function, respectively. The fitness function is evaluated by the root mean square of the MAC ma-
trix. The initial sensor placement is done by finding modal strain energy. One of the most important dynamic
characteristics of the building is its mode shape. The modal parameters of the structure are obtained and the
mode shape matrix is used to find the modal strain energy. Modal strain energy is a damage index which is pro-
posed to detect multiple damages. The MAC matrix is obtained from the mode shape matrix [16]. This study
focuses on the optimal sensor placement and damage detection of the structures. Section 2 proposes the metho-
dology for optimal sensor placement. Section 3 presents the description of damage detection. Section 4 eluci-
dates the analysis of results. Finally Section 5 concludes the paper.

2. Methodology for OSP

A combined optimization strategy called “MSE-GA” is opted for optimal sensor placement. For optimal sensor
placement, the following methodology has been developed. Figure 1 depicts the methodology of MSE-GA me-

thod.
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Figure 1. Steps of the MSE-GA method.

2.1. Modal Strain Energy (MSE)

The energy stored by a system undergoing deformation is called as strain energy. Modal Strain Energy tech-
nique is proposed as a damage index for initial sensor placement. MSE makes use of the modal parameters of
the structure and hence prove to be an efficient means of detecting damage since the damage is generally re-
flected in the structure’s modal properties. Out of “m” degree of freedom “n” locations that have high modal
strain energy choosen for locating sensors. The MSE is obtained from the mode shape matrix and stiffness ma-
trix it is given by,

MSE = ¢"K¢ @

where, ¢ is the mode shape matrix and K is the stiffness matrix. From the modal strain energy values the points
of high modal strain energy is chosen for initial sensor placement in structures.

2.2. Genetic Algorithm

Genetic Algorithms are gaining wide attention by the research community. Genetic algorithm (GA) is rapidly
growing area of Artificial Intelligence. It is categorised as subclass of evolutionary algorithms. It is applicable to
large number of scientific problems. The various steps involved in GA are illustrated in Figure 2.

2.2.1. Optimization
Optimization is the process of making things better. Optimization can be defined as the science of determining
the “best” solutions to mathematically defined problems. The process of optimization is shown in Figure 3.

The fundamental principle of optimization algorithm is “search for an optimal state”. It can also be defined as
the process of finding solutions that satisfy given constraints and achieve the objective at its optimal value.

2.2.2. Flow Chart of GA

Fitness function

The fitness function is the function that the algorithm is trying to optimize. The word “fitness” is taken from
evolutionary theory. It quantifies how “fit” each potential solution is. The fitness function is one of the most pi-
votal parts of the algorithm. The fitness function is the only relation between the GA and the application itself,
the function must be chosen with care. The fitness function must reflect the application appropriately with re-
spect to the way the parameters are to be minimized. The fitness function is obtained from the MAC matrix and
it constructed as,

f =1-RMS 2)
where RMS is the root mean square of the off-diagonal elements in the MAC matrix.
Modal Assurance Criterion (MAC)

The Modal Assurance Criterion is defined as scalar constant which provides a useful criterion to evaluate the
correlation of modal vectors. MAC matrix is defined as,
2
.
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where ¢; and ¢; are the ith and jth column vectors in the modal shape matrix ¢. The off-diagonal elements in the
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Figure 3. Flow chart of optimization.

matrix express the correlation between two modal vectors. The minimization of the off-diagonal terms in the
MAC matrix gives a good MAC index that can guarantee the orthogonality of the measured modal vectors and
increase the amount of modal information obtained from the collected data [16]. The possible range of the
MACs is from zero to unity such that two modes ¢; and ¢; are the same when it is unity, while both are in no
correlation when it is zero [17].

2.3. Positioning the Sensor/Final Sensor Placement

The sensor number which has the best fitness value is obtained from the genetic algorithm (GA) and it is desig-
nated as “Optimal sensor number” and these sensors are located at points of high modal strain energy (MSE)
which obtained from initial sensor placement process. Thus, by using MSE-GA method optimal numbers of
sensors are placed in the building which is referred to positioning of sensor or final sensor placement.

3. Damage Detection

For the purpose of damage detection, Flexibility Matrix Based Technique (FMBT) is introduced. It has been
proved that the presence of damages increase the flexibility of the structure. The flexibility matrix F is the in-
verse of the stiffness matrix K relating the applied static forces {f} to resulting structural displacements {u} as



U. Muthuraman et al.

uh=[F{f} @
The relationship between the flexibility matrix and the dynamic properties of the structure is obtained by,

{f}=%®i®? )

where ¢; is the mode shape and o is the natural frequency of the structure [18].

Change in Flexibility

Damages are artificially introduced in the structure and the flexibility matrix for the damaged case is found.
Now the change in flexibility is given by,

Af ={f}—{f,} (6)

where {f4} is the flexibility matrix of the damaged case and {f.} is the flexibility matrix of the healthy structure.

4. Result Analysis

In this study, a 3-storey and a 4-storey building are taken and damage detection is done along with optimal sen-
sor placement.

4.1. 3-Storey Building

Modal analysis is carried out for the assumed 3-storey building with the mass matrix and stiffness matrix as in-
puts in Matlab. Figure 4 shows the modal strain energy plot of the assumed 3 storey structure. Figure 5 shows
the fitness plot for all the nodes in the 3 storey structure. Figure 6 shows the final sensor placement after opti-
mization through GA.

From Figure 4 it is clear that the energy is maximum at 2" and 3" storeys of the building. So 3 number of
sensors is required in the initial sensor placement. In order to know that 3 number of sensors is the best solution,
optimization is done. From Figure 5, it could be seen that maximum fitness is obtained at the sensor number 4.
Hence the optimal number of sensors is designated as 4 and this sensor is placed at the next higher energy storey
of the building. Figure 7 shows the flexibility plot of the initial state. The damages are introduced at 1% and 3"
storeys of the building and the change in flexibility is noted. Figure 8 shows the change in flexibility of both
damage cases 1 and 2.
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Figure 4. Modal strain energy plot of assumed 3-storey building.
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From Figure 8, the severity of damage is understood and thus the damages are detected based on the change
in flexibility. It could be noticed that by inducing the damages in any storey of the structure, its flexibility values
change and it is possible to quantify the amount of damage in other storeys of the building.

4.2. 4-Storey Building

Figure 9 shows the modal strain energy plot of the assumed 4-storey structure. From this figure, it is seen that 4
high energy points are present and hence 4 sensors are sufficient. Figure 10 shows the fitness plot for all the
nodes in the 4-storey structure. This fitness plot shows that the highest fitness is obtained at sensor number 6.
Figure 11 shows the final sensor placement after optimization through GA and the optimized number of sensors
are placed at high energy points of the building.

Figure 12 shows the flexibility plot of the initial state. The damages are introduced at 4™ and 2™ storeys of
the building and the change in flexibility is noted. Figure 13 and Figure 14 shows the change in flexibility of
damage cases 1 and 2 respectively.

From Figure 13 and Figure 14, it could be seen that inducing damages in the 2" and 4™ storeys, has caused
in changes in flexibility of other storeys as well and hence damage severity is known thereby.
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Figure 8. Plots showing change in flexibility.
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5. Conclusion

In this study a hybrid optimization and damage detection strategy “MSE-GA” and “FMBT” is introduced and
hereby a 3-storey building and a 4-storey building are taken for the study. The initial number of sensors is found
by MSE technique. The points of high MSE are chosen as points of initial sensors. These points are optimized
using GA and the final sensors are placed at high MSE points. Finally damages are introduced in various storeys
of the building and changes in flexibility are studied by “FMBT” technique. The conclusions made are summa-
rized as follows: (i) The search space for the location of sensors is reduced by “MSE” technique. This concept of
reducing the number of locations for the sensor placement superseded the older OSP techniques. (ii) The genetic
algorithm technique is used for the optimization of the number of sensors obtained from initial sensor placement.
This genetic algorithm makes use of the fitness function which is acquired from the root mean square of the
MAC matrix. Thus the problem of efficient sensor placement in structures is made easy through the introduction
of MSE-GA technique. (iii) FMBT technique is used for damage quantification and damage localization. Its
performance is checked by inducing damages at various storeys of the building and change in flexibility for each
storey is noted.
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