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REZIME 
U radu se razmatraju metode za praćenje stanja 
konstrukcije. Dve metode su detaljno obrađene. 
Prva metoda se zasniva na promenama frekvencije 
odziva, koje nastaju kao rezultat promena mase i 
frekvencije izazvane konstrukcionim oštećenjima. 
Druga metoda je zasnovana na promenama na 
širenju talasa. Pokazano je da će praćenje stanja 
konstrukcije može imati jak uticaj na konvencional-
no održavanje i filozofiju održavanja, kao i na njiho-
ve procese. Prikazano je nekoliko primera praćenja 
stanja konstrukcije. 
Ključne reči: praćenje stanja konstrukcije, inženjer-
ske konstrukcije, metode bez razaranja, korišćenje 
senzora, primeri primene 
 

ABSTRACT 
This paper deals with methods for structural health 
monitoring. Two methods are presented in detail. 
The first one is based on changes on frequency 
response, which occurs as result of the mass and 
rigidity changes due to the structural damages. The 
second one is based on changes on wave propaga-
tion. It has shown that the structural health monito-
ring will have a strong impact on conventional 
design and maintenance philosophies and processes. 
Some examples of structural health monitoring 
applications are presented.  
Key words: Structural health monitoring, engi-
neering structures, nondestructive evaluation met-
hods, sensor technology, examples of applications 

 
 

1. INTRODUCTION 
 
As it is known, large and complex engineering 

structures are mainly made to last for a long period. 
This is specifically important for civil engineering 
buildings but also for heavy machinery, vehicles, 
trains, ships, aircraft, bridges, dams, wind turbines, 
petrochemical plants, etc. Any of these items are 
used intensively. Long endurance combined with 
intensive usage leads to deterioration. 

Of course, an engineering structure is designed 
to withstand deterioration for a certain foreseeable 
lifetime. However, the longer this lifetime becomes, 
the more difficult it is to predict. Such a structure 
may therefore have to be designed for maintai-
nability. As we know, this has often not too much 
been done in the past and possibly not even today. 
The reason is that most of the limited life items are 
considered for an extended lifetime, once their initial 
design life has been achieved. 

Structural Health Monitoring (SHM) aims to 
give, at every moment during the life of a structure, 
a diagnosis of the state of the constituent materials, 

of the different parts, and of the full assembly of 
these parts constituting the structure as a whole. The 
state of the structure must remain in the domain 
specified in the design, although this can be altered 
by normal aging due to usage, by the action of the 
environment, and by accidental events. Thanks to 
the time-dimension of monitoring, which makes it 
possible to consider the full history database of the 
structure, and with the help of usage monitoring, it 
can also provide a prognosis (evolution of damage, 
residual life, etc.). 

If we consider only the first function, the 
diagnosis, we could estimate that Structural Health 
Monitoring is a new and improved way to make a 
non-destructive evaluation. This is partially true, but 
SHM is much more. It involves the integration of 
sensors, possibly smart materials, data transmission, 
computational power, and processing ability inside 
the structures. It makes it possible to reconsider the 
design of the structure and the full management of 
the structure itself and of the structure considered as 
a part of wider systems. This is schematically 
presented in Figure 1 [5]. 
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Fig. 1. Principle and organization of a SHM system 

 
 

In Figure1 the organization of a typical SHM 
system is given in detail. The first part of the system, 
which corresponds to the structural integrity moni-
toring function, can be defined by: 1) the type of 
physical phenomenon, closely related to the damage, 
which is monitored by the sensor, 2) the type of 
physical phenomenon that is used by the sensor to 
produce a signal (generally electric) sent to the acqu-
isition and storage sub-system. Several sensors of 
the same type, constituting a network, can be multi-
plexed and their data merged with those from other 
types of sensors. Possibly, other sensors, monitoring 
the environmental conditions, make it possible to 
perform the usage monitoring function. 

The signal delivered by the integrity moni-
toring sub-system, in parallel with the previously 
registered data, is used by the controller to create a 
diagnostic. Mixing the information of the integrity 
monitoring sub-system with that of the usage moni-
toring sub-system and with the knowledge based on 
damage mechanics and behavior laws makes it 
possible to determine the prognosis (residual life) 
and the health management of the structure (orga-
nization of maintenance, repair operations, etc.). Fi-
nally, similar structure management systems related 
to other structures which constitute a type of super 
system (a fleet of aircraft, a group of power stations, 
etc.) make possible the health management of the 
super system. Of course, workable systems can be 
set up even if they are not as comprehensive as 
described here. 

2. STRUCTURAL HEALTH MONITORING 
 CONCEPT 

 
With the development of structural health mo-

nitoring methods and techniques, systems allowing 
usage monitoring, inspection of structural compo-
nents, damage detection and analysis will be integra-
ted in the structural components. All mentioned acti-
ons are automatically executed and particularly the 
prognostic and diagnosis of the structures health 
could be continuously performed, dramatically redu-
cing the time period necessary for the inspections. 
From the application of the SHM concept will result: 
increase on structure safety and reliability, reduction 
of preventive and corrective maintenance actions, 
increase in the structures operation readiness and 
reduction of the operational costs. On the other 
hand, by applying these active safety improvement 
methods, passive measures can be decreased, resul-
ting in a decrease on the overall weight, as the incre-
ase on weight due to the use of new integrated sy-
stems will be largely compensated by the decrease 
due to reduction of safety factors and redundancy. 
Again, a reduction on the operational costs will re-
sult. 

A clear indicator for the increased importance 
of SHM is the number of hits (publications, patents, 
etc.) related to structural health monitoring obtained 
with academic search engines. The data in Fig. 2 
clearly show that the number of published topics is 
exponentially growing since more than 15 years. 
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Fig. 2. The number of the published topics during the last 

two decades 
 
Moreover, structural health monitoring is a 

well-established technology already operational in a 
number of appropriate civil structures, such as 
bridges and chemical installations. In contrast to the 
above mentioned structures, SHM for civil aviation 
is nowadays still in an experimental phase. The 
concepts followed are partially based on a number of 
different well-established nondestructive evaluation 
methods, such as ultrasonic inspection or eddy 
current methods.  

 
 

2. 1 Structural Health Monitoring Methods  
 
Structural health monitoring methods emerged 

from the field of smart structures, integrating several 

disciplines such as: microelectronics, sensors and 
actuators, signal acquisition and processing, stru-
ctural dynamics, materials and structures, fatigue 
and fracture, nondestructive evaluation methods. 
Here, we are going to present two methods. The first 
one is based on changes on frequency response, 
which occurs as results of the mass and rigidity 
changes due to the structural damages. The second 
one is based on changes on wave propagation.  

 
 

2.1.1 Frequency Response Based Method 
 
This method is based on the natural frequencies 

that every single structure possesses. Generally, 
these frequencies depend on the mass and on the 
rigidity of the structure. A damaged structure can be 
seen as one that has its mass and rigidity altered, 
hence with different natural frequencies. This 
conclusion can also be applied for free frequency 
response, i.e., differences will emerge when res-
ponses from the same structure, with and without 
damage, to the same external excitation are com-
pared. Consecutively, 2D computational models 
were developed on NASTRAN (and ANSYS, to 
compare) to study this theory. Both isotropic and 
orthotropic materials were tested. Those models 
consisted of rectangular shaped plates, with one 
clamped edge and the remaining free, as seen on 
Figures 3 and 4. 

 

 
Fig. 3. Computational analysis of an aluminum plate 

 

 
Fig. 4. Imposed damages to the plates 
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Several tests were running, starting from an 
undamaged structure and then placing damages on 
different locations to access the (changes) on natural 
frequencies and modes of vibration. Damages were 
simulated using mass/rigidity reduction, by remo-
ving certain finite elements. Preliminary tests revea-
led that 10% differences, in 1st natural frequency, 
can be observed starting from 5% of elem-
ents/mass/area reduction. Damages near the clamped 
edge induce mainly a decrease in the rigidity, 
resulting in a decrease of the first natural frequency 
of 12.75%. While damages far from this edge, have 
as preponderant effect the decrease of mass, result-
ing in an increase of the first natural frequency of 
9.25%. The damage in the middle of the plate 
produced only a slight variation of 2.7%. 

From this study, a limitation of this method can 
be retained: significant frequency variation occurs 
only for high values of mass/area reduction, which 
corresponds to large structural defects. This method 
can be applied using low frequencies, what repre-
sents an advantage. Also, damages far or near 
clamped boundaries are better detected. 

 
 

2.1.2 Wave Propagation Based Method 
 
Ultrasonic testing is one method used in 

nondestructive evaluation methods. Current ultraso-
nic inspection of thin wall structures is a time 
consuming operation. One method to increase the 
efficiency is to use guided waves, like Lamb waves, 
instead of the conventional pressure waves. Guided 
waves propagate along the mid-surface of thin-wall 
plates and shallow shells. They can travel at 
relatively large distances with very little amplitude 
loss and offer the advantage of large area coverage 
with a minimum of installed sensors. Guided Lamb 
waves have opened new opportunities for cost-
effective detection of damage in aircraft structures. 

Initially, 1D analytical model were tested, 
based on multiple spring/mass systems. This study 
permitted to fully understand the behavior of 1D 
elastic medium and the influence of boundary 
conditions. As a starting point, this type of solution 
can be used for application frequency response 
SHM methods, since it allows calculating modes 
and response of the system to external excitation, 
with and without damage. Damage can be modeled 
by local mass or/and spring rigidity increase/de-
crease. 

Considering the dynamic response of each 
mass, their respective displacement amplitude at a 
certain time and the elapsed time between two 
consecutive masses reaching their maximum displa-
cement, strain wave propagation can be modeled. 
Considering the differences between that propa-
gation (and boundary reflections), with or without 
damage, and resulting damage reflections, damage 
can be assessed (wave propagation method). 

Furthermore, 2D analytical models were deve-
loped from this 1D system. 2D computational mo-
dels based on rectangular shaped isotropic plates, 
with different sets of boundary conditions, were 
developed on NASTRAN, ANSYS and MATLAB 
to study this theory. Several tests were running, star-
ting from an undamaged structure and then placing 
damages on different positions. Structural respon-
se/wave propagation to different strain impulses and 
step excitations in one or more nodes of the structure 
was tested. Some results are shown on Figure 5, 
including the response from an undamaged plate, the 
same plate with a central damage and the difference 
between both cases. 

On left, wave longitudinal propagation in an 
undamaged plate is easily to seen, as the lateral bo-
undaries reflections/interference. On right are shown 
differences for a plate with a central damage. The 
strain concentration in the damage location and its 
consequent propagation are also seen. 

 

 
Fig. 5. Elastic deformation – Lamb waves propagation 
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3. SOME EXAMPLES OF SHM 
 APPLICATIONS 

 
Here we are going to present selected examples 

of applications of SHM to aircraft and to stress out 
some of remaining obstacles. 

These applications are based on significant 
advances which have been made in recent years to 
evolve sensor technology from conventional electri-
cal strain gages to fiber optic strain sensors. The 
technology, especially, that associated with optical 
Fiber Bragg Gratings (FBG), has rapidly matured 
with an increasing commercial supplier base, the 
size, weight, and cost of the equipment has fallen 
dramatically.  

Some of technologies are for validation purpo-
ses already installed in civil airplanes that are in-
service. Fiber Bragg Grating, impact and crack mo-
nitoring facilities, such as acoustic emission, eddy 
current and comparative vacuum monitoring sensors 
are installed in an Airbus A320 and an Airbus A340-
600. Also, during the full-scale fatigue test of the 
fuselage of the Airbus A380, diverse SHM techno-
logy such as crack wires, comparative vacuum 
monitoring or acoustic emission sensors were 
present.  

A modern SHM system has to fulfill not less 
than four conditions: airworthiness, satisfactory de-
fect detection capabilities, cost efficiency, and dura-
bility. The last condition establishes probably the 
hardest restriction. Producers and customers demand 
that a SHM system must have about the same 
lifetime such as an aircraft which is in the range of 
30 years. This means that the sensor network should 
be durable than the structure under investigation. 
The implementation of a SHM system has to be 
accompanied by all the certification procedures that 
are required if analogous aircraft systems are 
replaced of modified. 

The main shortcomings of existing SHM sy-
stems and the obstacles concerning an introduction 
on the market can be summarized as follows [3]: 

• Most of the proposed solutions only solve 
specific problems of a SHM system. The res-
pective focus regards sensor technology, data 
analysis, signal-damage correlation, etc. End-
users still miss an integrated overall-concept on 
a larger scale. 

• It is difficult to match all the environmental 
parameters such as temperatures, loads, che-
mical contaminants, which occur at operational 
conditions. 

• A complete health monitoring system for one 
aircraft is impossible to implement given the 
available level of technology, i.e. the huge sur-

face area of an aircraft structure requires a huge 
amount of sensors with all the required data 
analysis.  
 
Mentioned items represent a lack of technical 

maturity of the existing SHM systems. It is nece-
ssary to stress out a lack of acceptance of these 
systems by end-users as follows: 

 
• Complicated and long-term certification pro-

cess expected 
• Inertia of current manual inspection interval 

procedures 
• Scepticism against new technologies with mini-

mal service data 
• Cost implications for new hardware, software 

and training  
• Pessimistic expectations concerning the return-

of-investments. 
 
Although, a number of applications are opera-

tional in certain of special cases, the airworthiness 
requires a really long-term reliability of the SHM 
systems under the harsh operational conditions. 
Therefore, it is required to have a system which all 
kind of tests were performed which are typical for 
in-service tests of usual aircraft components. 

 
 
 

4. CONCLUSION 
 
This paper presents a contribution to the deve-

lopment of methods for structural health monitoring. 
This system was used to validate and demonstrate 
some developed methods, namely by the ability to 
apply wave propagation SHM methods to detect 
damages in an aluminum plate similar to a wing skin 
panel of the aircraft. 

Structural health monitoring allows for inte-
gration latest technology into structures. The market 
for such systems is possibly much larger than we can 
still anticipate today and sequentially it becomes 
more and more relevant with regard to worldwide 
limited resources. 

Structural health monitoring will also have a 
strong impact on conventional design and main-
tenance philosophies and processes. For example, in 
the aeronautics, time such as flight hours will po-
ssibly not be the key parameter anymore to describe 
damage. Damage will be put on a mechanically 
more realistic basis. This will not only allow to 
make maintenance more specific to usage but also to 
make prognostics with regard to any maintenance 
actions to be taken.  
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Maintenance procedures are then planned and 
applied, involving the diagnosis of the structures 
health by inspection of structural components, in 
order to detect and evaluate existing flaws, using 
nondestructive evaluation methods. These mainte-
nance and inspection actions are expensive and 
require long periods of immobilization. 

Structural health monitoring is a multidiscipli-
nary approach. It is not limited to structural design 

and strength only but also has to include the various 
aspects of sensor technology, non-destructive testing 
and advanced signal processing. In excess it also has 
to include a more profound knowledge about struc-
tural design and the resulting impacts on the structu-
re coming from usage. This includes all the mainte-
nance actions as well as the related issues to econo-
mics. 
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