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ANALYSIS OF MEANS AND METHODS OF STRESS-STRAIN
STATE CONTROL OF STRUCTURES DURING OPERATION

Ivan V. Devyatov, Sergei A. lurgenson, Ivan A. Zharenov, Andrei A. Trutnenko, Dmitrii V. Tuev*

Lomonosov Moscow State University, Faculty of Economics, Scientific laboratory of economic research of
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This article defines the basic set of means and methods of the structural health monitoring of metal structures and
structures from polymer composite materials (PCMs) used in the construction and aviation industry. The analysis
of means and methods of strain-stress state control of a structure during operation (detection of defects and crack

growth) and their comparison is provided.

Key words: structural health monitoring systems, non-destructive testing, metal structures, polymer composite

material structures, structural strength

INTRODUCTION

Russia needs to meet the challenges of minimizing risks
of man-made disasters and preventing environmental
damage. Development and implementation of sensor
systems for industrial and infrastructural facilities is a
prerequisite for recovery of "weak signals" in systems
that are associated with high crisis risks.

Some approaches distinguish 3 stages of the crisis: be-
fore, during and after the crisis, as described in paper [1].
For disaster prevention, in our country, it is necessary to
introduce management practices that facilitate the pre-
vention of accidents and work with them before the be-
ginning of crisis situations, because at these stages the
damage is relatively easy to localize and minimize. Inter-
net of things technologies can help in this. These tech-
nologies can monitor the condition of buildings, equip-
ment and workers; BIM-class systems help to simulate
"stress" situations for engineering facilities to identify and
remove weaknesses.

LITERATURE REVIEW

One of the great challenges in the global world is the
issue of human safety and the well-being of humankind
as a whole, which depends on many factors, including
the world around us. Nowadays, more and more indus-
trial and man-made construction is taking place. Roads,
bridges, houses, tunnels, subways, airports and every-
thing that fills these facilities are potentially dangerous
to humans. How all object conditions are monitored rep-
resents one of the challenges for humans. This paper
proposes one of the technical solutions to monitor the
safety of the structure, whether it is houses, roads or air-
crafts. The Structural Health Monitoring (SHM) system is
one way to solve the problem. The SHM is a comprehen-
sive system for collecting, transmitting, processing and
analyzing data from objects within the system. In other
words, it is a system that can provide information about
the technical condition of an object at any time. Such a
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system is used by leading aircraft manufacturers to con-
tinuously monitor the condition of the fleet. It is organized
by the introduction of sensors into the aircraft structure,
as well as regular inspections and reports from aircraft
technicians and experts. Further, the collected data is
sent to a common database in which the data are col-
lected and processed. Then, using mathematical models
that take into account various factors and operating con-
ditions, the condition of the structure is calculated, the
remaining lifetime and time of the recommended inspec-
tion, as well as the current condition of the components
and units of the structure at this stage of operation, are
issued. The aviation industry is one of the most knowl-
edge-intensive and breakthrough at present, so why not
to use the accumulated experience of foreign colleagues
and apply it in the aviation of our country, as well as in
the civil industry, such as the field of construction.

The building of the Pinan Financial Center (PAFC), which
has a total height of 600 m, is the fourth highest building
in the world. The integrated structural health monitoring
system with 553 sensors, developed using the modular
design method, was installed in the PAFC building in or-
der to monitor the building's behavior during operation
as well as to analyze the effects of external impacts both
during construction and during operation. The modular
SHM solution guarantees the highest possible perfor-
mance of this comprehensive monitoring system. The
system is also expandable, making it easy to install and
complement subsystems to meet new monitoring needs.

Structural health monitoring systems have been widely
used in civil engineering, particularly bridge construc-
tion, and have been used to obtain information on the
condition of working structures through operational mea-
surements to identify and evaluate changes in the basic
property coefficient caused by structural damage or wear
in the material. For example, the 522-meter Foyle Bridge
was equipped with various sensors to monitor truss vi-
bration, bending and deformation. On the 12.9 km long
Confederation Bridge, an integrated monitoring system
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has been installed to track structural dynamic changes
and deformations. Furthermore, the Tsingma Bridge in
Hong Kong has been equipped with a monitoring system
consisting of almost 500 acceleration sensors, multiple
strain sensors and a Global Positioning System (GPS) to
monitor the technical condition and safety of the bridge
during its lifetime. According to papers [2, 3], Brownjon
et al. conducted a long-term study to track the concen-
tration of changes in the dynamic characteristics of the
structures of a 65-storey building 280 m high as well as
Li et al. conducted full-scale measurements of a number
of ultra-high buildings in order to determine the charac-
teristics of resistance to the effects of strong winds. The
integrated real-time SHM system and structural change
identification system was installed in the Burj Khalifa
building to monitor and evaluate the performance of the
world's highest building. It should be noted that previous
studies related to monitoring the condition of high-rise
buildings were mostly conducted during the mainte-
nance phase, focusing on the dynamic resistance char-
acteristics of structures to wind and seismic effects. Sev-
eral studies have been carried out using SHM systems
comprising more than 600 sensors. The SHM systems

were installed on the TV broadcasting Canton Tower in
order to monitor the structural condition of the building in
real time both at the construction and operational stages.

By implementing the structural health monitoring system,
it is possible to significantly reduce the operating costs of
buildings and structures, while at the same time respond
promptly to worn-out roads or, for example, bridges. It
will be possible to repair them at an early stage with the
help of the SHM system. Besides, by integrating the
SHM system into all industries, we obtain a monitoring
and warning system for operating companies. The de-
velopment and implementation of SHM will have a pos-
itive impact on the economic condition of humanity, will
address related great challenges, will have a beneficial
effect and can play a decisive role in the further develop-
ment of technological progress.

MATERIALS AND METHODS

Table 1 presents the methods and techniques of appli-
cation of sensors in construction and industry, details of
which can be found in these literature sources.

Table 1: Methods of information processing
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The technical condition of steel structures shall be de-
termined based on the assessment of factors given in
paragraph 5.3.3.1 of GOST 31937-2011.

Determination of geometrical parameters of structural el-
ements and their cross-sections shall be carried out by
direct measurements.

Width and depth of crack opening shall be determined
by inspection using a magnifying glass or a microscope.
The signs of cracks can be rust leaks, paint peeling and
others.

When estimating corrosion damages of steel structures,
the type of corrosion and corrosion qualitative (density,
structure, color, chemical composition, etc.) and quanti-
tative (area, depth of corrosion pits, cross-sectional loss
value, corrosion rate, etc.) characteristics shall be deter-
mined.

The area of corrosion damage, indicating the zone where
corrosion is spread, is expressed as a percentage of the
surface area of the structure. The thickness of the ele-
ments damaged by corrosion shall be measured at least
in three the cross-sections most damaged by corrosion
along the length of the element. At least three measure-
ments shall be made in each cross-section.

The value of the cross-sectional loss of a structural ele-
ment is expressed as a percentage of its initial thickness
— thickness of the element that is not damaged by cor-
rosion. For an approximate estimation of the cross-sec-
tional loss value, the thickness of the oxide layer is mea-
sured, and the thickness of the damaged layer is taken
equal to one-third of the oxide layer thickness.

Weld inspection consists of slag removal and external
inspection to detect cracks and other damage. Hidden
defects in welds shall be determined according to GOST
3242.

Control of bolt tension shall be carried out with a torque
wrench according to GOST R 51254.

In the absence of certificates, insufficient or incomplete
information given in certificates, detection of cracks or
other defects and damages in structures, physical, me-
chanical and chemical characteristics of steel structures
shall be determined in accordance with GOST 1497 and
GOST 7564.

546

In accordance with the "Regulations on the unified state
system of prevention and liquidation of emergency situ-
ations" (RSES) (introduced by Resolution of the Govern-
ment of the Russian Federation No. 794 of December
30, 2003 [41]), the Russian Ministry of Emergency Sit-
uations is responsible for the establishment and devel-
opment of monitoring functional subsystems, laboratory
control and forecasting to reduce the risk of arising and
development of emergency situations as well as minimi-
zation of damage from them.

In order to ensure the safety of buildings and structures
in accordance with GOST R 22.1.12-2005 [42], the ob-
jects of social, residential and of other applications are
equipped with structured systems of monitoring and
management of engineering systems of buildings and
structures (SMIS) communicatively coupled with auto-
mated systems of duty-dispatching services (DDS) of
buildings and structures as well as unified duty dispatch-
ing services (EDDS, USODM) of the city or district for
prevention and elimination of emergency situations, in-
cluding those caused by terrorist attacks.

SMISs monitor destabilizing factors in real time in order
to prevent emergency situations.

The objects of SMIS control are:

* Load-bearing structures of buildings and facilities;
» Engineering systems for life support and security;
+ Technological systems.

For the solution of the control problem of the state
changes of load-bearing structures of buildings and facil-
ities, the monitoring system of load-bearing structures of
buildings and facilities condition (SMIC) is included into
the structure of the SMIS as a subsystem.

The monitoring system of load-bearing structures of
buildings and facilities condition carries out the control
of the indicators characterizing reliability of a building or
facility, in order to prevent situations when the values of
registered parameters will exceed their maximum per-
missible values.

Monitoring systems are one of the elements providing
scientific and technical support for the construction and
operation of buildings and facilities.
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Analysis of complex engineering products
monitoring systems development

The developed methods of SHM have been successfully
enough tested as applied to the control of the responsi-
ble elements of various building structures (load-bearing
elements of high-rise buildings, bridge anchorages, etc.)
and began to be gradually introduced into the aviation.

Methods of building monitoring systems are especially
important, taking into account that the processes of oc-
currence and growth of damages in PCM significantly dif-
fer from fatigue behavior of metals. The most dangerous
reasons of the possible destruction of a structure made
of PCM during operation are the technological defects
which have not been detected in the manufacture of the
structure as well as damages of PCM in the result of me-
chanical shock impacts in flight and on the ground [39].
The similar damages caused by low crack resistance of
modern high-strength PCM can lead to the development
of a defect inside an element, not leaving visible traces
on its surface, but then lead to the catastrophic distribu-
tion of cracks under the action of fatigue loadings [40].

L

Over the past fifty years, the ability to receive and pro-
cess data has been keeping pace with the "Moore's
Law", according to which "the number of transistors on
the chip of produced integrated circuits doubles about
every two years". Today it is already possible to connect
information from the atoms of the material to the struc-
ture of the aircraft as a whole in a single information sys-
tem (IS). Also, more and more sensors are placed on
the aircraft, and these sensors are connected in a single
information space (Figure 1). In this diagnostic toolkit,
its tools are closely linked together at different scales in
order to optimize knowledge about products throughout
their life cycle.

In contrast to the area of non-destructive testing meth-
ods, the introduction of advanced technologies for the
technical state monitoring was quite limited. As shown in
Figure 2, there should be a more integrated solution in
the future where the structure and design criteria are de-
veloped together with advanced monitoring technologies
of technical state.

Implementation of aerostructures' life values in operation
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Figure 2: Trends in the use of technical state monitoring system
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is ensured by two currently existing main approaches,
which are laid down in their design. These are the safe
life approach and the safe damage approach, described
in paper [36].

In the case of the safe life approach, the aircraft structure
is operated for a certain initially specified period of time
measured in hours, minutes and/or a strictly limited num-
ber of flight cycles (takeoffs and landings). It is assumed
that after the expiration of the established time interval
and/or when the established limit of flight cycles is ex-
ceeded during further operation of the aircraft structure
beyond the established limits, the accumulated damage
in it may lead to the destruction of any structural ele-
ments. In this case, for the possibility of further aircraft
operation, the principle of step-by-step determination of
appointed terms and limits for strength and reliability un-
der the long-term operation of the structure with the pos-
sibility of their prolongation up to the moment of aircraft
write-off is applied.

The safe damage approach is fundamentally different
from the previous principle and is based on the basic
position which consists in the statement that defects in
the structure have a permanent presence not excluding
new structures and those which are in the manufacturing
process. When designing an aircraft structure according
to this principle, the developer provides in advance for
the possibility of damage and/or destruction of any of its
elements, and at the same time, the developer has to
ensure that these elements cannot lose their operability
in the event of such damage. In this case, flight safety
will be based on the assumption of fatigue cracks for-
mation in some or other structural zones of a separate
airframe specimen with the possibility of their further
growth and propagation exactly until they reach a pre-
determined and strictly limited length. If this approach is
used, it is necessary to ensure sufficient survivability of
the airframe structure elements and their increased con-
trollability. In this case, when implementing this principle,
the need to constantly monitor the technical condition of
each separate aircraft specimen in the park, as well as
the ability to predict its subsequent serviceability with a
reliable assessment of the remaining lifetime comes on
the foreground.

The application of the safe damage principle, supple-
mented by appropriate methodologies and means of
controlling the condition of the aircraft structure elements
in operation, makes it possible to avoid strictly limited
(designated) terms and life values in the entire fleet and
to move to the operation of each particular aircraft speci-
men according to its actual technical condition. Thus, the
operator has greater opportunities for more efficient use
of the existing aircraft fleet. It is reflected in an increase
in commercial flight hours as a whole and a decrease in
downtime caused, in particular, by the work on service
life extension and, therefore, in the overall reduction of
operating costs.

Thus, effective assessment of the current technical
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condition and forecasting of the remaining lifetime of a
separate aircraft specimen becomes one of the most
important tasks in the implementation of this principle.
The methodology of this assessment and forecasting
the remaining lifetime of separate aircraft in any fleet is
based on the use of a continuous stream of data on the
current control of specific aircraft specimens and their
subsequent processing. Information on the technical
condition of aircraft comes mainly from two large groups
of sources:

* Results of the operational control of the aircraft and
data of defect finding during operation. In this case,
the control procedures can be both continuous (in
the form of permanent structural health monitoring)
and periodic (in the form of scheduled preventive in-
spections, etc.);

+ Information on operational loads, flight modes and
other conditions of the interaction of the controllable
object with the environment (for example, parame-
ters of system operation and flight data recorded by
onboard aircraft systems).

Obtaining the most complete and reliable information
for recovery of operational loads carried by the aircraft
structure and a picture of external impacts is a more dif-
ficult task in this case. The use of various sensors (both
external and integrated into the structure) and non-de-
structive testing devices, as well as systems for storage
and processing of information, their algorithms and spe-
cial programs for making the final decision, is a prereg-
uisite for reliable obtaining of diagnostic information and
information about the history of loading of controllable
objects and their subsequent processing.

Integrated use of these two sources of information,
namely, data on monitoring and diagnostics of aircraft
structure and data on its loading and interaction with the
environment in the course of operation, which in this case
are closely related, as well as the very obtaining of such
information, is one of the main problems. Its solution lies
in the field of improvement of information acquisition, its
processing and decision-making on the concept of mea-
sures for maintenance and repair of a separate aircraft
specimen, as well as forecasting its remaining lifetime.
The forecasting can be implemented only as part of com-
plex systems designed for the structural health monitor-
ing of the aircraft structure in operation throughout its
entire life cycle.

Types of used sensors and building control
systems

An effective monitoring system for the technical condi-
tion of the shock impact registration should include the
following components:

« Position location and quantitative evaluation of the
shock impact;

»  Determining the kind of damage;
« Damage source assessment.
One of the problems in the diagnostics of shock impacts
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is the recognition of the damage source. It can be as-
sumed that each damage to the structure has a unique
pattern that relates to a specific operating condition of
the aircraft. Thus, the system must have the necessary
set of different sensors to match them to the specific type
of damage. For an aircraft monitoring system to be ap-
proved by certification authorities, it must operate with an
acceptable level of accuracy and reliability.

Various approaches can be used for the structural health
monitoring made of PCM. The three most common ap-
proaches are listed below:

» Voltage sensors (Figure 3) (strain sensors and sen-
sors based on fiber optic Bragg grating (FBG)). Any
damage to the structure causes a change in the
strain distribution that can be detected with these
types of sensors;

» Vibration sensors. Structural failure causes a change
in the vibration response to the structure, which is
measured with accelerometers, piezoelectric or fiber
optic sensors;

* Primary sensitive element breakage (vacuum sen-
sors and breakage of integrated optical fibers).

Table 2 shows the most common types of sensors de-

pending on the type of defect (where, "++" is the main

method, "+" can be used, "-" cannot be used, "0" can be
used but is not used due to technical constraints).

Table 2: Sensor types depending on the type of defect

L Type of defect
Monitoring Fati o
technologies Shock impact |~ 2.19ue crac
delamination

Passive piezoelectric + +
sensor
Active piezoelectric
Sensor:
* phased array - ++
* Lamb waves -
e Hybrid systems +
Optical FGB + -
Accelerometer 0 -
Strain sensor ++ -
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Figure 3: Voltage sensors (A — strain sensors, B— FBG sensors)

Besides deformation, FBG sensors also make it possible
to monitor loads on the structure. The point is obviously
in the use of correct material properties and appropriate
factors to convert wavelength data initially into deforma-
tion and then deformations into a load.

Application of augmented reality technologies for
building structural health monitoring systems

One of the SHM's objectives is to improve the reliability
of the results of non-destructive testing, its performance
control and quality. So, for example, the Volkswagen
Group has developed the application MARTA (Mobile
Augmented Reality Technical Assistance) for mobile de-
vices (Figure 4), which helps the service engineer not to
make a mistake when performing the service task, as
demonstrated in [37].

Figure 4: MARTA application
Another example of a more technologically sophisticated
product of augmented reality is Google Glass (Figure 5).
It is a headset for a computing device based on the An-
droid operating system, developed by Google Company
in "Google X" laboratory, according to information [38].
The device in its original form is not a kind of any glass-
es or mobile phone (smartphone). In the final version,
the device must combine and implement three separate
functions simultaneously: augmented reality, mobile
communication and the Internet.

The device itself uses in its design a transparent display
(in the form of a prism and a compact image projector),
which is located at the top of the right eye area of vision
and is held on the head by a special mount, equipped
with a microphone, and also has a digital camera capa-
ble of recording video signal of high quality.
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Figure 5: Google Glass device

The capabilities set out in the device make it possible
to control the service engineer's actions, and all his ac-
tions can be synchronized with the advanced system of
monitoring and data collection on aircraft operation and
maintenance.

Radio-frequency identification technology is a method of
automatic object recognition, in which data recorded and
stored in so-called RFID labels (RFID is an abbreviation
of Radio Frequency IDentification) or transponders at-
tached to the surface of the identified object, or located
directly within its structure, are read or recorded through
radio signals (Figure 6).

Systems based on radio frequency identification, as a
rule, consist of a standard list of the following compo-
nents:

* Devices for receiving and transmitting information
(antennas);

» Devices for reading and recording information (read-
ers);

* Devices for input-output of external control signals;
»  Sensors of executive or warning devices;

» Devices for storage of identification information (la-
bels);

»  Software package;
*  Control system unit;

¢« Communication infrastructure in the form of a wired
and/or wireless network.

Systems based on the technology of radio-frequency
identification are built on a modular principle. At that, the
radio-frequency system is easily built into the already ex-
isting (for example, installed aboard the aircraft) informa-
tion system. Depending on the type of current tasks and
object of automation identification data can be used both
separately and in a complex of sources of information
from external information systems.

Since the beginning of jet aircraft operation, require-
ments to airports and maintenance personnel have been
constantly increasing. Different satellite systems (GPS
and Galileo) help record the movement of both service
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Figure 6: Typical view of RFID label

personnel and vehicles, as well as synchronize data with
different devices. Since the Boeing 787 began operating,
airports receiving this type of aircraft have been required
to implement a wireless local area network (WLAN) in
accordance with IEEE802.11 b/g standard (Figure 7).
This requirement has been introduced in connection with
the transmission of large amounts of data between the
aircraft and air traffic control facility. Because this data
transmission standard is used in both home and indus-
trial routers, therefore, the implementation of such a sys-
tem is cost-effective.

NEWARK LIBERTY INTL (EWR)
NEWARK, NEW JERSEY

| Rwy291dg 6502
Rwy 4L Idg 8457
Rwy 22R Idg 9576'

< Rwy4RIdg 8810° 4
Rwy 22L Idg 8206°

40w

TINW
L

NEWARK, NEW JERSEY
NEWARK LIBERTY INTL (EWR)

Figure 7: Configuration of routers at Newark Liberty
International Airport, the USA
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DISCUSSION

The questions were answered in the discussed paper:
"What means and methods of control of a stress-strain
state of structures exist nowadays?" and "How are sys-
tems of structural health monitoring applied abroad and
in the Russian Federation?”

For comprehensive structural health monitoring in con-
struction and aviation industries, the SHM system (there
are also similar systems) has been developed, which
collects, processes, analyzes and transmits data from
objects in the system. In foreign experience, there are
many illustrative and interesting examples of the applica-
tion of this technology in bridges, TV towers, stadiums,
wind farms, elements of aircraft structures and much
more. The number of monitoring methods proposed at
these facilities is also quite extensive, and they are used
in structures made of any (popular in construction and
manufacturing) materials, including composite ones, with
the use of sensors of various types: FBG sensors, strain
sensors, piezoelectric sensors, fiber-optic sensors, vac-
uum sensors, etc.

It should be noted that the development and application
of such systems of structural control in Russia lag far
behind the leading Western and Asian countries and (in
a small volume) finds its place mainly in construction,
while one of the main application abroad is the aviation
industry.

With the process of development of new, more autono-
mous and "smart" sensors, structural health monitoring
systems will be used in the objects of transport and con-
struction much wider than at present. The Russian Fed-
eration, in order to minimize risks of various disasters,
needs to follow the experience of foreign countries and
invest more money in digitalization in the aviation and
construction industries.

RESULTS

Based on the analysis of open sources and patent appli-
cations, we can conclude about the level of development
and introduction of monitoring systems in the Russian
Federation is characterized by the following features:

1. Autonomous monitoring systems are completely ab-
sent. All systems under development are part of the
complex and depend on other methods, including
subjective control methods;

2. Most systems assess only the current state for de-
fects detection and are not aimed at tracing the de-
fect growth and collecting data for the remaining life-
time assessment;

3. Most of the developments on this topic relate to
manual control methods;

4. Automated control systems have narrow applica-
tions, such as building footings, aircraft wing panels,
bridge supports and wheel bogies of train carriages,
which makes it extremely difficult to unify the meth-
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ods and approaches for building such systems and
their scaling;

The area of data transmission and processing is ex-
tremely underdeveloped;

6. Neural networks are not used, which also negatively
affects the flexibility of such systems;

7. The main areas of application are construction, gas
and oil pipelines, as well as railway transport;

8. The main developers are scientific centers, which
are mainly governmental ones.

The development level of this area outside the Russian
Federation is characterized by the following features:

1. The general development level of this area is signifi-
cantly ahead of the development level in the Russian
Federation;

2. The building of monitoring systems is aimed at con-
trolling the state of the facility as a whole, rather than
its separate elements;

3. There are developments in the application of such
systems for remaining lifetime assessment;

4. Much attention is paid to methods of data transmis-
sion and processing as well as to the application of
neural networks;

5. There are attempts to create interdiciplinary sys-
tems;

6. The main applications are aircraft industry and con-
struction;

7. Developers (ordering customers), as a rule, are
manufacturers of a final product;

8. The main developers of these systems are compa-
nies in the USA, Great Britain, and France and, in
recent years, China.

o

CONCLUSIONS

As a response to the great challenge, which combines
the provision of technogenic safety and increasing the
digitalization of the economy, the technology of introduc-
ing structural health monitoring systems for the aviation
and construction industries has been identified.

Within the framework of implementing structural health
monitoring systems development, it is extremely neces-
sary to define existing scientific and technical reserve in
this area in the Russian Federation and abroad. From
this perspective, the analytical review of modern litera-
ture in the area of developing health monitoring systems
of structures and complex engineering products has
been conducted. These works will make it possible not
only to determine the existing level of development in
this area but also to identify possible directions for the
development.

Solutions for application of different types of sensors
such as vibration, fiber-optic and radar sensors as well
as hybrid control systems have been considered. Issues
of data processing and their analysis depending on dif-
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ferent types of building and aircraft structures as well as
developed methodologies of sensors arrangement have
been considered.

Within the framework of the historical analysis of the
development of monitoring systems, it has been found
that for today due to the development of data process-
ing technologies it is possible to significantly expand the
functionality of monitoring systems using the means of
finite element analysis and the transition from the current
control of the situation to the forecasting of structural be-
havior.

Advantages and disadvantages of existing structural
health monitoring systems for the aircraft structures have
been analyzed, and ways of their development have
been proposed, taking into account the great challenges
facing the aircraft industry.
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