iriried applied
L sciences

Article

Acoustic Emission Method for Locating and
Identifying Active Destructive Processes in
Operating Facilities

Grzegorz Swit

Faculty of Civil Engineering and Architecture, Kielce University of Technology, Aleja Tysiaclecia Paristwa
Polskiego 7, 25-314 Kielce, Poland; gswiter@gmail.com; Tel.: +48-881-290-171

check for

Received: 2 July 2018; Accepted: 2 August 2018; Published: 3 August 2018 updates

Featured Application: The data collected can be the basis for determining the structural condition
of the structure.

Abstract: Durability, safety, and usability are the three foundations of structural reliability, vital in
the economic and social context. As the locating and tracking of potential damage and evaluating its
impact on the condition of the structure are part of service life assessment, relevant methods should
be developed that would detect the onset of the deterioration process and enable the monitoring of
its progress within the entire volume of the structure, not only in the areas selected in a subjective
way. The acoustic emission (AE) method relying on the analysis of active destructive processes can
be the best choice. This article reports the results of the application of the AE method for identifying
active destructive processes and tracking their development during the routine operation of various
types of structures.

Keywords: acoustic emission (AE); non-destructive methods (NDT); diagnostic methods; bridges;
structural health monitoring (SHM)

1. Introduction

Structural condition diagnostics and monitoring are two important issues in the economic
and social context. Aging infrastructure, deteriorating environmental conditions, and increasing
operational loads are the primary stimuli for fast-progressing research on a new interdisciplinary field
of technical knowledge called “Structural Health Monitoring (SHM)”, closely connected to the safe
service life of structures [1,2].

Two different problems are involved in the durability assessment, one associated with the analysis
of existing structures designed according to the standards previously in force, and the other associated
with ensuring the anticipated useful life, taking into account the mechanical and strength-related
characteristics of the newly designed structures.

In this work, the author’s attention will be focused on assessing the structural integrity of existing
facilities and its impact on their durability.

Durability, safety, and usability are the three foundations of structural reliability. The durability
factor is, unlike in the past, equally important and has to include the evaluation of environmental
impacts (moisture, frost, CO,, de-icing agents, etc.) on the present and future health of the structure.
Ability to assess the environmental effects on the degradation level is critical for the durability and
resistance of structures. Research programs conducted by the international ISO standardization
organization [3], the American Concrete Institute [4], or those implemented within the Basic Research in
Industrial Technologies/ European Research in Advanced Materials (BRITE/EURAM) framework [5]
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by the European Union countries, revealed that environmental changes—on a local, regional, and
global scale—were faster than initially assumed, thereby making the environmental assessment an
urgent issue.

It is particularly important to determine the onset of the damaging process in the materials and
structural elements, because attempts to stop once-initiated processes are often inefficient, leading to
the failure or catastrophic collapse of the entire structure. The Eurocodes propose four approaches
to design for safety, thus providing a certain amount of autonomy to the designers. Niriaki in [6]
eliminates this autonomy by proposing his original approach independent of structural safety but
based on the durability and resistance analysis.

The demand for the method capable of detecting the onset of the deterioration process and
monitoring its progress within the entire volume of the structure, not only in the subjectively
chosen parts, is fulfilled by the technique of acoustic emission (AE). The method involves
performing comparative analysis of the acoustic emission signals recorded during the tests and
those collected in the database of reference signals corresponding to particular destructive processes.
The results are used to identify and locate active destructive processes in reinforced concrete
structures (IADP—Identification of Active Damage Processes), in prestressed concrete structure
(RPD—Recognition of Destructive Processes), and in steel structures, thereby allowing the global
monitoring across the whole member and recording only active deterioration processes developing
under actual loading conditions [7-17]. The AE method is being increasingly developed for use in the
construction of gas pipelines.

This article aims to discuss examples of AE monitoring of different engineering structures,
including the AE-based Structural Health Monitoring System (SHMS) on the My Thuan Bridge.

2. Materials and Methods
2.1. Materials

2.1.1. Steel Bridge

Selected structural members of the bridge were examined. The damage assessment was based on
the results of AE signal analysis.

Visual inspection (Figure 1) revealed surface corrosion of the majority of the bridge steel elements
(Figure 2), being especially intensified on top surfaces in the area of bottom chords, crossbars, stringers,
and lower joints of the truss. Corrosion was also found at the interface between profiles and steel
plates of posts, diagonals, and flanges, as well as at the connections between steel angles and web
plates, crossbars, and stringers. Due to inadequate drainage of the steel orthotropic plates on the
bridge roadway, additional corrosion sites were also detected.

Figure 1. Side view of three bridge spans subjected to tests.
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Figure 2. (a) View of the connection between the truss lower chord with the diagonals and the vertical

member, with visible advanced surface corrosion. (b) View from the inside to the top node, visible
surface corrosion of structural elements of the truss, as well as corrosion at the joints at the contact
surface of connected profiles. (c) View from the inside—the upper node, visible surface and pitting
corrosion on the stringers, crossbars, and orthotropic slabs. (d) View of the node with signs of pitting
and surface corrosion on steel plate and rivets.

The damage was defined as caused by stagnant water. The method of constructing the nodes, the
lack of appropriate falls, the counter-falls formed due to bridge deflection, and the lack of openings
at the connection of the columns with the lower chord facilitated water accumulation, which, in the
absence of a proper protective coating on all steel elements of the bridge, promoted rapid corrosion
progression and degradation of the material.

The measurement set included 12 sensors spaced 2-10 m apart. Determining the distance
between the sensors in the location involves the measurement of the Hsu-Nielsen signal source.
This measurement was also used to determine the speed of wave propagation in the material.

2.1.2. Steel Columns

Two steel piles (Figures 3a and 4a) constituting the supporting structure for the cable car
were examined. Visual inspection of the piles revealed surface corrosion of most steel members,
deformations of some elements, as well as pitting corrosion and fatigue cracks on sections of those
elements (Figures 3b and 4b). Corrosion intensified on the central surfaces of the flanges in the column
structure, in particular in the area of gusset plates at welded and bolted joints. Corrosion was also
found at the interface between the profiles and flanges of posts, crossbars, and chords, as well as at the
place where the angles were connected to the webs and flanges. Corrosion processes and the loosening
of bolts securing the column elements caused friction between some of the steel elements.
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(b)

Figure 3. (a) View of column 1 with a safety platform. (b) View of anchor block and flanges at the
connection between column 1 and foundation; signs of surface corrosion and pitting.

(b)

Figure 4. (a) Side view of column 2. (b) External view of the upper chord; signs of surface corrosion on
truss members.

The damage was caused by rainwater and insufficient use of protective and anti-corrosive agents
(no paint coating; sites of strongly developed corrosion). The photographs show changes in the
structure of the material of the columns. Observed delamination of the steelwork and intergranular
corrosion require additional maintenance and improved supervision.

Twelve sensors were installed with a spacing of 2 m.

2.1.3. Gas Pipeline

A section of steel high-pressure gas pipeline 400 mm in diameter and 200 m in length was
examined (Figure 5). The age of the pipes is estimated at approximately 60 years. The pipeline operates
under environmentally difficult conditions with wetlands underneath, electrical power lines, and a
lumber transport route running nearby. Two 30-80 kHz sensors were installed in a linear configuration
on the structure.
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Figure 5. (a) Arrangement of measuring points on the gas pipeline. (b) Measuring scheme.

2.1.4. My Thuan Bridge

The My Thuan cable-stayed bridge connects the banks of the Tien Giang River flowing between
two large provinces in the Mekong basin and and is part of Vietnam highway network. Completed in
2000, the bridge was designed to Australian and Vietnamese standards.

The total length of the bridge is 1535.2 m. The main bridge has three continuous spans with
dimensions 150 + 350 + 150 m supported by two main pylons. The main spans are made of prestressed
concrete class 50 (f. = 50 MPa) and have two main girders internally attached by a set of floor beams.
The bridge was constructed with the use of the cantilever method. The height of the main spans is
1760 mm with the width ranging from 1200 to 1400 mm. The deck slab is 250 mm thick. The end
spans are suspended on 4 x 32 cable stays and each stay is composed of 22-29 seven-wire strands
15.2 mm in diameter—a system of dampers was installed on each side of the cable stays to control
vibration. The two pylons made of reinforced concrete grade 50 have a splayed H-frame and the
height of 123.5 m (from the foundation base) and 84.43 m (from the deck). Each pylon is supported on
16 bored piles 2.5 m diameter driven into the riverbed to the depth of —90 m (northern pylon) and
—100 m (southern pylon).

Except for the weather stations (measurement of humidity level, wind speed and
direction—installed on the main deck and on the northern pylon, plus two cameras monitoring
the water level and traffic), no condition assessment systems for determining the integrity of the bridge
were implemented during the design and construction stages. The current condition of these devices
is not known.

2.2. Methods

Basic acoustic emission monitoring is carried out during the routine operation of the facility under
load (in exceptional cases under the test load).
The tests performed during the routine operation of the facility aim to:

e look for active damage processes (progressing under service conditions) in the structure;
e identify and locate the damage;

e estimate the risk potential of the damage;

e  determine the extent of the risk posed to the safety of the facility under routine operation.

The uSamos system (PAC MISTRAS Corp., 195 Clarksville Rd, Princeton Jct, NJ 085, USA) with
three PCI-8 cards was used to develop the reference signal databases (24 measurement channels)
used in subsequent stages to assess the condition of steel and concrete structures. Flat type sensors
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operating in the frequency range of 30-80 kHz was used for all structures. A 55 kHz sensor was
also used in the concrete structures. Signal amplification was 40 dB. AEWin software was used for
the measurements. To analyze the measurement data, Noesis 5.8—ADVANCED DATA ANALYSIS
PATTERN RECOGNITION SOFTWARE (PAC MISTRAS Corp., Princeton, NJ, USA) was applied.
The reference signal database was created using 13 parameters of acoustic emission: rise time (us),
counts to peak amplitude, counts, energy (EC), amplitude (dB), average frequency (kHz), root-mean
square (RMS) (V), reverberation frequency (kHz), initiation frequency (kHz), absolute energy (aJ),
signal strength (pVs), duration (ps), and average signal level (ASL) (dB).

The Identification of Active Damage Processes (IADP) method is based on the analysis of
acoustic waves generated by active destructive processes developing under operational loads in
buildings and engineering structures. The signals received by acoustic sensors mounted on the object
are compared to the database of reference signals created earlier for defined destructive processes.
The identified destructive processes are then localized by analyzing the difference in time of signal
arrival to individual sensors. The identification and the location of active damage processes make it
possible to assess the technical condition of structures, and thus can be the basis for the diagnosis and
management strategies.

The big advantage of the IADP method is that the AE sensors can be arranged to cover the entire
structure being measured and that the measurements can be performed under actual operational loads.

In its original version, the IADP method was developed to analyze destructive processes in
prestressed concrete elements. It was then expanded and applied in the analysis of steel elements for
which a new database was created with pattern signals of destructive processes resulting from cyclic
and monotonic loads.

Patterns of AE signals were obtained as a result of tests carried out at temperatures ranging from
—60 °C to +60 °C on monotonically loaded V-notch specimens made with St3S and 18G2A grade steels
and with the steel recovered from an old bridge, on bent models of V-notch elements under monotonic
and cyclic loading at +20 °C, and models of welded, riveted, and bolted nodes made of the same
grade steel.

The following destructive processes being the AE signal sources can be distinguished in
prestressed concrete structures:

e  microcracks;

e friction between crack surfaces;

e formation and development of cracks in concrete;

e  cracking at the concrete-reinforcement interface;

e  concrete crumbling;

e friction at the concrete—reinforcement interface;

e  (Corrosion;

e  plastic deformation and cracking of cables and other reinforcements.

The values of the AE signal parameters allow the classification of the signals into classes, each
of which is characterized by dominant destructive processes and different risk levels. The signals
characteristic of each class create the reference databases capable of identifying a destructive process,
e.g., “cracking at the concrete-reinforcement interface” corresponds to the database that groups selected
signal parameters assigned to the specific process.

Databases for individual processes (or their groups) are determined on the samples of materials,
on models used in special laboratory tests (where a given destructive process or a group of processes
predominates) and on full-size structural elements during strength tests, attenuation tests, and during
normal operation of the facility.

The database of AE reference signals makes it possible to identify active destructive processes
over the entire element under test. Long-term measurements can be used to determine the damage
under true loading conditions, with the external factors such as rain, frost, or wind taken into account.
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Appropriate installation of AE sensors allows the measurement of the entire volume of the examined
element and the location of the emission source (the point of damage).

To build the reference signal database with the Recognition of Destructive Processes (RPD) method,
the NOESIS 5.8 program was used with hierarchical and non-hierarchical statistical grouping methods
and neural networks. For the RPD database, two versions of the pattern recognition method were
used: with arbitrary division into classes—unsupervised pattern recognition (USPR) and self-learning,
in which the division into classes was carried out using the reference signals—supervised pattern
recognition (SPR).

In the first case, analysis of arbitrary patterns is mainly used for creating a reference signal
database if the number of classes is unknown. The second method is applied when model signals
characterizing the destructive processes are available. The reference signals are the signals previously
collected in databases generated during independent experiments.

While the USPR method classifies AE sources based on the similarity of signals without assigning
appropriate mechanisms to the groups, the SPR method assigns specific processes to the groups,
provided they have a base of reference signals.

Creating a reference signal database is organized in several stages. These are:

e  generating signals in the laboratory while destroying specially designed specimens (bars, cubes,
rolls) in a specific way,

e comparison of signals received from the specimens with the signals generated during the
destruction of model beams (reinforced concrete and pre-tensioned concrete),

e  verification of reference signals based on the monitoring results obtained for various types and
lengths of prestressed concrete girders loaded to failure,

e final verification of selected elements of the bridge during its normal operation.

2.2.1. Acoustic Emission Evaluation of Steel Structures

Assessment involves the analysis of changes in the intensity of acoustic emission signals generated
in particular zones of structural elements under routine use. Recorded AE signals are grouped into
classes to which various destructive mechanisms are assigned. The number of parameters used to
build the database of reference signals must be consistent with the number of previously registered
parameters of AE signals [11,12].

The risk posed by generating processes within one class is determined by the so-called intensity
code of destructive processes. These processes are best illustrated by graphs where each AE signal is
assigned to one point. The color and shape of the point indicate the class to which the given AE signal
belongs. The classes, symbols, and codes are summarized in Table 1.

Table 1. Classes, symbols, and risk codes for steel bridges.

Colour . . .

Class No.1 No.2 No.3 No.4 No.5
Risk code 0 1 2 3 4
Risk Very high High Medium Low No risk

Training patterns are used for the grouping and classification of AE signals.
Class No.5 signals are generated by the constant AE noise. Classes No. 4, No. 3, and No. 2 of
signals are generated by single destructive mechanisms such as:

No.4—yielding of steel at the crack tip;
No.3—crack initiation;
No.2—crack propagation.
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Class No.1 includes the signals resulting from the superposition of waves generated by more than
one destructive process and by crack surface friction.

Occurrence of signals of all classes during the monitoring period is regarded as another item
among the codes defining the influence of defects on the structural condition and indicates the presence
of destructive processes in the structure.

The extent of damage is assessed using the zone location results and AE signal classification in
the zones.

The individual signal classes mean (Table 2):

No.l—rupture;

No.2—friction;

No.3—crack propagation;
No.4—crack initiation;
No.5—perforation/deformation;
No.6—material losses;
No.7—surface corrosion;
No.8—work in the elastic range.

Table 2. Classes, symbols, and risk codes for steel engineering constructions.

Colour . . ’ ‘

Class No.1 No.2 No.3 No.4 No.5 No.6 No.7 No.8
Risk code 0 1 1 2 3 3 4 5
Risk Very high High High  Mid-to-high Medium  Medium Low No risk

2.2.2. Acoustic Emission Evaluation of Gas Pipelines

Classes, symbols and codes of AE signals together with the risk level for gas pipeline are compiled
in Table 3.

Table 3. Classes, symbols, and risk levels for steel gas pipelines.

Colour . . ’ ‘

Class No.1 No.2 No.3 No.4 No.5 No.6 No.7 No.8
Code 0 1 1 2 2 3 4 5
Risk Very high High High  Mid-to-high Mid-to-high Medium  Low No risk

2.2.3. Acoustic Emission Evaluation of Reinforced Concrete Structures; Classes, Symbols, and Risk
Codes for Reinforced Concrete Structures

The database of reference signals was created by conducting a series of tests on various types
of reinforced concrete beams and specimens under various loads, including cyclic loading for the
modeling of the car’s passage [18-24]. The tests aimed at finding predominant destructive processes
that might occur during testing of reinforced concrete structures under operation. The database was
verified on real facilities [25-32].

The reference databases were classified on the basis of 12 AE parameters (rise time (iis), counts to
peak amplitude, counts, energy (EC), amplitude (dB), average frequency (kHz), RMS (V), reverberation
frequency (kHz), initiation frequency (kHz), absolute energy (aJ), signal strength (pVs), duration (ps),
ASL (dB)) and marked for reinforced concrete (RC) structures as Class (Table 4):
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e Class No.1 Crack formation in the paste;

e  C(Class No.2 Crack formation at the paste—aggregate boundary;

e (Class No.3 Microcrack formation;

e C(Class No.4 Crack growth;

e (Class No.5 Loss of adhesion around the cracks;

e  Class No.6 Buckling of compressed bars/crushing of compressed concrete/rupture of rebar.

The results of the cracking tests under monotonic, cyclic, and variable loading were used to
develop the following criteria of structural damage:

e (lasses No.6 and No.5—safe behavior of the structure;
e  (Class No.4—warning;

e  Class No.3—threat to durability;

e  (Class No.2—threat to load carrying capacity;

e  C(Class No.1—loss of safety.

Table 4. Classes, symbols, and risk levels for reinforced concrete structures.

Colour . .

Class No.1 No.2 No.3 No.4 No.5 No.6
Code 0 1 2 3 4 5
Risk Very high High Medium  Medium Low No risk

3. Results and Discussion

3.1. Steel Bridge

The following is the AE measurement data processed for selected groups of components.

The bottom chord (span 1): Analysis of the recorded AE signals against the reference signal
database reveals the presence of signals representing all classes. Signal duration is variable and reaches
350,000 ps. The energy emitted when signals are generated is low and reaches 20,000 ec (Figure 6).
Individual signals attain slightly higher values. The generation of AE signals is not continuous; the
signals are initiated by passing vehicles with specific characteristics (tractors with semi-trailers moving
at a speed of more than 60 km/h or heavy trucks moving in the column at speeds exceeding 60 km/h).
This is due to the condition of expansion joints and dynamic loads initiating AE signals at the seats of
diagonals and vertical members in the gusset plates. The resulting signals suggest that stresses increase
in riveted and welded joints due to significant surface corrosion and in some locations due to pitting,
slight loosening of rivets, and their movement. The number of signals describing the yielding and
crack development is small and concentrated in three zones of the chord. These signals are generated
when trucks traveling at excessively high speeds pass through.

Nodes 1-3 (span 1): Analysis of the recorded AE signals against the reference signal database
reveals the presence of signals representing all classes. Signal duration does not exceed 50,000 us.
Energy is low, 25,000 ec (Figure 7). Individual signals reach slightly higher values. The generation
of AE signals is not continuous; the signals are initiated by the movement of vehicles with specific
characteristics or originate from the work of the element working both in tension/compression.
This should be interpreted to mean that the change in stress level will result in slight movement at
riveted connections and at the connections of the gusset plate with the upper chord. The recorded
signals inform about the behavior of elements in the elastic range, and individual signals inform about
local yielding and corrosion at the nodes.
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Figure 6. Energy—time relationship for the bottom chord of the truss in span 1 with the numbers of
signal classes marked.
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Figure 7. Energy-time relationship for node 1 in span 1 with the numbers of signal classes marked.

Stringers 1-6 (span 1): Analysis of the recorded AE signals against the reference signal database
reveals the presence of signals representing all classes. Signal duration is long, up to 360,000 ps, and
the energy emitted during signal generation reaches a value of up to 40,000 ec (Figure 8). Individual
signals have slightly higher energy values of up to 60,000 ec. High parameter signals are not emitted
continuously. The signals are initiated by passing vehicles with specific characteristics (tractors with
semi-trailers moving at a speed of more than 60 km/h or heavy vehicles moving in the column at
speeds above 60 km/h). Signals located and recorded originate mainly in the central zone of the
stringers. The high rise time of 25,000 us suggests that the signals originate from corrosion processes
and friction occurring on the surface of the upper flange of the stringer and on the orthotropic plate.
The signals indicate that corrosion processes are advanced and that dynamic loads cause delamination
cracks on the corroded surfaces and friction between them. The number of signals from higher classes
1, 2, 3 is significant, which suggests that these processes do not pose a risk to the bridge although
strong corrosion processes and the formation of fatigue microcracks have begun, which left without
repair, can lead to fatigue cracks, thus weakening the entire structure.
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Stringers 7-8 (span 2): Analysis of the recorded AE signals against the reference signal database
reveals the presence of signals representing only class 5. Signal duration is short, 15,000 us and energy
emitted when signals are generated reaches 2500 ec (Figure 9). The rise time of 4500 us confirms good
performance of the members in the elastic range.
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Figure 8. Energy-time relationship for stringer 2 in the span 1 with the numbers of signal
classes marked.

Energy (EC#)

" No.5

12,500
10,000
7500
5000
2500

P J._I:.:.ai_:.._a._:.'\__.._.._ ..._..._J.E.._..i...._‘_._.x....._ I

0 500 1000 1500 2000 2500 3000 3500

Time (s)

Figure 9. Energy—-time relationship for stringer 8 in span 2 with the numbers of signal classes marked.

3.2. Steel Columns

Twelve sensors were installed on column 1. Spatial location demonstrated that the column of
the supporting structure was working in the range that might, sometime in the future, pose a threat
to the safety of the cableway. The tests were performed when the cable cars were stationary and
during their regular operation. When stationary, no processes generating dangerous phenomena were
recorded, but when the cable cars started moving (within the normal operating envelope), destructive
processes Class 2-8 were revealed (Table 2), which indicated the growth of microcracks in the members.
This demonstrates that some of the members were exposed to fatigue-induced destructive processes.
Surface corrosion attack were found at the bolted connections and at half height of the vertical elements
of the column.
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Figures 10-13 show damage classes occurring in the tested elements. Data from 12 sensors were
combined using the supervised pattern recognition method.

Analysis of the recorded AE signals against the reference signal database (Figure 10) reveals
the presence of signals representing classes from 2 to 8 (Table 2). The signal strength is high, up to
2.6 x 10° pVs. Continuous emission of the signals is initiated by passing trolleys with weight of 2500 kg,
which translates to the presence of locations with fatigue and overload cracks and corrosion centers.
The welded and bolted connections in the nodes may be affected due to substantial surface corrosion
and pitting. The condition of the members revealed during the examination was an indication for
further observation of the column and for placing spacer blocks between the column and the safety
platform. A portion of damage may result from additional load caused by the movement of the
platform (fatigue).

Fatigue cracks were detected in the indicated places on the basis of magnetic particle tests
(Figure 11). It allowed to verify the visual assessment and AE measurements with the actual condition
of the element.

Duration (ps )
xBTS T . 1 eNo.3
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Figure 10. Signal strength versus time for sensors 1-12 on column 1 with the numbers of signal
classes marked.

(b)

Figure 11. (a) Photograph of the tested node. on column 1 (b) A photograph of the crack detected on
column 1.

Twelve sensors were installed on column 2. Spatial location indicated that the column of the
supporting structure worked in the range that may in the future cause a cableway safety risk. The tests
were performed during routine operation of the facility. Two processes that generated events within
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the elastic range were revealed, as were the locations where the steel yielded, described as Class 4
destructive processes. In the case of column 2, yielding was probably caused by the additional load
due to vibrations of the steel platform securing the road. The lack of spacers at the connection of
these two structural elements may cause steel yielding and, as a consequence, fatigue microcracks
and cracks. This indicates that some elements are exposed to destructive processes caused by fatigue.
Locations of surface corrosion were also detected. The most strained locations were discovered at the
bolted connections and at the mid-height of the column vertical elements.

The recorded AE signals analyzed using the reference signal database (Figures 12 and 13) indicate
that in the node under analysis only Class 3 and 8 signals appear. The duration of these signals is
long, up to 350,000 ps, while the signal energy is low, 30,000 ec on average and up to 65,000 ec locally.
The acoustic emission signals are generated dis-continuously and are not initiated by passing trolleys
weighing approximately 2500 kg, which indicates the existence of sites with plastic deformations, which
may degenerate into fatigue microcracks and corrosion sites. Welded and bolted connections within the
nodes may be affected due to surface corrosion, with some bolts (plates) loosened. Those destructive
processes were the reason for the observation of this column and for the use of spacer blocks between
the column and the safety platform. Part of the damage may result from the additional load caused by
the movement of the platform contributing to material fatigue.

65.500 Energy( EC#) . ) .
= . i Lo ., ;I. L L ’ . L] .\'0.3
60,000 3 | Tl . . . No.8

40,0005

20,000 {1
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Figure 12. Energy versus time for sensors 1-12 on column 2 with the numbers of signal classes marked.
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Figure 13. Acoustic emission (AE) signal duration versus time for sensors 1-2 on column 2 with the
numbers of signal classes marked.
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3.3. Gas Pipeline

The results of the acoustic emission evaluation of the high-pressure gas pipeline were analyzed
by grouping using non-hierarchical methods (k-means) and by comparison to the reference signals
(Table 3). The results showed reduced thickness of the pipe wall due to pitting and deformations and
perforations of the structure due to changing working and corrosion conditions.

Analysis of absolute energy parameter as a function of time, correlated with parameters such as
duration, amplitude, rise time, and AE counts, shows that destructive processes exhibit low intensity
across a small area of the gas pipeline (Figure 14).

It should be emphasized that the destructive processes do not proceed continuously, which
indicates the local character of these phenomena. The next step in the analysis is to locate places
generating destructive processes.

Linear location of destructive process sources shows the area of increased intensity of AE signals
extending between 55.79 m and 59.66 m, which corresponds to the pipes laid under the woodland path
(Figure 15). Further analysis of destructive process location on the examined section of the pipeline
indicated two points, at 57 m and 59.5 m.

Energy(EC#)
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Figure 14. AE signal energy as a function of time for the gas pipeline with the numbers of signal
classes marked.
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Figure 15. Exact location of destructive process sources.
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Analysis of the amplitude versus time graph for AE signals recorded in the area beyond the
indicated points shows that no signals indicating destructive processes were recorded in that area.

3.4. My Thuan Bridge

Examples of localized concrete cracks within compression cables are shown in Figure 16.

Figure 16. Examples of localized concrete cracks within the compression cables on My Thuan Bridge.

Described below are two complete measurement systems being the elements of the condition
assessment system that helps decision makers plan maintenance and repairs [30].

The vertical displacement measurement system (Figure 17) measures the condition of and
long-term changes in the span, and determines support settlements and their effect on the span
vertical alignment. The static measurements are performed every hour or every 30 min, whereas the
dynamic measurements are made when the accelerometer reading is higher than the value determined
in the design calculations or on demand. The system comprises seven measurement points along the
span and, if needed, a hydro profile meter and a hydro level (GEOKON) can be mounted on the pylons
and the Global Navigation Satellite System (GNSS) can be used both along the span and on the pylons.

NORTH TOWER 659 800 SOUTH TOWER
150 000 * 350 000 150 000

ICON | DESCRIPTION

¢==) | 2 displacement measurment points

. 4 measuring points of angels in two planes

- 7 AE sensors

Figure 17. Arrangement of measurement points in the vertical displacements system.
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The strain measurement system (Figure 18) measures long-term strain variations in the span
and pylons. The sensors are mounted on the rebar, first uncovered and subsequently secured again.
The system comprises seven measurement points with two sensors at each point to reduce the risk of
error. The location of the measurement points should be established to the accuracy of £1.0 cm. As the
bridge is large, the wind profile and its effective velocity need to be determined.

The angle measurement system measures torsion in the spans generated by all types of loads,
span rheology, and workmanship quality. The system comprises seven measurement points located
along the span length. At each point, torsion and bending are measured.

NORTH TOWER 659 800 SOUTH TOWER
150 000 350 000 150 000

ICON | DESCRIPTION
# 2 measuring points of strain on the pylon

ﬁ 3 measuring points of strain on the 2 girder and travers

7 AE sensors

Figure 18. Arrangement of measurement points in the strain measurement system.

Prior to the design of the indicated system, for a period of 1.5 years, every 6 months AE was
measured at selected points, which confirmed the development of microcracks and cracks in the
concrete elements. This supported the idea of applying the AE method for monitoring the facility
using the proposed prototype. Measurements were carried out in March 2016, October 2016, and
March 2017. The measurement in each case lasted an hour and was conducted in the afternoon of the
traffic peak. Below are sample graphs of signal energy versus time for each measurement period and
one graph showing the duration of signals against time for one measurement period, because it was
similar in each research period.

Analysis of the graphs (Figures 19-22) indicates that in each case the signal energy is not very
high and reaches the values of 5000 ec and 6000 ec in the first and the following two measurement
periods, respectively. Also, the values of the signal duration are low and reach a level of approximately
1500 ps in each analyzed period. While analyzing the graphs, it can be also observed that the data
indicates generation of Class 3-6 signals (Table 4). The duration of the signals is relatively short—it is
assumed that the signals are induced by atmospheric conditions and by vehicle traffic. Further test
results are dependent on the implementation of the prototype installation. Currently, the research team
is working on creating the reference base.
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Figure 19. Energy versus time for the first measurement period—March 2016.
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Figure 20. Energy versus time for the second measurement period—October 2016.
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Figure 21. Energy versus time for the third measurement period—March 2017.
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Figure 22. Signal duration versus time for three measurements.

4. Conclusions

The examples of acoustic emission evaluation of various types of engineering structures and
the proposed global monitoring system based on the measurement of acoustic emission signals
accompanying destructive processes, covers the entire volume of the element under test or its selected
part, and allows locating and identifying active destructive processes and their dynamics in real time.
The data collected can be the basis for determining the structural condition of the structure [33-39].

The system is a useful tool for:

e the assessment of the health of a structure and identification of potential risks;
e the monitoring of the dynamics of destructive processes;

e the support in decision-making process concerning the risk management;

e the assessment of the repair work quality and outcome;

e the assessment of non-standard vehicle traffic.

The findings presented in this article indicate that the use of the acoustic emission method with
the systems of the global structural health monitoring ensure insight into the condition of structures.

5. Patents

“The system for detecting and locating active destructive processes in communication road
infrastructure structural” Wiestaw Trampczytiski, Grzegorz Swit, Barbara Goszczynska.

“Method for testing and /or monitoring of destructive processes in steel structures subjected to
loads” Leszek Gotaski, Barbara Goszczytiska, Wiestaw Trampczyniski, Grzegorz Swit.

“Method for diagnosis and/or monitoring of technical condition of reinforced concrete and
prestressed concrete structures and a system for diagnosing the condition of reinforced concrete and
prestressed concrete structures” Wiestaw Trampczynski, Grzegorz Swit, Leszek Gotaski, Barbara
Goszczyniska, Kanji Ono.
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