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Abstract

A reliable novel monitoring approach is developed to assess the structural condition of reinforced-concrete bridge elements.
The approach is based on combining acoustic emission technique and strain gauge measurements, and it is illustrated by a case
study of a composite steel-concrete viaduct in service since 1957. Monitoring was performed on its reinforced-concrete deck
slab under traffic and environmental loading for one year. The monitoring setup and procedure are presented. The variation
of acoustic emission signals is evaluated regarding strain and temperature measurements. Parametric study, pencil-break test,
statistical analysis, crack classification and b-value analysis are performed to assess the structural condition. The acoustic
emission activity of the reinforced-concrete slab is evaluated for 1 year under operational conditions. From the monitoring
approach, it was possible to identify the nature of the cracking activity in the concrete slab as a function of traffic loading
and temperature and to assess in time the condition of the slab-girder connection.

Keywords Monitoring - Road bridge - Acoustic emission (AE) - Strain measurement - Structural condition - AE feature -

Parametric study - b-value analysis - Cracking mode

1 Introduction

The sustainable and economical use of existing reinforced-
concrete (RC) bridges requires reliable assessment of their
current condition under service loading. For road bridges,
RC deck slabs are the most fatigue vulnerable part due to the
pronounced effect of vehicle’s axles [1-5]. RC decks often
need assessment to meet both the safety and serviceability
requirements of infrastructures particularly with the increase
of the magnitude and frequency of axle loads.

The assessment of RC decks refers to the early stage
assessment of concrete and steel reinforcement condition,
as well as the bond between them. The effect of cyclic load-
ing on RC structural elements was investigated in [1, 6-10].
However, most of these studies were limited to laboratory
testing and only few have performed assessment on real
structures. Different NDT methods were used to evaluate
bridges on site such as radar, impact echo, and infrared
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thermography [11-13]. Such methods allow to detect delam-
ination, moisture, and discontinuities in concrete but are lim-
ited for initial microcrack detection.

Early stage assessment is often restricted to visual inspec-
tions [14-16] that are subjective and not always reliable,
or calculations of structural capacity [17], which are very
conservative with the unrealistic assumptions and models
related to loading and material properties. The assessment of
RC decks requires methods that can give both the structural
characteristics and response of RC structural elements under
traffic and environmental loading.

The acoustic emission (AE) method has been proven to be
efficient to assess the condition of concrete and steel. Being
drawn from the physical phenomena of elastic wave propa-
gation, it was widely used to investigate internal changes
in materials under loading and to detect and classify crack
initiation and propagation at an early stage [18-21].

The term “acoustic emission” refers to transient elastic
stress waves generated by the energy released when micro-
structural changes occur in a material [22]. AE technique
is based on recording the surface vibration of these waves.
Stress waves propagate from the AE source toward the
sensors, and during the propagation, they are influenced
by a variety of factors such as propagation velocities,

uuuuuu


http://orcid.org/0000-0002-0928-9790
http://crossmark.crossref.org/dialog/?doi=10.1007/s13349-020-00433-0&domain=pdf

Journal of Civil Structural Health Monitoring

attenuations, discontinuities, and the geometry of the mate-
rial. Recording stress waves can provide, therefore, informa-
tion about the mechanical and geometrical properties of the
environment in which they propagate. More details about the
basis of this technique can be found in [23-25].

AE verification of RC structural elements under cyclic
loading has been studied by many researchers [26—31]. How-
ever, most of them were limited to laboratory testing. Pro-
nounced noise, complex loading, environmental conditions,
as well as calibration and lack of reference present chal-
lenges for translating AE laboratory knowledge to the field.

Few research studies [23, 32-36] have demonstrated the
feasibility of AE assessment of RC road bridges, but often
for occasional testing under a load test. In fact, the interpre-
tation of the AE measurements is difficult when the loading
condition is unknown. Moreover, the huge amount of gen-
erated AE data under traffic presents a storage challenge.
To the best of the authors’ knowledge, there has been no
work performing AE continuous long-term monitoring on
RC decks in service and relating the AE response to traffic
and environmental changes.

2 Research significance and originality

Fatigue of reinforced concrete belongs to the most studied
research topics and AE technique has been widely used for
fatigue crack detection and classification [8, 21, 26, 29,
37]. Nevertheless, many essential questions have not been
answered so far. For instance, no sufficient explanation has
been given about the mechanisms of degradation of RC
structural elements under traffic and environmental loading.
Another important point that lacks explanation is applying
AE technique to investigate at an early stage the evolution
of RC cracking activity on site.

To address these challenges, the last advances of the
AE technique were used to perform a long-term monitor-
ing campaign on an RC road bridge. The study is focused
on initial cracking of concrete due to fatigue under traffic
and environmental loading. It is illustrated with a case study
in which no other mechanism of degradation has occurred
based on engineering expertise. The AE technique was
associated with strain gauges and thermocouples to connect
AE measurements with vehicle loading and environmental
changes. The approach provides both the structural response,
i.e., reinforcement strain and temperature of concrete, and
structural characteristics i.e. material properties and the
condition of structural element connections and supports
(Fig. 1).

The originality of this work includes:

e development, calibration, and synchronization of the
monitoring approach;
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Fig. 1 Diagram of the monitoring approach

o identification of the annual variation of AE features with
temperature;

o identification of the annual variation of AE features with
traffic loading;

e investigation of initial stage of cracking phenomena in
concrete with respect to traffic and thermal changes;

e assessment of structural characteristics and structural
response of an RC deck slab based on acoustic and strain
measurements.

3 Monitoring of an RC road bridge
3.1 Structural description

The presented case study relates to a composite steel-con-
crete viaduct, in service since 1957. It has two road lanes
with a width of 10.5 m. The viaduct comprises seven articu-
lated spans of 25.6 m length and an approach span of 15.8 m.
Each span is made from two steel girder beams with a height
of 1.3 m, fixed in an RC slab of thickness varying from
0.17 m in the mid-span to 0.24 m (Fig. 2). The slab com-
prises longitudinal and transverse reinforcement rebars in
both the tensile and compression zones with diameters of
10 mm, 14 mm, and 18 mm.

3.2 Monitoring system

The monitoring system comprises strain gauges, thermo-
couples, acoustic emission (AE), and ultrasonic testing (UT)
system. It is illustrated in Fig. 3. Spans 2 and 4 were instru-
mented in July 2016 with strain gauges and thermocouples.
Span 4 was additionally instrumented in December 2018,
using the UT and AE systems. In total, 3 years of strain and
temperature measurements, few months of pulsing signals,
and one year of AE data were recorded and processed.

The data acquisition unit of strain is a Quantum
MX1615, acquiring strain with a high frequency vary-
ing between 50 and 100 Hz, from 8 strain gauges with
half-bridge configuration and 2 strain gauges with
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quarter-bridge configuration. The data acquisition unit
of temperature is a Quantum MX1609, measuring tem-
perature with a high frequency of 1 Hz, from six thermo-
couples. An output and input unit comprised of Quantum
MX879B was used to acquire recorded data, connect the
system with a 4G internet connection, and connect strain
and temperature measurement units with the AE acquisi-
tion system.

The data acquisition unit of strain was equipped with
a monitor to visualize the measurements on-site. Catman
program (a data acquisition software) was used to integrate
all the units together and to visualize and parametrize data
analysis.

The data acquisition system of AE technique is a sen-
sor Highway for in-situ monitoring, comprised of a Pro-
cessor Atom N2600, with a memory card of 128 Go and
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32 acquisition channels of bandwidth range from 1 to
400 kHz, at — 3 dB. The system was acquiring data from
24 resonant sensors PK151, resonating at 150 kHz with
an integrated preamplifier of 26 dB gain. The sensors
detect transient waves and convert them to an electrical
signal. Resonant sensors were used because of their high
sensitivity and since the emission is strongly attenuated in
concrete. The integrated preamplifiers were used to avoid
signal loss. AE is insensitive to structural resonance since
it only detects high-frequency events.

The same AE acquisition system was used to record
the response of the generated waves by the UT system.
This was made technically possible by the use of a card
ARB-1410-150 generating arbitrary waveforms, a multi-
plexer with four channels on the card ARB, 4 sensors PK
151 resonating at 75 and 150 kHz, and an industrial cal-
culator connected to the ARB card and controlled by the
AE data acquisition system. The frequency of interaction
between the sensors and the card was fixed at 800 kHz
to get the last arrivals of the waves while the frequency
of pulses was 150 kHz to be suitable for concrete (with
the maximum aggregate diameter of 32 mm). The results
of the UT system are not further discussed in this paper.

The acquisition system was equipped with a monitor to
visualize the data on-site and a 4G connection internet for
remote access using a remote connection program. AEwin
program (a commercial software for real-time “simulta-
neous” AE feature and waveform processing) was used
to visualize in real time the generated waves and the AE
features.

Data were recorded, stored, and collected every 24 h,
using the file transfer protocol (FTP). AE data were
stored as DTA file, with 400 GB of collected data during
the period of monitoring from 14/03/2019 to 14/03/2020.
Strain data were stored as Matlab file, with 39 GB of data
collected during the last year of monitoring.

‘‘‘‘‘‘

3.3 Instrumentation

Sensors were installed in the accessible critical parts that
provide easy interpretation of the recoded data to under-
stand the structural behavior. Therefore, strain gauges were
installed at the mid-span, and AE sensors were mounted in
the mid-span and in three different longitudinal zones in the
lane with the highest number of heavy trucks (Fig. 2). All
the sensors were mounted on the underside of the RC slab
since there is no access from the top side.

Spans 2 and 4 were instrumented each with four strain
gauges with half-bridge configuration. Two were installed
in the adjacent longitudinal rebars at mid-span and the two
others were installed in the two-perpendicular transverse
rebars (Fig. 2). The rebars were detected with a rebar loca-
tor (profometer), and an area of 50 X 50 mm of the concrete
cover was removed to uncover the rebars. Strain gauges were
glued on each rebar and sealed with a protective layer to
avoid any contact with air.

The top and bottom flanges of one steel box girder of
Span 4 were instrumented each with a strain gauge with
quarter bridge configuration. The painting was removed, and
the surface was cleaned, and then the strain gauge was glued
and covered with the protection layer.

Thermocouples were installed in the concrete near strain
gauges at the mid-span of Spans 2 and 4, and at the top and
bottom flanges of the steel girder of Span 4.

To monitor the smooth functioning of the setup, one ther-
mocouple and one humidity sensor were installed in the box
of strain and temperature acquisition units.

The AE sensors (1-24) were mounted on four grids as it is
illustrated in Fig. 4. The first grid is a circular network of six
sensors (Channels 5, 6,7, 17, 21, 22) with a diameter of 0.34 m
installed at the mid-span. The second grid is comprised of nine
sensors (Channels 8, 9, 10, 11, 12, 18, 19, 20,24) spaced in
a grid of 0.24 m and installed at the mid-lane, 1.35 m away
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Fig.4 Plan view showing the instrumented Span 4 and the deployment of AE sensors, dimensions in (m)

from the girder. The third grid is comprised of four sensors
(Channels 13, 14, 15, 16) spaced in a grid of 0.20 m, installed
near the support, 1.57 m away from the girder. The fourth grid
is a circular network of five sensors (Channels 1, 2, 3, 4, 23)
with a diameter of 0.28 m installed between the support and
the articulation. The UT sensors (M, R, V, J) were distributed
among the network of nine AE sensors between the mid-span
and the girder (Fig. 4).

The sensors were mounted using silicone glue to provide a
direct and flexible connection between the contact surfaces of
concrete and the sensors and were fixed with magnetic hold-
ers attached by metal plates screwed in concrete to ensure
strong fixation. The surface of the concrete was smoothened
and cleaned before the mounting, and the rebars were detected
using a profometer to avoid installing the sensors directly
underneath the rebars. The electronic noise coming from the
interaction between the cables of connection of the AE system
and UT system was mitigated by fixing the cables far away
from each other.

3.4 Calibration
3.4.1 Strain gauges

A load test was carried out after instrumenting Spans 2 and
4 with strain gauges. A five-axle truck with a maximum
load of 400 kN was used to perform four passages per direc-
tion with four speeds. Transverse rebars were under tensile
stresses during the passage of the truck. In the longitudinal
direction, the girder and the rebars showed the expected
stress reversal, i.e., both tensile and compressive stresses,
due to vehicle passage.

The measured strains were mainly influenced by truck
position and by slab slenderness that accentuates local
strains under the wheels. The axle configuration of the load-
test truck does not have any influence on the response of the
transverse reinforcement and the steel girder, which means
that, during the monitoring campaign, the effect of vehicles
can be directly related to their total load [38].
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3.4.2 Acoustic emission

The evolution of AE activity under traffic and environmental
conditions was preliminarily measured continuously over
two months after instrumenting Span 4 with AE sensors.
The recorded signals were analyzed to define the filters for
suitable noise precautions for long-term monitoring.

Real-time visualization of AE activity was possible for
a threshold above 30 dB. To delete totally the noise of traf-
fic, the waveforms with counts between, 5 and 10,000, and
amplitudes between 40 and 1000 dB were recorded. A time
filter was defined for peak definition time (PDT), hit defini-
tion time (HDT) and hit lockout time (HLT) as shown in
Table 1 with channel setups and filters. Under the chosen
filters, no AE activity was observed in the absence of traffic.

Sensor calibration and signal attenuation were performed
with the pencil break method according to the standard NF
EN 1330-9, 2017 [39], during the installation and 2 months
after. Five pencil breaks were completed 0.05 m away from
each sensor. The three highest recorded amplitudes must
be higher or equal than 80 dB [40], and the measured value
must have a variation of less than+3 dB from the mean
amplitude value of all the sensors. Pencil break tests were
conducted for each sensor and the recorded amplitudes were
evaluated. When the sensors were not giving a response
according to the requirements, the coupling and fixation
were repeated.

4 Data processing methods

In this paper, the recorded AE signals during 1 year of con-
tinuous monitoring (from 14/03/2019 to 14/03/2020) were
evaluated based on parametric analysis, pencil lead break
testing, b-value analysis, and crack identification methods.
Three parameter inputs were used to connect strain meas-
urement system with the AE data acquisition system: longi-
tudinal strain at mid span, transverse strain at mid span, and

Table 1 AE setup

concrete temperature at mid span. This provides the same
time base and thus the synchronization for strain-tempera-
ture measurements and AE recorded signals.

An inverse analysis was conducted on strain measure-
ments, using load-test data to calculate the position and load
distributions of the vehicles crossing the viaduct. Action
effects of traffic were identified along with the resulting AE
signals, which provides a robust comparison and analysis
basis with the high amount of synchronized data.

4.1 Parametric analysis

AE features were extracted from the recorded waves using
AEwin program. The extracted features were analyzed and
classified using single link clustering (Fig. 5). For each
detected hit, AE features were extracted with the corre-
sponding values of the input parameters of strain (paramet-
ric 1), and temperature (parametric 2). They are defined as
follows [41]:

Channel is a single AE sensor and the related equipment
components for transmitting conditioning, detecting and
measuring the signals that come from it.

Rise time is the time from first threshold crossing the
highest voltage point in the waveform (us).

Counts to peak (Pcount) is the number of threshold cross-
ings from first to highest voltage point on the waveform.
Counts is the number of times the signal crosses the
detection threshold.

Energy is the time integral of the absolute energy signal
voltage.

Duration is the time from first to last threshold crossing
(us).

Amplitude is the highest voltage in the AE waveform
expressed on decibel (dB).

Average frequency (AF) is equal to counts divided by
duration (kHz).

PDT HDT HLT Max duration
200 ps 800 us 1000 ps 1000 ms
Acquisition threshold Pre-amplifier Front end filters

Lower Upper
30dB 26 gain dB 40 dB 1000 dB

5 counts 10,000 counts
Analog filter Digital filter Waveform setup
Lower Upper Lower Upper Sample rate Pre-trigger Length
20 kHz 400 kHz None 2 MSPS 50 4k

‘‘‘‘‘‘
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Reverberation Frequency is equal to (counts—counts to
peak) divided by (duration—rise time) (kHz).

Initiation frequency is equal to counts to peak divided by
rise time (kHz).

Absolute energy (ABSenergy) is the time integral of
the square of the signal voltage at the sensor before any
amplification divided by 10kQ impedance and expressed
in attojoules (aJ).

Frequency centroid is the center of mass of the power
spectrum graph (kHz).

Peak frequency is the point where the power spectrum if
greatest (kHz).

Event is a local material change giving rise to AE.

Hit is the process of detecting and measuring an AE sig-
nal on a channel.

From Fig. 5, it can be observed that average frequency
(AF) and reverberation frequency were highly correlated.
Therefore, the AF was selected to perform the analysis while
the peak frequency, initiation frequency, and frequency cen-
troid will be investigated in future work. Similarly, counts to
peak, duration, and absolute energy were selected for data
processing, because of the high correlation of rise time—
counts to peak, counts—duration and energy—absolute
energy.

Parametric analysis was performed using the selected AE
features along with the amplitude of the signals and the input
parameters, i.e. strain and temperature. The recorded waves
during 1 year of monitoring were extracted and analyzed
using AEwin program and Matlab. The annual variation of
the selected AE features was calculated for the 24 channels.

4.2 Pencil break

Pencil lead break testing is a preferred method for calibrat-
ing and evaluating the precision of the AE instrumentation
since it presents an accurate mechanical source to identify

[ 14: Peak Frequency

propagation velocity characteristics and source location
accuracy [42]. Pencil lead is pressed against the target sur-
face until lead breaks generating a release of accumulated
stress in the form of elastic waves. Lead break localization
and wave velocity calculation can be performed to evalu-
ate the tested material. Pencil lead break testing was used
to investigate the AE activity during traffic loading and to
measure the velocity of stress waves. In general, concrete
with a P-wave velocity of more than 3500 or 4500 m/s is
evaluated to be good or excellent, while concrete with a
velocity less than 3000 or 2000 m/s is considered as poor
or very poor [43].

4.3 Cracking process

Cracking of concrete is different from metals; it is preceded
by microcracking instead of yielding. It is, therefore, char-
acterized by a fracture zone and not a crack tip, where the
stresses are decreasing when deformation is increasing [44].
Figure 6 shows how AE features vary during concrete crack-
ing. The friction at the level of fracture zone and between
existing cracks creates slow transverse/shear waves (Fig. 6b),
while the creation of a new crack with two separated sur-
faces and the opening and closing of existing cracks gener-
ate a variation in the volume, resulting in fast longitudinal/
compression waves (Fig. 6a).

Concrete under high-cycle fatigue loading goes through
crack nucleation, crack propagation and finally apparition
of long cracks until failure [45]. The concrete of the 60-year
slab is estimated to be in the stage of crack propagation.

4.4 Cracking modes
Wave modes are exited differently with different cracking
types. Tensile cracks cause a transient volumetric change

inside the material, converting the released energy mainly
into P-waves. The resultant AE events are longitudinal

uuuuuu
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Fig.6 AE features during cracking process of concrete

waves of large amplitude and frequency, faster than any
other wave type, and the resulting rise time is short
(Fig. 6a). For shear cracks, the major part of generated
waves is S-waves. The maximum amplitude arrives later
than the first arrivals giving longer rise time (Fig. 6b).

Crack classification into tensile mode and shear mode
was estimated using a correlation of AF variation versus
RA value, which is equal to the rise time divided by ampli-
tude expressed in ms/V (Eq. 1):

_ Rise time

RA= ———.
Amplitude

ey

The cracking behavior of concrete can be classified into
tensile mode when high AF is detected with low RA value
[46-50]. It occurs when cracks are nucleated and opened.
Shear cracking mode is characterized by high RA value
and low AF, and it is detected with the fretting or sliding
of existing cracks.

4.5 b-value analysis

The b-value is a statistical method used to evaluate AE
amplitude-frequency distribution. The b-value is increas-
ing with the increase of the proportion of AE events with
low amplitudes and decreasing when the proportion of AE
events with high amplitude is increasing. The emergence
of microcracks generates a large number of AE events with
low amplitudes, so the b -value is high. While the formation
of macrocracks generates a large number of AE events with
high amplitudes, the b-value is small. Therefore, changes
of b-value are a suitable reference to analyze the cracking
process of concrete [51].

The b-value analysis was first established by Guten-
berg—Richter in 1949 [52], with their law stipulating that
microcracks generate many hits of small amplitude, while
macrocracks generate few hits of large amplitude. The
Gutenberg—Richter relation is presented in Eq. 1 in terms
of AE parameters.

Table 2 Quantitative result
analysis [24, 53]

b-value

Description

[1,1.2]
[1.2, 1.7]
>1.7

The channel is very near to a large crack or macrocracks are forming
Cracks are uniformly distributed, and macrocracks are stable

Microcracks are dominant or macrocracks are opening

‘‘‘‘‘‘



Journal of Civil Structural Health Monitoring

Agp
1 N=a-b| — |,
0819 a ( 20 > ()

where N is the number of AE hits with amplitudes greater
than Ay, Ay, is the amplitude in dB, a is an empirical con-
stant, b is the b-value.

Table 2 summarizes the type of cracking and cracking
process based on b-value variation, according to studies
performed on rock mechanics [53] and RC girders by [24].

5 Results
5.1 Pencil break results

Pencil lead break testing was performed after setting up the
monitoring system to evaluate AE activity under traffic and
calculate the velocity of stress waves. AE events are simu-
lated by pencil lead breaks. Simulations were repeated to
record both longitudinal and surface waves.

The simulated events were localized using AEwin pro-
gram, in which the velocity was varied with each simulation
to obtain the exact location of the simulated AE event. More-
over, time-domain interpretation of AE events was carried
out to calculate stress wave velocity based on first arrivals
of longitudinal waves, which were clearly observed. Stress
wave velocity is found to be equal to 3400 m/s + 100 m/s
based on event localization and time-domain interpretation.
Therefore, the 60-year-old concrete can be considered in a
“good condition” [43].

Data of pencil lead break testing was used to identify
classes of AE data. The characteristics of generated acoustic
signals in solids during the formation of cracks are simi-
lar to the generated acoustic signals due to pencil breaks
[54]. AE features collected during 3 min of pencil lead
break testing under regular traffic was classified into two
groups as it is illustrated in Fig. 7. The absolute energy,
duration, and Pcount are plotted versus the amplitude for the
4301-recorded hits from the 24 channels.

The AE activity due to pencil break test is characterized
by high amplitudes (>80 dB), and high absolute energy
(> 10° aJ), low durations (< 10* us), and low counts to peak,
while the AE activity due to traffic presents lower absolute
energy and amplitudes.

The AE activity due to traffic and the one due to pencil
break that is similar to crack-like signals are forming two
visible clusters. It can be concluded that no cracking forma-
tion is present in the slab during the test.

This result is based on data recorded for 3 min consider-
ing only surface simulations and can thus not be conclusive
about the condition of the slab. Therefore, a detailed investi-
gation of the annual variations of AE features is performed.

5.2 AE features

AE events were present during the passage of vehicles,
and after the passage of heavy trucks and rarely during the
absence of traffic. The 24 channels had recorded a total
of 47,640,543 hits during the period of monitoring, from
14/03/2019 to 14/03/2020. The acoustic emission activity
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)
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Fig. 7 Results of pencil break test under traffic
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in concrete is due to the principal source associated with
concrete cracking and secondary sources including friction,
opening, and closure of existing cracks.

Hits characterized by high energy (> 10° aJ) are mostly
related to AE activity due to concrete cracking [55].

A total of 1033 AE hits with absolute energy higher than
10% aJ and amplitudes higher than 75 dB were recorded for
channels at the mid-span. It can be argued that the cracking
activity in concrete is active, but its evolution in time is very
slow, i.e. 1.66 10~/year which corresponds to the ratio of
hits with the high amplitude-energy and the number of the
total AE hits. The other AE events are mostly due to crack
movement at the level of fracture zone and to friction, open-
ing, and closing of existing cracks.

The annual variation of AE features gives qualitative indi-
cations about the condition of concrete. In the following
section, AE features were analyzed along with temperature

Fig.8 Annual variation of

Amplitude [dB]

and strain variations, using the input parameters to evaluate
the influence of traffic and temperature on crack process and
investigate the source of AE activity.

5.3 AE features and temperature

Figure 8 presents the annual variation of the temperature of
concrete, with the AE features of Channel 6 and the strain of
longitudinal and transverse rebars at the mid-span. To illus-
trate the annual effect of temperature, the moving average
of the maximum values of the AE features was calculated
and presented as a thick line. Similarly, the moving aver-
age of thermal strain €y /jonoiwudinal A0 €7 /ransverse Was plotted,
respectively, for longitudinal and cross sections.

The maximum values of amplitude, absolute energy, and
Pcount were decreasing with the increase in temperature
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while the AF was increasing. Similar observations were
found for daily cycles.

The increase in temperature generates an increase of lon-
gitudinal thermal strain and a decrease of transverse thermal
strain due to material expansion and boundary conditions.
Thermal variation is, therefore, inducing daily and seasonal
microcrack movement and internal microcracking. Microc-
racks are opening and closing according to their orientation-
regarded longitudinal and transverse sections. The opening
and closing of microcracks are cyclic following the daily
and seasonal temperature variations which demonstrate the
stability of the cracking activity in the RC slab.

The energy required to open the microcracks under traf-
fic loading is less during summer if they are opening with
temperature increase and their size is assumed to be con-
stant. This explains the decrease of the calculated values of
the absolute energy, amplitude, duration, and Pcount with
temperature increase.

The observed trend of thermal variation of AE features
was different when the temperature of concrete is less than
zero degrees Celsius. This can be due to the thaw—freeze of
concrete. The ice formation can be initiated in pores with
interstitial solution for low-temperature conditions. The pore
solution can freeze and highly porous border zones around
aggregate might be separated from the ice front through
smaller cement matrix pores leading to high hydrostatic
pressure [56]. This pressure can create the opening and
closing of existing microcracks, generating more AE events
under low temperatures.

5.4 AE features and strain

AE response was evaluated along with strain variation of
rebars on the same time scale. AE features were analyzed
for randomly selected vehicles with different weights and
positions. The method used to calculate the weight and the
position of the vehicles is based on strain measurements and
can be found in [38].

An example of AE response and strain variation is pre-
sented in Fig. 9 when a light vehicle and a heavy truck
crossed the road viaduct separately. The light vehicle had
a weight of 16.2 kN and it was crossing the viaduct from
Travers direction, while the heavy truck had a weight of 330
kN with three axles and it was crossing the viaduct from
Neuchétel direction. The response of Channel 6 was plot-
ted with the variation of the longitudinal strain at mid-span.

The hits generated by the heavy truck were characterized
by lower values of absolute energy and Pcount and higher
values of AF, while no difference was observed for duration
and amplitude.

Light-vehicle passage lasts less than 1 s, generating 8
hits in Channel 6. The released energy is concentrated at the
beginning of the passage where the maximum compression

of longitudinal rebar and the maximum tension of transverse
rebar are occurring.

Truck passage lasts 2 s generating 12 hits in Channel
6. The released energy is distributed among the axles and
reaches the maximum with the passage of the last one. The
stored elastic strain energy is first steadily built up with each
axle until it reaches the maximum with the last axle. This
observation was valid also for many other passages.

By analyzing many hits due to both light vehicles
(weight <35 kN) and trucks (weight>35 kN), it was
observed that the AE activity due to light vehicles crossing
the road-viaduct was not detected by all Channels, while
AE due to trucks was detected by all the Channels during
loading and for some heavy trucks also during unloading.
This can be due to the process of opening and closing of
microcracks during and after the passage. The maximum
values of absolute energy and amplitude were recorded when
the maximum strain is reached in longitudinal and transverse
rebars as shown in Fig. 9.

The generated hits that correspond to light vehicles cross-
ing the viaduct were characterized by higher values of abso-
lute energy, Pcount and duration, and lower values of AF
compared to heavy trucks. In fact, light vehicles generate a
low number of hits where the total energy is concentrated
giving high values of absolute energy per hit. Moreover, the
speed of light vehicles is generally higher than the one for
trucks, which can generate hits containing more than one AE
event, which gives higher values of duration.

The crossing of heavy trucks generates lower absolute
energy and lower duration per hit. Trucks have lower speeds
and many axles that generate many hits one after the other.
The absolute energy is defined as the time integral of the
square of the signal voltage. The lower values of the energy
calculated when trucks were crossing the road-viaduct can,
therefore, be due to low values of duration.

This observation was demonstrated by analyzing the high
values of absolute energy that corresponds to light vehicles.
They were found to be related to events with high durations
and normal amplitudes. The variation of absolute energy
should be evaluated along with the variation of duration.
Moreover, this energy is split into local energies since each
axle is generating many events. The distribution of the total
energy is giving lower values of energy per hit compared to
the ones produced by light vehicles concentrated in one or
two hits. This means that the speed of loading and the num-
ber of axles are influencing the detected AE energy.

AF values for trucks were higher because the generated
AE signals cross the detection threshold many times com-
pared to the AE signals generated by light vehicles. In con-
trast, both amplitude and Pcount variations present different
trends for both light vehicles and trucks.

The presented truck in Fig. 9 was crossing the road
viaduct from Neuchdtel direction, while the light vehicle
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Fig.9 Variation of longitudinal strain and AE features of Channel 6 during the passage of a light vehicle and a heavy truck

was crossing from Travers direction. The annual mean
and maximum of AE features were evaluated according
to the direction of crossing. It was found that the Pcount
and duration were higher for vehicles in the Neuchitel
direction,while absolute energy, amplitude, and AF were
independent on the position of the vehicles. It can be con-
cluded that amplitude, absolute energy, and AF depend
more on the weight while duration and Pcount are related
to the position and the weight of the vehicles and the posi-
tion of the AE sensors.

5.5 Correlations and statistics

The number of AE hits detected by every channel is different
for the same conditions of loading. The number of hits is a
simple method to evaluate the AE activity near the sensors.
The presence of many hits can indicate an active cracking
process near the channel, while small number of hits indi-
cates a stable condition. In Fig. 10, the generated AE hits for
the 24 channels are presented.
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Fig. 10 Annual AE hits for the 24 channels

The recorded hits in channels 2, 3, 4, 9, 10, 13, 18, and 23
were significantly higher. This observation can be attributed
to AE source originating from small relative displacement
between the slab and the girder. Furthermore, channels near
the slab—girder connection (i.e. Channels 9, 10, 18, 13, 2,
23) were detecting almost similar number of hits, and high
values of absolute energy (> 107 aJ), duration, and Pcount.
Channels near the support (Channels 2, 3, 4) were detecting
similar number of events and higher absolute energy, while
channels in the mid-span were detecting lower number of
events and lower absolute energy (mostly < 10 al).

The variation of AE features presents apparent similari-
ties and differences regarding the position of sensors which
can be due to the existence of different sources of AE. There-
fore, four grids were defined to evaluate AE activity in dif-
ferent locations and address the scatter of AE response.

Grid 1 comprises Channels 5, 6, 7, 17, 21, 22, to evaluate
the AE activity in the mid-span. Grid 2 comprises Chan-
nels 2, 9, 10, 13, 18, 23 to evaluate the condition of the
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Fig. 11 Variation of AE features per grid for one week
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Table 3 Number of light

vehicles (<3.50) and heavy Days Monday Tuesday Wednesday Tuesday Friday Saturday Sunday
trucks (> 3.5t) Light vehicles 6596 6552 6579 6601 6582 6783 6811

Heavy trucks 227 244 222 241 40 12
Table 4 RA and AF values for cracking mode classification

120
Cracking mode AF RA
Tensile mode >50 kHz Left side of the line 100  Tensile mode
Mixed mode <50 kHz <2500 ms/V
Shear mode Right side of the line >2500 ms/V 80
60 Shear mode

connection slab-girder. Grid 3 comprises Channels 2, 3, 4
near the support, and Grid 4 comprises Channels 13, 14, 15,
16 near the articulation.

The daily mean of the AE features for the week
06/05/2019-12/05/2019 was calculated for each grid and
illustrated in Fig. 11, Table 3 with the number of light vehi-
cles and trucks per day.

The daily mean values of amplitude were varying in the
range of 43-50 dB for all grids and did not present sig-
nificant changes. While the difference between grids was
more apparent for absolute energy, duration, and Pcount,
the highest values were recorded in Grids 2 and 3 and in
Grid 1 for the AF.

The daily mean values depend on the number of vehicles
and their type. AF was higher during weekends while the
rest of AE features were higher during weekdays where the
number of heavy trucks was more pronounced. Similar vari-
ations were observed for other weeks. Duration and Pcount
on Friday show the same tendency with weekend. This can
be due to the number of trucks with weights between 3.5 t
and 10 t, which are more frequent on Friday. These trucks
have different speed and number of axles that are influencing
the duration of the detected hits and the number of counts.

These weekday variations are due to the opening and
closing of microcracks with the passage of heavy trucks. The
difference between channels in mid-span and channels near
the articulation, support and connection slab-girder demon-
strates the existence of a second source of AE, mostly due to
friction between different elements. In the following section,
the cracking process will be classified into tensile and shear
modes to clarify the source of AE activity for each grid.

5.6 Characterization of cracking

AF and RA values were calculated from the moving aver-
age of 100 AE Hits. The ratio of the abscissa scale to the

‘‘‘‘‘‘
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Fig. 12 RA value analysis for Grid 1 at mid-span

ordinate scale is set to 50 according to the recommendations
of RILEM TC 212-ACD [49]. Aggelis [47] has shown that
tensile matrix cracking of concrete results in AF higher than
approximately 50 kHz, which corresponds to a RA value of
2,500 ms/V. This value of AF is assumed to be valid for the
case study to classify cracking modes. Classification of AE
events into tensile mode, shear mode, and mixed mode was,,
therefore, determined based on values presented in Table 4,
Fig. 12.

It is estimated that pure tensile mode is due to the expan-
sion of microcrack region, while mixed mode is due to the
opening and closing of existing microcracks. Shear mode is
assumed to be due to friction between existing microcracks,
friction between the slab and the girder, and friction at the
level of the support and articulation. Table 5 presents the
obtained percentage of the cracking modes for each grid.

At mid-span, 1% AE events were classified as shear mode
and 4% as tensile mode, while 95% was classified as mixed
mode. This means that the AE activity is generated mostly
by the opening and closing of existing microcracks and fric-
tion at the level of the fracture process zone, while 4% of the
detected AE activity is due to the expansion of microcracks.

Shear mode was higher near the support and the articula-
tion and near the slab-girder connection, while tensile mode
was lower. This confirms that 14-20% of the generated AE
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Table 5 Cracking mode
classification per grid

Tensile Mixed mode (%) Shear mode (%) No. samples
mode (%)
Grid 1 (mid-span) 3.55 95.16 1.29 6,238,729
Grid 2 (connection slab-girder) 0.19 81.44 18.37 19,727,020
Grid 3 (support) 0.19 80.08 19.73 11,004,243
Grid 4 (articulation) 0.28 85.92 13.80 5,989,317

0.98+ &

0.96
0.94}
0.92

0.9

Correlation coefficient

0.88

0.86

1500 2000 2500

N° events

0 500 1000 3000

Fig. 13 Correlation between the logarithmic frequency log,, N and
amplitude Ay,

events for Grids 2—4 are due to the friction between the slab
and the girder and at the level of the articulation and the
support, while the expansion of microcracks presents less
than 3% of the total AE activity.

The opening and closing of existing microcracks are
estimated to be the main source of the AE activity along
the slab. To investigate with more detail the nature of

Grid 1 Grid 2
5 5
45 4.5
4 ) 4

0.5
09/19 04/20 03/19 09/19 04/20

Fig. 14 b-value based on 1500 events

cracking process, b-value analysis is performed in the
following section.

5.7 b-value analysis

The b-value analysis was performed for the AE events
recorded during one year of continuous monitoring
under traffic and environmental loading. Linear least
square method was used to calculate the slope of ampli-
tude—frequency distribution. It is, therefore, necessary to
select appropriate number of AE hits. When the selected
number is small, the oscillations are too strong, masking the
general trend. If the number is too large, any small incidence
producing just a small number of events would be under-
mined in the average of the large events. During laboratory
tests, it was found that 50 is an appropriate sample size to
perform b-value analysis [57]. However, such recommenda-
tions are not available for AE events generated under real
traffic and environmental conditions.

To determine the proper number of AE events for b-value
calculations, correlation coefficients between the logarithmic
frequency log,, N and amplitude A4, were calculated and
presented in Fig. 13. It was found that in all channels, the
relation between the logarithmic cumulative frequency and
amplitude gives proper straight lines when the number of
AE events is larger than 1500.
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Fig. 15 Daily b-values for the period of monitoring 14/03/2019 to 14/03/2020

Therefore, b-values were calculated using two sets of
amplitude-frequency based on least squares curve-fit:
amplitudes due to 1500 successive hits (Fig. 14) and daily
amplitudes (Fig. 15). The limits of b-value ranges (1, 1.2,
and 1.7) presented in Table 2 are plotted with red dashed
lines.

The calculations based on 1500 events show different
trends of b-value and higher values for the four grids,
implying changes in the range [1, 5]. 66% of the values
were in the range [1.2, 1.7] indicating uniform distribu-
tion of microcracks (39% for Grid 1, 71% for Grid 2, 75%
for Grid 3, and 77% for Grid 4). The source of the AE
events related to these values is, therefore, the movement
of the two crack surfaces of existing microcracks during
traffic and environmental loading or friction at the level
of fracture process zone, while the existing macrocracks
are stable.

The few values in the range [1, 1.2] were about 2% of the
total values. They are due to AE events recorded during low
traffic periods, and they cannot refer to any cracking process,
while the values higher than 1.7 were about 60% for Grid
1, 27% for Grid 2, 23% for Grid 3,and 21% for Grid 4. The
values present stable variation in the range [1.7, 2.5] for the
four grids with few values varying between 2 and 5. Values
higher than 1.7 indicate the dominance of microcracks or the
formation of macrocracks.

This indication is based on laboratory testing of RC gird-
ers subject to higher load magnitude, different from service
loading. The loading process can change the AE response
and make the direct comparison between laboratory tests
and in-situ tests difficult. This was reported by [29] who had
performed cyclic loading tests on RC girders using a loading
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protocol that is representative of realistic service-level load-
ing. They found that defining absolute critical b-value can
be unmeaning and that parallel observation of structural
performance is needed. They have suggested analyzing the
lowest b-values.

The lowest b-values were in the range of a uniform distri-
bution of microcracks and they were following temperature
variation. Hits that were giving low b-values (< 1) or high
b-values (> 3) were generally associated with low traffic
periods during nights or weekends. Besides, b-value trends
were presenting stable annual variation and no visible active
macrocracks were detected in the RC slab. These results
show that the RC slab has uniform microcracks and stable
macrocracks. b-value analysis was also performed for the
defined grids using daily values of amplitude-frequency
(Fig. 15).

The general trend of b-value is more visible with the daily
variations. The annual b-value was varying in the range [1.5,
2] following thermal variations. Values less than 1.2 were
about 16% of the total values for the four grids, while values
between 1.2 and 1.7 were about 50% of the calculated val-
ues. Therefore, the AE activity in concrete is mainly due to
the opening of microcracks during summer and closing dur-
ing winter. The cyclic annual trend of b-value demonstrates
the stability of existing cracks. b-value range implies the
existence of uniformly distributed microcracks and stable
macrocracks. Values higher than 1.7 were about 22% for
Grid 1, 30% for Grid 2, 45% for Grid 3 and 38% for Grid 4.
This implies that microcracks are dominant or macrocracks
are opening. Those variations are present during summer
when existing microcracks and stable macrocracks are open-
ing with the increase in temperature.
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6 Conclusions

The paper presents the parametric and statistical analyses
carried out on AE data and strain measurements recorded
during 1 year of continuous monitoring of an RC bridge
deck slab under traffic loading and environmental changes.

Despite the challenges of on-site assessment of bridges,
the presented monitoring approach demonstrated that assess-
ment of the structural response and characteristics under
operational loading and environmental changes are feasible
and can be done within reasonable postprocessing work.
Five main conclusions are drawn:

The instrumentation, calibration, and synchronization of
the used techniques present solid recommendations for
the assessment of RC road bridge deck slabs using AE
and strain measurements.

The presented monitoring data and applied processing
methods are appropriate to quantify the influence of envi-
ronmental and operational conditions on the structural
behavior of road bridge elements.

The variability of AE features under traffic and environ-
mental changes have been determined using 1 year of
continuous monitoring. The findings should be consid-
ered when performing short-term monitoring or translat-
ing AE laboratory knowledge to the field.

The structural characteristics, i.e. the condition of the
support, the articulation, and the slab—girder connection
are affecting differently the AE activity of the nearest
sensors. This result allows to assess in time different com-
ponents of road bridges.

The use of b-value analysis and cracking mode classifi-
cation on long-term monitoring data provides the source
and the evolution in time of the cracking activity of con-
crete, in case operational loading and thermal variations
are known.

The cyclic response of AE sensors and strain gauges dem-
onstrates the robustness of the monitoring approach to assess
the operational conditions of road bridges. The deployment
of the monitoring data using signal-based technique, fre-
quency analysis, and AE localization will be presented in
further work.
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