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Abstract

Reinforced concrete half-joints were widely employed globally on a large number of
motorway bridges over the past fifty years. Half-joints have dapped ends which enable
savings by reducing the construction depth and by facilitating precast construction of concrete
bridges. However, half-joints are prone to deterioration due to lack of water-tightness on the
joint. In-addition, visual inspections of half-joints can be challenging, leading to ineffective
and costly maintenance strategies to mitigate the risk of failure or collapse. This paper
presents a field-monitoring campaign on a reinforced concrete half-joint which is located
within the UK road network. For this purpose a comprehensive structural health monitoring
system has been designed and installed, comprising Acoustic Emission (AE), Fibre Bragg
Gratings (FBG) and environmental sensors. The monitoring scheme is described in details,
along with acquired data during the first months of acquisition. AE data are correlated with
the recorded dynamic behaviour and environmental conditions to provide further insight on
the long-term performance of ageing concrete infrastructure.
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1 INTRODUCTION

A half-joint is designed with a reduced cross-sectional depth at the ends and is often
referred to as a dapped end beam. Half-joints are commonly found in bridge construction
around the 1970s and were particularly popular due to simple design, ease of installation and
pre-cast construction capabilities [1]. Therefore, a large number of half-joints are part of the
strategic road network in the UK, approximately one third of which, are reinforced concrete
half-joints [2]. The concept of a half-joint on a bridge is illustrated in Figure 1. Despite design
benefits, the long-term structural performance of the joint can be compromised due to
reinforcement corrosion as a result of water ingress taking place due to sealant failure [2].

In 2006, a catastrophic collapse of a half-joint occurred in the de la Concorde overpass in
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Montreal, Canada, resulting in loss of life. The collapse was attributed to shear failure of the
suspended cantilever section due to several factors including but not limited to construction
defects and design inadequacy. The forensic investigation revealed that no unusual dynamic
loads were applied on the structure and the failure was a result of deterioration and cumulative
damage [3].
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Figure 1. Schematic layout of half joint concept on a bridge [1]

Identification of deterioration on half-joints is a challenging task, as access for visual
inspections is often limited. Therefore, remediation works are also difficult to conduct and
rather costly without prior knowledge of the condition of the lower nib. In the UK, a strategic
management plan for half-joints was initiated, aiming to record the half-joints within the road
network and to allow planning of maintenance activities if necessary [1]. This revealed that
for most of the inspected joints, some type of deterioration has occurred such as concrete
cracking, corrosion and spalling along with a strong interdependency between them [2].
Desnerck et al. [2] also noted that classification of such defects varies significantly during
visual inspections due to complex underlying mechanisms. Destructive techniques such as
concrete coring, can provide some further insight, however an additional risk factor is
introduced.

To inform and enhance the structural assessment of concrete half-joint bridges, non-
destructive techniques (NDT) can be of great benefit as they enable robust inspection of large
elements and also enhance our understanding of the performance and condition of the in-
service structure, without compromising its integrity. The longevity and functionality of
reinforced concrete bridges is critical nowadays as daily usage of transport infrastructure is
continually increasing [4].

In bridge monitoring, NDT such as ground penetrating radar or impact echo have been
employed, however their applicability is limited as early detection of deterioration processes
is not possible [5]. On the contrary, for concrete and steel applications, Acoustic Emission
enables the detection of internal damage mechanisms in such media at early stages.
Nevertheless, there is a lack of codification when it comes to Acoustic Emission (AE) testing
on bridges, as the interpretation of field data remains a challenge due to the unique
characteristics of each site — material, geometry, ambient conditions and loading regime.
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Additionally, very limited research has been conducted on the influence of traffic on AE on
in-service bridge, as most of the published literature focuses on experimental testing [6], [7]
or bridge behavior during a load test [8].

This paper presents a field monitoring campaign on a motorway bridge by means of AE
and Fibre Bragg grating (FBG) strain sensors. Fibre optic sensing is intended to provide
further insight on the collected AE signals which are emitted due to live traffic on the
concrete half-joint.

2 STRUCTURE DESCRIPTION AND MONITORING SYSTEM

2.1 Reinforced concrete half-joint

The selected reinforced concrete half-joint is located within an operational Class A
motorway of the UK road network (Figure 2) and carries traffic in four lanes in each
direction. The half-joints of the bridge are under an annual visual inspection regime. The half-
joint was selected in cooperation with the asset operator, considering accessibility, ease of
installation, safety of equipment and access to power to enable long and continuous periods of
monitoring. All the information regarding the bridge and half-joints was collected during the
installation period of the monitoring system and is based on visual observations performed on
site.

Figure 2: Elevation of the reinforced concrete half-joint bridge (photos taken in February 2020)

2.2 Structural Health Monitoring System

The primary NDT of interest for this study was AE testing, however in order to
complement the AE data a complementary fibre optic strain and temperature sensing system
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has been installed along with a weather station to provide environmental data. All the AE
sensors and Fibre Bragg Grating (FBG) strain and temperature sensors were installed across
the lower nib of the half-joint across the total width of the joint. The installation was carried
out in phases and was completed in early September 2020 for all the acquisition systems.

Piezoelectric PK6i sensors were installed and connected to a Sensor Highway IIT (SH-III)
system (Mistras Group). A total of 24 sensors were used at a spacing of 2 m forming a linear
array. To ensure fixation and acoustic coupling over time, a two-part epoxy was applied and
an alluminium clamp was used to hold the sensor in place. This type of sensor has been
widely employed for monitoring reinforced concrete elements as reported in previous studies
[9]. A Vaisala weather station was connected to the SH-III system providing relevant
environmental conditions. The AE testing system and the weather station are shown in Figure
3.

Figure 3: AE (SH-III) system during installation (left) and Vaisala WXT weather station (right)

Strain was monitored using a arrays of FBG sensors which were attached below the lower
nib of the half-joint with alluminium clamps. Strain was monitored in the longitudinal,
transverse and vertical directions. The FBG arrays comprised 20 sensors each with varying
spacings, measuring the strain between subsequent clamps. FBG sensors were installed next
to AE sensors to allow for correlations between AE data and strain. The set-up enables both
static and dynamic sampling. Initial calibration studies revealed that a sampling frequency of
50 Hz was appropriate for monitoring.

Temperature was measured using a total of five FBG sensors within a fourth array and
those sensors were enclosed within an aluminium clamp with a circular groove manufactured
to enclose the sensor (Figure 4). The clamp enables strain transfer due to thermal expansion of
the metal. The abovementioned method has been previously calibrated by Alexakis et al.[10]
and the relationship between the wavelength change and temperature was found to be linear.
The thermal coefficient obtained was 25 1076/°C, similar to that of aluminium.
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Figure 4: FBG strain sensors attached with alluminium clamps and AE sensor

3 ACOUSTIC EMISSION TESTING DATA ANALYSIS

3.1 Calibration of Acoustic Emission sensors

The sampling rate for the AE system was set to 1 MS/s allowing for parametric-based
processing. A threshold of 50 dB has been set for all sensors and an analog filter between 5
kHz and 400 kHz was employed. To verify AE sensor fixation and for calibration purposes, a
HSU-Nielsen source as per [11] was employed. The calibration was carried out during normal
operating conditions of the motorway focusing on linear location of hits within the array,
attenuation and 3-D location at the nib vicinity.

The peak amplitude attenuation with respect to distance is shown for two sensor locations.
It was found that the attenuation is not particularly high between sensors (e.g., see sensor AE1
and AE2) and for some regions the spacing between sensors could be further increased.
Similarly, in Figure 5 the amplitude decay in longitudinal and transverse directions against
distance for various sensors is shown. In both figures, the vertical lines represent AE sensor
location and the corresponding sensor is highlighted next to the vertical line.

In normal operating conditions on bridges, AE waves within the half-joint can be emitted
as a result of various sources, such as ongoing traffic, noise from concrete, impacts on the
bridge and deterioration mechanisms such as cracks. Looking at the total number of hits does
not allow for sources to be distinguished, hence further AE features ought to be investigated.
Peak amplitude is commonly used as an indicator for the intensity of a signal. During the
calibration tests, it was shown that artificial hits imitating cracks result in signals with
particularly high peak amplitudes up to 100 dB, if located in the proximity of the sensor (see
Figure 4 and 5) and also high energy content.
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Figure 4: Attenuation of AE sensors at West (top) and East side (bottom) of Half-joint during linear location
pencil breaks at 250 mm intervals
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Figure 5: Longitudinal and transverse attenuation for sensors AE 2 and AE 20

3.2 Influence of traffic

In the following figures the influence of traffic on AE activity is illustrated during peak
and off-peak hours. For this study, traffic between 07:00-09:00 in the morning was considered
to be peak hours and off-peak was between 19:00-21:00. Figure 6 depicts the amplitudes
recorded during September 2020 for sensors 2, 10 and 16 during peak and off peak hours. A
comparison is made between the most active AE sensor (AE 16) during the first months of
acquisition, a sensor on the opposite direction (AE 2) and one AE sensor located
approximately underneath the central reservation (AE 10), which was the least loaded region
of the half-joint as expected. During peak times, AE 16 recorded amplitudes even up to 100
dB with signals collected during the weekends having lower amplitudes in general. Overall,
AE 16 also recorded signals with lower intensity during off peak hours, however high-
amplitude signals were also recorded, with variations being attributed to the continuously
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changing traffic conditions. Sensor AE 10 peak amplitudes were much lower and well below
70 dB, whereas sensor AE 2 captured signals with amplitude up to 80 dB approximately.
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Figure 6: Peak amplitude for sensors 10 and 16

The Cumulative Energy (in alJ) of the recorded hits is shown in Figure 7. The Absolute
Energy was used to derive the Cumulative Energy as a true measure of the energy content of
the signal. The Cumulative Energy of three sensors is presented in Figure 7, for peak, off-
peak and overnight traffic hours (03:00-04:00). AE2 was found to capture amplitudes of
similar levels during peak and off-peak hours (see Figure 6), however the Cumulative Energy
is much higher during the peak hours as demonstrated below. This is also confirmed for
sensor AE 17, for which the recorded Cumulative Energy was found to be significantly higher
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than AE 10 which is located under the central reservation, confirming that AE activity is
directly related with in-service conditions. AE activity was also verified with the peak strains
recorded from the FBG sensors shown in Figure 8 for the same dates in September. Similarly,
in Figure 9 the Cumulative Energy of the sensors is compared to highlight the change in
signal intensity between the North and Southbound directions. It is shown that for sensor AE
17 the total Cumulative Energy is of higher order of magnitude indicating significantly higher
activity within the vicinity of the sensor.
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Figure 8: Peak strain recorded at each AE sensor location during three consecutive weeks in September

814



Nikolaos I. Tziavos, Haris Alexakis, Cedric Kechavarzi and Jennifer Schooling

7 ><109
10 T | 10

Cumulative Energy [al]

13-Sep 00 20-Sep 00 27-Sep 00

X
2..5 - - -AE2I | I _‘_-s :

o

| 1
S
1
>
5
o
. 2
]
1
ooty
Cumulative Energy [al]

AR TS & LA 0

13-Sep 00 ZO-Sep 00 27-Sep 00

Figure 9: Comparisons between cumulative energy of various AE sensors. AE16 is plotted against the right hand
axis to indicate the change in order of magnitude

4 CONCLUSIONS

This paper presents preliminary results from a field monitoring campaign on a reinforced
concrete half-joint in order to assess the applicability of AE testing for structural assessment
purposes. A total of 24 piezoelectric AE sensors were installed across the lower nib of an in-
service half-joint covering a region of approximately 40 m. During the first months of
acquisition it was found that the loading pattern is symmetrical without any unusual loads,
however, two southbound regions appear to be recording a much larger AE activity. This
highlights the ability of AE to be used for short-term monitoring campaigns to acquire a
snapshot of the bridge condition. The reported initial data focused on the attenuation of
signals within the concrete body and a qualitative analysis of the influence of traffic. It was
found that attenuation was not particularly high which could allow for sensor redundancy and
larger spacing between adjacent sensors. AE activity signal features such as amplitude and
Cumulative Energy can be used as in-service indicators for the half-joint’s performance.
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