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Abstract: Steel-concrete composite (SCC) beams are widely employed in bridge decks. The interfacial
shear transfer between the top concrete slab and the supporting steel beams significantly affects
the overall load carrying capacity and performance of a bridge deck. The inaccessibility of the
connection system makes the visual inspection difficult, and the traditional vibration-based methods
are insensitive to this type of local damage. In this study, a novel interlayer slip monitoring system
has been developed for interfacial condition assessment of SCC beams. The monitoring system is
mainly based on the Ultra-flat Industrial Potentiometer Membrane (UIPM). The sensor film that is
glued on a steel base is mounted on the concrete slab, and the wiper is installed on the steel beam.
The interlayer slip between the concrete slab and steel beam is monitored by the relative displacement
between the sensor film and the wiper. An experimental study has been carried out on a 6-m long
composite bridge model in the laboratory. In the model, the concrete slab and the steel beams are
bolt-connected, and the bolts could be loosened to simulate the defects in the shear connection system.
Seven slip sensors are evenly installed along the bridge model. The sensors are calibrated using the
testing machine before they are installed on the bridge model. Three damage scenarios are simulated
by loosening bolts at different locations. Different loadings are also applied on the bridge to simulate
the operational conditions. Undamaged and damaged scenarios have been considered within load
increments, and data are collected and interpreted to find out how the slip changes. The results
show that this system is reliable and efficient to monitor the interlayer slip for assessing the interface
condition of composite structures.

Keywords: slip sensory system; steel-concrete composite bridges; interface condition monitoring;
experimental study

1. Introduction

Structural health monitoring (SHM) refers to applying non-destructive techniques
for condition assessment and damage detection of structures. Damage detection aims to
find out possible damage caused by structural ageing in operational and environmental
conditions. Condition assessment is to evaluate the characteristics that affect structural
performance and reliability by considering uncertainties in measurements, defining the
baseline of condition indices, evaluating sensitive features to damage and identifying
ill-conditioned variations [1,2]. Increasing demands on safety and reliability of the civil-
infrastructure such as bridges have put forward employing advanced sensing technologies
and monitoring systems for their condition assessment [3,4]. Bridges are subjected to
various operational and environmental loads within their long-term service life, and these
external loads are undesirable and prone to accelerate structural damage. Thus, it is
essential to assess their condition to ensure safety. Depending on the structural type and
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loading condition, different monitoring systems are installed to acquire real-time data for
structural condition assessment [5].

Composite structures are widely used in buildings and bridges and the performance
of the connection system between two composite components significantly affects its load
carrying capacity [6]. There are two main types of structural composite systems often used
for beams including timber-concrete composite (TCC) and steel-concrete composite (SCC)
which are made of different materials and shear connections [7,8]. The TCC structures are
often used for retrofitting and strengthening of existing timber floors, new and prefabricated
floors, footbridges, bridges and walls [9]. The composite action between the concrete
and timber in the TCC beams enables us to increase the stiffness and reduce the natural
frequency while keeping the structure lightweight. The behaviour of TCC beams under
bending load is complicated because it depends on the composite action between the
concrete and timber, and the slip distribution along the timber-concrete interface. The
connection system transfers the shear force which results axial forces in the composite
components, and the axial forces contribute in their resistant moments. Thus, the analysis of
TCC structures is challenging due to those non-linearities of the materials and connections
under loading.

The SCC beams are widely used structural members in the existing and large-scale
bridges. This is due to their unique characteristics, such as lightweight, high stiffness and
high strength [2,10,11]. More than seventy percent of bridges in Australia were constructed
before 1976 [12], while the majority of bridges in Europe were built before 1965 [13],
and more than eleven percent of bridges in the United States constructed before 1950
have structural defects [14]. These lead to costly assessment and maintenance of existing
bridges, and consequently show the importance of the SCC beam structures. An SCC beam
structure consists of a concrete slab on the top of a steel girder with a shear connection at the
interface. The operational life of a composite structure is affected by the integrity of its shear
connection. Since the shear connection governs the composite action, the interconnection
behaviour between the concrete and steel layers becomes complex [15,16]. Thus, the
interfacial integrity and overall condition monitoring of the SCC beam confront difficulties.
Besides, the severity of external loads is a crucial factor in SCC beam behaviour [17,18]. If
the applied load exceeds its load-bearing capacity, massive displacements will take place
that could lead to failure and visible damages. It is important to prevent such collapses by
predicting and identifying early damages. Therefore, the concerns are about their future
condition that may change due to small and invisible damages.

When an external load overcomes the friction forces at an SCC beam interface, its
bond strength may fail, which declines its overall rigidity and ultimate strength [19,20].
The bond strength failure leads to shear slip that is an inherent relative displacement
(sliding) between the composite layers. Damage on the shear connections due to fatigue,
corrosion, or overstressing is a further reason for failure in the bond strength that causes
excessive interface shear slip and loss in the composite action [21,22]. Therefore, the shear
slip causes the concrete slab and steel girder to respond independently to loading that
significantly affects the SCC beam load-bearing capacity and performance [23]. Nie and
Cai [7] showed that damage on the shear connectors causes shear slip between concrete
and steel, resulting in a stiffness degradation of 17% in an SCC bridge deck. The interlayer
condition assessment of the SCC beams is challenging because the shear slip depends on
the load that causes nonlinearity in the composite beam responses. Besides, the direct
inspection is impossible as the shear connections are inaccessible. Traditional vibration-
based methods have been employed for the condition assessment of SCC beam structures.
Xia et al. [24] showed that the global vibration parameters of SCC beam structures such as
natural frequencies, mode shapes and the derivations of mode shapes are not sensitive to
the interface slip and do not apply to this type of local damage. Thus, selecting a useful
feature less affected by environmental uncertainties such as noise is an extra challenge.

In recent years, non-contact displacement sensors such as GPS [25], laser Doppler
vibrometer [26], microwave interferometer [27], digital image processing, Terrestrial Laser
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Scanners (TLSs) [28,29] and Linear variable differential transformer (LVDT) [30] have been
employed. Although Thomson et al. [31] showed that LVDT could measure displacement, it
limits the measurement range and is sensitive to temperature. Besides, LVDT is not practical
in real structures as a stable reference location close to the structure is required. Laser optic
sensors are utilized as an alternative as they have a 100 to 500 mm measurement range and
a sampling rate of 1 Hz to 50 kHz. However, laser optic sensors are not accurate enough
and difficult to install in the filed as they are usually used to measure the displacement of
structure based on a fixed foundation [32].

For measuring relative displacement, the current research focuses on the displacement
of structural components, foundations and adjoining structures conducted by different
sensors such as optical sensors and laser displacement sensors [33–38]. Hua et al. [39]
were reviewed the recent applications of smart sensors such as piezoelectric sensors and
fibre optic sensors for SHM of concrete structures using the interlayer slip. Li et al. [40]
presented a literature review on damage assessment of structures using relative displace-
ment measured from vision and image processing techniques. Such systems are costly and
difficult to install in practice and they cannot be used for interlayer slip monitoring. The
interlayer condition monitoring using the shear slip is more reliable because the relative
displacement between the composite layers is a static parameter and less affected by noise.
Besides, concerns are about their application as environmental conditions may limit them.
Therefore, the factors that should be considered in the interlayer monitoring systems are the
accuracy and bandwidth of sensors [41], the number of required measurements, environ-
mental effects, cost and ease of set up in civil structures. The damage in the bolt connection
of the composite beam is a local phenomenon and the global vibration is very insensitive
to the local damage [42]. Besides, the frequency change is very small even though all
bolts are loosened. Hence, the traditional vibration-based structural damage detection
methods cannot be used to detect the damage in the bolt connection. The interlayer slip
between the steel beam and the concrete slab is very sensitive to the local damage. To the
authors’ best knowledge, there is no existing sensory system to continuously monitor the
interlayer slip of composite structures. To address this issue, developing novel interlayer
slip monitoring systems based on shear slip measurements is essential for the SCC beams
interfacial condition assessment.

This paper presents a novel interlayer slip monitoring system for interfacial condition
assessment of SCC beams. The Ultra-flat Industrial Potentiometer Membrane (UIPM)
sensor is employed in the monitoring system. The sensor film is glued on a steel plate
and mounted on the concrete slab, and the wiper is installed on the steel beam. The aim
is to monitor the interlayer slip between the concrete slab and steel beam by the relative
displacement between the sensor film and the wiper. To this end, experimental studies
were conducted in the laboratory on a 6-m long composite bridge model. The concrete
slab and the steel beams are bolt-connected in the model, and the bolts are removed to
simulate the defects in the shear connection system. Seven slip sensors are evenly set
up along half of the bridge model. The sensors are calibrated using the testing machine
before they are installed on the bridge model, and a constant calibration coefficient was
obtained. The inherent relative displacements from the undamaged bridge were obtained
as a baseline for the interlayer monitoring. Then, two different damage scenarios are
simulated by removing bolts, and the relative displacements are compared with those
obtained from the undamaged beam. Different loadings are also applied on the bridge to
simulate the operational conditions. Undamaged and damaged scenarios were considered
within three main load increments, and data are collected and interpreted to find out how
the slips change.

2. Interface Monitoring System
2.1. Slip Sensory System

The slip sensory system mainly includes the sensor film and the wiper, as shown in
Figure 1b. The sensor film shown in Figure 1a consists of resistive and collector tracks
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separated by a spacer. It has an adhesive zone to fix the master surface of the film to a layer
of composite. On the other side of the master surface, there is a film track known as UIPM.
A pin connected to the slave surface of another layer of composite by a manufactured steel
wiper in Figure 2b is in touch with the film track surface. When the composite layers move
due to external loading, the electrical output is realised by a connector. A UIPM aims to
convert a mechanical position (angular or linear) into an electrical signal. The contact is
achieved by the elastic deformation of the upper membrane, which comes into contact
with the lower membrane. The contact between the film track and pin leads to the estimate
of the wiper exact position in terms of the voltage value. The voltage varies depending
on the position of the presser on the deformable membrane. The slip sensor is categorised
as the linear type with infinite resolution, high integration capacity and durability. The
sensor’s key benefits include being sealed, ultrathin (more compact than typical motion
sensors, about 0.5 mm for the active area) and ease of assembly (adhesive layer). As shown
in Figure 1a,b, the slip film length is 47 mm, and when the wiper pin moves along the film,
the sensor records the relative displacements in a defined time interval.

Figure 1. (a) Sensor film and (b) the sensory system.

The wiper system has three separate 3D printed parts, including a plate, clipper and
pin, which are glued together, as shown in Figure 2a. Although the spring height is 8 mm,
it is compressed to 4 mm in the wiper to contact the sensor film properly. The spring is also
glued to the wiper. The dimension of the plate could be changed based on the steel girder
flange thickness. The slip film and the wiper are installed on the concrete slab and the
supporting steel beam of the composite structure, respectively. The relative displacement
between the slab and the steel beam can be monitored by the slip sensory system, as shown
in Figure 2b. The sensors record using National Instruments PXIe data acquisition system
with 16-bit resolution, and the time-domain data are collected (Figure 2c).
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Figure 2. (a) 3D printed wiper, (b) the sensor installation on the SCC beam and (c) the sensors connected to the National
Instruments data acquisition system.

2.2. Sensor Calibration

In this section, the calibration of the slip sensor is presented. The calibration aims
to determine the sensitivity of the slip sensor and its properties. Through the calibration,
sensitivity coefficient can be calculated based on linear regression as follow

y(x) = Rx + e(x) (1)

where y(x), is the output of slip sensor (in voltage), R is the calibration coefficient which
is the slop of straight fitting line of the calibration data curve, e(x) is the error from the
straight line and x is the relative displacement (in mm) for calibration. The calibration test
has been repeated four times for each sensor to check the repeatability. For each test, the
time duration is set as 2 min, and the displacement by the universal testing machine (UTM)
was from 0 mm to 50 mm. Figure 3 shows the calibration system set up on the UTM. Two
L-shaped steel plates have been fabricated, and installed on the top and bottom parts of the
UTM. The sensor film is placed on the bottom plate, and the 3D-printed wiper mounted on
the top part is used as the contact point moving along the sensor film. The pin of the wiper
is moving freely in the vertical direction. The relative displacements from the UTM are
recorded, and the measured data from slip sensor are collected using the data acquisition
system [43].
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Figure 3. Slip-sensor calibration system.

Figure 4 shows the calibration results of seven sensors in terms of relative displacement
and voltage. The relative displacement is the input data from the UTM, and the output
from the slip sensor is recorded by the data acquisition system with the voltage range ±10
V. The calculated calibration coefficients R for each sensor are the slope of the trendline
of measured data. The calibration coefficients are later used for the interlayer condition
monitoring of the SCC beam using these slip sensors. Figure 4a,b show the calibration
results of seven sensors with the range of 47 mm and 5 mm, respectively. To disregard
abnormal measurements at the starting and ending point of each test, all sensors are
collaborated within the range from 3 to 50 mm. Figure 4a shows the relative displacements
in terms of voltage for the sensor film length 47 mm, starting from 3 to 50 mm. The
results demonstrate that the sensors are very sensitive to the slip and the maximum
differences of calibration coefficients among seven sensors for 5 mm and 47 mm are 1.9%
and 1.6%, respectively.
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Figure 4. Calibration of seven sensors in terms of relative displacement (slip) and voltage; S1 to S7 are measured data, and
R1, to R7 denote calibration coefficients for sensors numbers 1 to 7.

Moreover, the drift in calibrations for each sensor is calculated for all sensors. The
relative displacements x and the output of sensor at point i = 1, . . . , n (n is the number of
measured data) are used to calculate the error as follows:

Di =
e(xi)

y(xi)
× 100% (2)

where Di is the drift in the calibrations of the ith sensor.
Figure 5 shows the calculated drifts in the calibration of each sensor at five points

of the relative displacement. The maximum drift is shown in the graph. These drifts
could be adjusted by removing the initial values. The calibration results show that the
UIPM displacement sensors can be used in practice with a constant calibration coefficient of
R = 0.17 V/mm. The accuracy (linearity) of the sensor is ±2% according to the manufacture
datasheet for the UIPM. In this study, the measurement range is set as ±10 V and the
resolution of the sensory system will be about

[
20 V/216]/[0.17V/mm] ≈ 0.002 mm. The

resolution could be increased when the measurement range reduces.
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Figure 5. The drift in calibrations for seven sensors (D1 to D7) at 5 points.

3. Experimental Setup
3.1. The Bridge Model

The usability and sensitivity of slip sensor in the interlayer condition assessment
of SCC beams were investigated on a full-scale bridge model consisting of SCC beams
with removable shear connectors. The composite bridge model was designed according
to Australian standards [44,45] and consists of three independent spans; a 2 m cantilever
beam on the left-hand side, a 6 m span in the middle (main span) and a 2 m span on the
right-hand side. The overall length of the bridge is 10 m with two parallel steel girders
and the reinforced concrete slab on the top of steel girders for each span. In this study, the
6 m main span is used. Grade 40 concrete was used and the concrete slab is connected
to the steel girders by shear connectors marked as SC32. Elastic Modules and densities
of the concrete and steel are Ec = 32, 000 MPa, ρc = 2700 kg/m3, Es = 210, 000 MPa,
ρs = 7800 kg/m3, respectively.

The experimental studies have been carried out on the main span as the removable
shear connectors are available only in the main span. Due to the availability of slip sensors,
seven calibrated slip sensors are installed equally along the half of one girder. Although
the maximum relative displacements between the composite layers are expected to occur
at the ends of the span (at supports), sensors were set up along half of a beam to accurately
evaluate how relative displacements change when damage occurs in different locations.
The design of shear connectors makes it possible to simulate the damage failure and re-do
the undamaged bond. On each side of a steel girder, 13 bolts are screwed into covers
embedded in the concrete slab. If all bolts are engaged in the nuts and then tightened, the
structure condition corresponds to the undamaged state. The damage of shear connectors
is introduced into the structure by unscrewing specific bolts to simulate the failure of
shear links. Figure 6 shows the details of composite bridge during construction, after
construction, and dimensions. The rows of bolts are labelled with numbers 1 to 13 from the
support to the mid-span (right to left-hand-side), and each row has two volts on one girder.
Figure 6a is the main span drawing and dimensions in plan-view. As shown in Figure 6b,
the main span has a discontinuous slab at both ends. The covers for bolts and steel bar
alignments embedded in the main concrete slab are also shown in Figure 6c,d.
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Figure 6. (a) plan view and dimensions, (b) the bridge after construction, (c) covers embedded in the concrete slab in main
span for the removable shear connectors, (d) reinforced bars alignments and (e) discontinuous slabs ends.

3.2. Interface Monitoring System

Structural damage detection of the SCC bridge model was established by monitoring
its shear connections and interlayer slip under loading. The seven slip sensors attached to
the half of a steel girder are connected to 7 channels (in one Module) in National Instrument
data acquisition system, and the time-domain data are collected using LabVIEW data
collection software. Figure 7 shows the alignments of slip sensors on the SCC bridge.
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Figure 7. (a) Schematic to the bridge showing the sensors alignments and numbers, (b) the slip sensor location on the
support and (c) the slip sensors locations on the half of a beam.

3.3. Experimental Procedure

To investigate the sensitivity of slip sensors to inherent interlayer slip and possible
damage in composite, three main levels of load increments, including 375, 750 and 1100 kg,
are considered as three loading scenarios such as small, medium and large loading weights.
At the first stage, the composite bridge without damage is considered for testing to study the
inherent interlayer slip under different loadings. In practice, damage on shear connection
can be due to either the loosening or failure of bolts. The former will result in a small or
partial damage on a bolt. However, the latter is considered in this study by removing the
bolts to simulate complete damage at any location. The damage at one single location is
then introduced by removing the second row of bolts from both sides of the steel girder
top flange, and the changes of the interlayer slips due to loads are monitored. In the last
stage, the damage at two locations is simulated by removing the second and fifth rows
of bolts from both sides of the steel girder top flange. The bridge is subjected to the same
loads to study the trend of interlayer slips when the severe damage occurs at the interface.
The time-domain data obtained from the slip-sensors were collected through 7 channels in
the National Instrument data acquisition system using LabVIEW software.

4. Experimental Results and Discussion
4.1. Inherent Interlayer Slip

The performance of the slip sensors for inherent interlayer slip is studied when there is
no damage on the shear connectors. To this end, all shear connectors are tied with standard
torque for 30 mm bolts, and then loads are applied on the mid-span of the bridge in three
main increments. The considered loads are much less than the load-bearing capacity of the
bridge. The reason for doing this is to explore the sensitivity of the slip sensor to tiny slides
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of composite layers, which can be due to damage in a shear connector. Traditional methods
may not be able to measure this small slip. Besides, extreme loads are not practical in SHM
tests as they may lead to large damage or failure in the structure.

Figure 8 shows the bridge subjected to loads by concrete blocks placed on the middle
of main span. The first load was applied by putting six concrete blocks (Dimension and
weight of each concrete block are 30 × 30 × 30 cm and 62.5 kg, respectively) on the bridge
deck with an overall weight of 375 kg as shown in Figure 8a. Figure 8b shows the second
load increment where six more similar concrete blocks were added to increase the overall
load to 750 kg. Figure 8c shows the last increment in which a 350 kg concrete block (55 × 55
× 55 cm) was added to attain the large load. A reasonable overall time of loading is spent
to let the interlayer slip occur sufficiently. In fact, seven load increments were carried out in
the laboratory. In the first three increments, a couple of 62.5 kg concrete blocks (125 kg load
in each increment) were put on the bridge in three stages starting from an edge of mid-span
to another edge, and for this reason it is considered as the first main increment. The second
main increment was similar to the first and achieved by adding couple of concrete blocks
in three stages. In this way, load applied equally in the mid-span width and consequently,
torsion effect due to loading in a side of mid-span was avoided. In the last main increment,
the 350 kg concrete block was placed in the centre of the mid-span. Subsequently, three
main increments are incorporated into the data analysis.

Figure 8. (a) first load 375 kg, (b) second load 750 kg and (c) third load 1100 kg.

Figure 9 shows the interlayer slip (relative displacement between the layers) of the compos-
ite beam under loading collected from seven sensors. The sensors are labelled 1 to 7 from the
support to the mid-span (right to left-hand-side). In the unloading area, a minimal movement of
the composite layers is recorded, which could be due to the self-weight of the structure. There
are three remarkable elevations in the first two main increments, which are caused by the three
load increments of each main increment. After each elevation, the straight lines show the times
spent to allow the bridge to become stable for the next loading.

In the first main increment, the maximum slip of 0.02 mm is recorded by Sensor
5, where it is closed to the loading area. In the second increment, Sensor 2 recorded the
maximum slip of 0.09 mm while Sensor 1 (nearest to support) and Sensor 5 (close to loading)
also recorded almost similar values. In the last increment, the maximum slip of 0.12 mm
was recorded by Sensor 1 as expected. These results show that on the mid-span where the
load was also applied, there is no slip recorded by Sensor 7. In the undamaged state, the
interlayer slips are expected to start from zero at the mid-span and then reach maximum
value at the supports. At the first load increments, this expectation was not achieved as the
quantity of load is small. However, the sensors near the support recorded the maximum
interlayer slip by increasing the load. The graph shows that the trend for Sensor 1 remains
smooth until the end of the second increment. After that, however, a noticeable increase
occurs by the load increment, demonstrating that when the mid-span deflection increases,
the slip will also rise with the maximum values in the boundary condition.



Remote Sens. 2021, 13, 3377 12 of 19

Figure 9. The interlayer slip of composite beam without damage under loading.

4.2. Scenario 1: Damage at One Location by Removing One Row of Bolts

In this scenario, single damage is simulated by removing the second row of bolts from
both sides of the steel girder top flange, as shown in Figure 10. The same loading conditions
were applied within three main increments, and data were collected from the sensors to
analysis the interlayer slips. The measurements from the damaged state are compared
with those from the undamaged state to demonstrate the slip sensor sensitivity against the
interlayer slip changes and hence, its performance for structural damage detection.

Figure 10. Second row of bolts are removed to simulate the damage at a single location; (a) The
location of the damage near Sensor 2, (b) the removed bolt from the outer side and (c) the removed
bolt from the inner side.
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Figure 11 shows the interlayer slip of the composite beam subjected to load obtained
from Sensors 1 to 7. In the first main increment, the maximum slip of 0.04 mm is recorded
by Sensor 2, where the damage is occurred. In the second increment, Sensor 2 recorded
the maximum slip of 0.15 mm, while Sensor 1 recorded the highest slip. In the third and
last increment, the maximum slip of 0.19 mm was recorded by Sensor 1. In the mid-span,
there is no slip recorded by Sensor 7, even though there is a damage in the beam. The
slip at the location of Sensor 3 is remarkably increased compared to the undamaged state,
which could be due to damage in that area. Sensor 5 is the next highest slip, which is near
the loading area. Therefore, the sensors near the boundary condition show the maximum
interlayer slip since damage also exists in that area.

Figure 11. The interlayer slip of composite beam for single damage (second row of bolts from the right-hand side is removed).

Figure 12 shows structural damage detection by comparing the interlayer slips ob-
tained from seven sensors for the undamaged and damaged composite bridge. Figure 12a
shows that the highest difference between undamaged and damaged slip is recorded by
Sensor 2 in the first main load increment. The slips from Sensor 1 also show a remarkable
difference. Other sensor variations are small, which demonstrates the existence of damage
near support. Figure 12b shows that the damaged area is more highlighted by the load
increment as the highest variation is detected by Sensor 2. The slips recorded by Sensors
1 and 3 have more variation than those obtained from Sensors 4, 5, 6 and 7. Figure 12c
shows that the interlayer slips in damaged areas are remarkable for Sensors 1, 2 and 3,
while other sensors do not demonstrate a notable difference. The results indicate that
the interlayer slips obtained from the damaged composite beam could reveal the damage
location without undamaged data being considered. Therefore, the damage can be localised
by the location of the sensor with the largest change of interlayer slip.
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Figure 12. Structural damage detection for single damage in terms of (a) first load increment, (b)
second load increment and (c) third load increment.

4.3. Scenario 2: Damage at Two Locations by Removing the Second and Fifth Rows of Bolts

A large damage scenario is simulated by removing bolts at two locations. Here, the
second and fifth rows of bolts from both sides of the steel girder top flange are removed, as
shown in Figure 13. Under the same loading conditions, data are collected to investigate
the interlayer slips variations due to damage.
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Figure 13. Second and fifth rows of bolts are removed from the inner and outer sides to define double damage.

Figure 14 depicts the interlayer slips obtained from the sensors. The maximum slip of
0.14 mm in the first main increment is recorded by Sensor 2, close to the removed second
bolts. Sensor 2 recorded the maximum slip of 0.22 mm in the second main increment, while
Sensors 1 and 5 also recorded noticeable slips. Sensors 1 and 2 recorded the maximum slip
of 0.32 mm in the last increment. It is shown that from the first increment, the maximum
interlayer slips have occurred at the locations of Sensors 1 and 2. Sensor 4, which is near
to the removed bolt number 5, recorded a tiny slip in the first main increment. This trend
continued until the last step on the second main increment, where the effect of damage on
that location appeared as there are noticeable increases onwards.

Besides, Sensor 3 had a remarkable change in the last main increment compared to
the undamaged state. This could be due to its location which is between two damage
zones (between the removed second and fifth rows of bolts). Sensor 6, which is located
near mid-span (loading zone), recorded the interlayer slip similar to that in the last step of
second main increment. Another notable change was at the location of Sensor 5, where
the slip increased compared with that in Scenario 1. This is due to the large quantity of
damage in this context, which affects the overall interlayer slip of the bridge.

Figure 14. The interlayer slip of composite beam for double damage (second and fifth rows of bolts from right hand side
are removed).
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Figure 15 shows the results of damage detection based on interlayer slip monitoring.
In the first main load increment, the highest difference between undamaged and damaged
is achieved by Sensor 2 (Figure 15a). Other sensors do not reveal a detectable difference
except Sensor 1, which is located in the boundary condition and damage zone. In the
second main increment (Figure 15b), the damage effects appeared as the interlayer slips
raised on the damaged zones (Sensors 2 and 4). In Figure 15c, the existence of damage
in the composite beam interlayer was observable as the slips surprisingly increased the
damaged surrounding zone. The maximum increase took place in the centre of damage on
bolts 2 (Sensor 2) and 5 (Sensor 4). The nearby areas are also affected by damage, especially
at the location of Sensor 3, where the changes are considerable compared to previous tests.
This scenario also shows that the slip sensor can be used for detecting structural damage
of real SCC bridges, where inherent slip data (undamaged state) are not available and
condition monitoring should be done by the real-time slip data (potential damaged state).
The interlayer slips condition track shows the appearance of abnormalities in the damaged
zone, as well as unexpected variations in the slip from mid-span to support.

Figure 15. Structural damage detection for double damage in terms of (a) first load increment, (b)
second load increment and (c) third load increment.
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5. Conclusions

A novel interlayer slip monitoring system based on the slip sensor UIPM has been
developed for interfacial condition assessment of SCC beams. Since the slip sensory system
is used for the first time, the system calibration and its application for condition monitoring
of the SCC beams have been conducted in a laboratory. The slip sensor sensitivity and
applicability in monitoring the interlayer slip of the SCC beam is investigated. Some
findings are listed as follows:

• The detailed calibration has been carried out utilising the testing machine. The
calibration results demonstrate that the sensors are very sensitive to the slip and the
maximum difference of calibration coefficient between 7 sensors for 5 mm and 47 mm
are 1.9% and 1.6%, respectively. The results show that the UIPM displacement sensors
are very stable and consistent, and they are suitable for practical application.

• The condition assessment of the SCC bridge deck was conducted by monitoring the
interlayer slip between the steel beam and concrete slab. The single and double
damage scenarios have been studied. The effect of the loading weight on the interlayer
slip was also studied. For the single damage scenario, the results show that the
interlayer slip changes around the damaged area are larger than other while other
locations and the large loading weight induces the big slip change. The load increment
enhanced the quality and accuracy of interlayer slip monitoring.

• For the double damage scenarios, the damage occurred at two locations. The interlayer
slips increased not only around these two damaged zones but also in other areas. The
change around the damage zone is much larger than that in other areas. The results
show that the interlayer slip could be a good indicator of the existence and location of
damage at multiple locations by the proposed method.

• In this study, a new slip sensory system has been developed and the reliability and
robustness have been validated using the full-scale composite bridge deck in a labora-
tory. Further study is needed to develop the numerical model for structural damage
identification of composite structures from slip measurements. Moreover, the maxi-
mum load weight effect for practical application will be further investigated based on
scale-to-actual condition conversion.
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