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Abstract: This paper introduces the implementation of a new device for measuring deformations at
the surface layers of bituminous pavement. Using wireless technology, rechargeable remotely, low
cost, and easily positioned in a layer by coring after pavement construction, this sensor makes it
possible to obtain measurements of the deformation when a vehicle passes by. The development of
the wireless sensor is presented as well as its advantages and limitations. It was then tested in the
laboratory under a hydraulic press and in situ using a full-scale test of the mobile load simulator
(MLS10 type). This system allows simple measurement, gives reliable results, and could be a useful
device for the structural monitoring of pavement structures.

Keywords: strain gauge; wireless sensor; monitoring; instrumented pavement

1. Introduction

Whether on in situ road sites for the monitoring of works, behavior, or fatigue tests
of pavement in the laboratory, or to validate the calculation of the methods of pavement
design, the instrumentation of the layers of pavement is increasingly used. Among the
most widely used sensors, strain gauges make it possible to measure longitudinal or
transverse deformations in the first layers of pavement. They are often placed in the treated
layers (bituminous or treated with hydraulic binders). Many works concern this type of
instrumentation. For example, in the USA, Swett et al. [1] installed 12 strain gauges in the
asphalt layer and 4 strain gauges in the ground in a section of roadway in the state of Maine.
This study proved that the installation of strain gauges in asphalt concrete is very delicate.
Indeed, among the 12 sensors, 3 of them did not survive the road construction phase. Other
projects have used strain gauges like Al-Qadi et al. [2]. In this project, H-shaped strain
gauges and vibrating wire strain gauges were installed on a section named Virginia Smart
Road. Xue et al. [3] worked with 10 longitudinal and 4 transverse strain gauges on an
experimental section of the Virginia State Road. In Canada, Maadani et al. [4] developed
an experimental section in Ottawa. The asphalt strains were measured using Dynatest
(Gainesville, FL, USA) strain gauges. These gauges were positioned within the asphalt
concrete (AC) layer to measure the strain in the transverse and longitudinal directions
with respect to the traffic flow. The gauges were installed near the bottom of the lower AC
layer. However, to ensure that the measurements obtained are correct, the authors specified
certain conditions of implementation. In a section in Louisiana, Elseifi et al. [5] showed that
the survivability of the gauges was acceptable because none of the gauges failed during
the installation. After construction, the longitudinal strain measurements were constant
up to approximately 350,000 passes. The signals then seemed noisier but the maximum
response could still be easily extracted. In China, Ai et al. [6] have set up instrumented
experimental sections. Each section was instrumented, with four strain gauges having two

Appl. Sci. 2024, 14, 2245. https://doi.org/10.3390/app14062245 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app14062245
https://doi.org/10.3390/app14062245
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-6051-4471
https://orcid.org/0000-0001-6130-2713
https://doi.org/10.3390/app14062245
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14062245?type=check_update&version=1


Appl. Sci. 2024, 14, 2245 2 of 15

different orientations concerning the direction of traffic. In France, Gabori et al. [7] have set
up groups of three strain gauges (vertical, longitudinal, and transverse gauges) at different
levels in the bituminous layers. Duong et al. [8] used seven strain gauges. The longitudinal
gauges at the base of the high-modulus asphalt concrete were damaged during construction
(probably by the effect of the intense compaction of this material), and their measurements
could not be used. Pouteau et al. [9] set up, on an instrumented site in the Yvelines (France),
24 deformation sensors positioned at the base of the layer of bitumen. These deformation
sensors are connected to a new generation of self-powered acquisition boxes developed
especially for this application. Data analysis is performed on a remote data server, using a
specially developed software suite. Also in France, Oubadou et al. [10] implanted different
types of deformation measurements in an experimental pavement pit to study the behavior
of the structure under traffic simulator MLS10 tests (fiber optic network, longitudinal, and
transverse deformation gauges under the pavement surface). Grellet et al. [11] developed
an instrumented pavement core also equipped with optical fiber strain gauges. This was
the first technique with set-up after the construction of the asphalt concrete layer.

All the previously cited studies highlight that to ensure sufficient anchoring in the layers
of bituminous materials, the gauges are most often installed during construction. These must
be robust enough to withstand the stresses of compaction and the high temperatures of the
installation process. To do this, these are installed on resin or aluminum supports or glued on
a thin strip protected by a metal tube and layers of insulating material. To avoid damages
during installation or to install sensors after construction, the gauges are sometimes carried
over the cores of material extracted after construction and put back into place by gluing.
Whether placed before or after construction, these gauges require wiring that is often difficult
to make and maintain over time. Mechanical and/or thermal breaking may occur during
the first installation of the sensor, as this requires careful cable insulation. A small transverse
trench must be made and then covered with asphalt. This manipulation undeniably affects
the uniformity of the surface. In both cases, a connection to a frame grabber is needed.

With the progress made in recent years on wave transmission technologies, wire-
less sensors are increasingly used in the monitoring of engineering structures, such as
bridges [12], buildings, railways [13,14], or road structures [3,15]. Many articles deal with
their use in the dynamic and vibration fields [16–18] as well as in fatigue or damage
problems [19,20], detection of the presence of humidity [21], or even vehicle detection
and counting [22,23]. Di Graziano et al. [24] conducted a state-of-the-art survey on the
structural condition monitoring of bituminous pavements using smart sensor networks.
The authors collected the relevant literature on wireless sensor networks and pavement
monitoring. This study delved into the essential aspects of networks designed for pavement
monitoring with a focus on damage detection. These fundamental characteristics include
energy supply (battery power, energy harvesting techniques, or energy efficient designs to
ensure operational longevity), detection methods (accelerometers, strain gauges, or acoustic
sensors), network architecture (sensors, communication protocols, data aggregation, etc.),
but also performance validation procedures (laboratory tests, field experiments, simulation
studies, comparison with existing systems). Pouteau et al. [9] and Wang et al. [25] have set
up measurement or detection systems whose transmission is wireless. The deformation
and temperature sensors are connected to self-powered acquisition units. Other researchers,
like Alavi et al. [26] or Xiao et al. [27], proposed smart sensing technology based on the
use of self-powered piezoelectric sensors that could be distributed in the pavement for
continuous monitoring. The approach proposed by Alavi et al. [28] for the health moni-
toring of pavement systems involves a self-powered sensing system for the evaluation of
damage detection performance. Numerical simulations are used to model the behavior
of the pavement system under different conditions and to assess the effectiveness of the
approach in detecting damage. Experimental studies were performed by implementing the
wireless sensor pavement in pavement cores and testing its performance under various
scenarios, as well, the damage localization and quantification are investigated and their
methodology is based on relative damage. It is therefore not necessary to directly measure
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the absolute deformation of the pavement. Lajnef et al. [29] highlighted the importance of
continuous, long-term monitoring for pavement structures and presented a novel approach
involving self-powered wireless sensors and advanced data analysis techniques. The au-
thors present the feasibility and effectiveness of the proposed monitoring system; however,
they also discuss the limitations and challenges encountered during the development and
validation process, which may include issues related to sensor accuracy, data transmission,
or computational complexities in strain distribution estimation. Rhimi et al. [30] present the
development of a detection system capable of being applied to the long-term monitoring of
roadway structures and determining damage and their lifespan. The module consists of a
miniaturized, battery-free system with a wireless piezoelectric sensor capable of detecting
the long-term deformation history of the pavement structure. The authors also studied
the feasibility of integrating the sensor into the roadway, the survival of the sensor under
construction conditions, and its longevity.

Aware of all these difficulties, in this paper we propose to produce and test a novel
miniaturized wireless strain sensor that we instrumented on a pavement core. This pave-
ment core is then re-established in the structure by gluing. The main advantages of this
device are that it is post-instrumented (without fear of destroying the sensor during pave-
ment construction), wireless, with relatively reduced size, low cost, and low energy. This
could be a useful device for monitoring pavement evolution. This paper is organized as
follows: Section 2 presents the electronic design of the sensor, Section 3 provides some
details on sensor installation in the pavement surface layer, Section 4 shows the validation
of the measurements process in laboratory and the in situ sensor test with mobile load
simulator, Section 5 presents some in situ results and discusses results and improvements.

2. Electronic Design of the Sensor

Figures 1 and 2 show the synoptic and the gauge wiring diagram. For an application
in bituminous materials, we choose a large gauge (type C2A-06-20CLW-120 from Micro-
Measurements (Wendell, NC, USA) [31]). The strain acts on the gauges placed in the
test body. The strain gauge conditioning circuit shapes the signal for analog-to-digital
conversion. A 10-bit analog-to-digital converter (ADC) is embedded in the microcontroller
unit (MCU). It can convert two channels with a 1 kHz frequency sampling. The MCU also
contains a thermally compensated voltage reference in order to calibrate the ADC. The
measured data are translated into UART (an asynchronous serial communication protocol)
and sent to a data grabber via a Bluetooth transceiver. In our case, data grabbers can be
popular devices, like a laptop or smartphone, which is very convenient for in situ testing.

Figure 1. Synoptic.
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Figure 2. Gauge wiring diagram.

The circuit is equipped with a supercapacitor, and supercapacitors have several ad-
vantages over traditional batteries. At −40 °C, capacitance decreases around 10% for
supercapacitors without any increase in leakage current. For lithium-ion batteries, it is
about 20% at −20 °C. They are also able to withstand a greater amount of charge and
discharge cycles than batteries, which can lead to a higher reliability for the device. Thus,
power management circuit and supercapacitors provide energy for a duration of 5 min of
measurement. The wireless energy receiver uses the charge of the supercapacitors when
the measurement circuit is turned off. This also uses the same technology as a phone
wireless charger. Supercapacitors are charged at constant current (approximately 500 mA)
to avoid an inrush current and improve service life. It is considered that the discharge is
also performed at a constant current (approximately 120 mA). Supercapacitors are over-
sized by a factor of 1.5 to consider aging, self-discharge, and losses. To operate correctly,
the circuit must be powered by a voltage between 3.3 V and 5 V. Supercapacitors are
also able to handle higher current loads than batteries. This is important given that for a
short measurement period, the sizing characteristic for batteries is the current capability
rather than the energy capacity. This is conducted to the oversized energy storage. With
supercapacitors, the volume required for energy storage is reduced if charging is possible
between two measurements.

The power management circuit has the following three functions: wake up the sensor,
charge the supercapacitors, and supply the Bluetooth transceiver. To wake up the sensor,
we use a reed switch, which is activated wirelessly with a magnet placed on the pavement
when waking up the sensor is needed. The main advantage of this technique is zero energy
consumption when the device is off. The charge is stopped using overvoltage detection.
The MCU is used to drive the measurement channels and convert analog-to-digital and
UART translation. The data logger (smartphone or laptop) receives raw data. The objective
of such a setup is to reduce the MCU’s tasks to improve the sampling frequency (event-
based programming with hardware interrupts). At the end of measurement, the circuit is
turned off by a software instruction that interacts with the power management circuit to
avoid leakage or quiescent current when the device is off.

The choice of an asymmetrical Wheatstone bridge (see Figure 2) with four unequal
impedances is made to save energy. The Rtemp and the gauge form a divider bridge
that delivers a third of the supply voltage (here VCC = 2.5 V). A third of the voltage is
chosen to ensure correct biasing even for the negative part of the expected signal. Rtop,
Rbot, and the adjustment potentiometer make it possible to adjust the voltage difference
in the two dividing bridges so that the output of a differential amplifier corresponds to
one-third of the full-scale voltage (FSV) of the ADC. The zero adjustment potentiometer is
electronically tuned by the microcontroller at each start-up. To improve the precision of
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the zero adjustment, the program includes a zero-strain voltage measure to set precisely at
zero the measured strain. For gauge conditioning, we use a thermistor mounted on the test
body to compensate for the slope change due to the temperature variation. The divider
bridge formed by the gauge and the thermistor delivers half of VCC at zero strains. The
signal is digitized by the embedded ADC of the MCU. Also, the MCU converts data from
the ADC to the UART protocol to interface with the Bluetooth transceiver. We use a fast
Fourier transform (FFT) of the expected signal to estimate the needed sampling frequency.
As we can see in Figure 3, the frequencies contained in the signal do not exceed 10 Hz.
To keep a high signal–noise ratio (SNR) and a nice curve shape, we choose a minimum
sampling frequency of 200 Hz. To improve the quality of the analog-to-digital conversion,
we place an anti-aliasing filter. The cut-off frequency is set by the maximum sampling
frequency divided by two to avoid spectrum aliasing. In our case, if the sampling frequency
is 1000 Hz, the cut-off frequency of the anti-aliasing filter should be set at 500 Hz. The use
of an anti-aliasing filter prior to analog-to-digital conversion improves the digital signal
quality by reducing quantization noise and preventing spectrum aliasing. As a result of this
design, the sensor resolution is 1 µm/m, its span is −250 to 750 µm/m with an accuracy of
5% and a sampling frequency up to 1 kHz.

Figure 3. FFT expected signals.

3. Installation of the Sensor in the Pavement Surface Layer

Two core samples were taken at a distance of 2.5 m on the pavement. The first has a
diameter of 108 mm and provides us with a core with a diameter of 96 mm. The second
has a diameter of 97 mm and provides us with a core with a diameter of 90 mm. The latter
is kept for laboratory measurements. This method is essential because it guarantees that
the instrumented core has the same module as the rest of the pavement and, therefore,
good continuity of the deformation field. The first is instrumented and then glued in the
97 mm diameter hole using epoxy glue. We chose epoxy glue, which has a tensile and
flexural modulus near the grave bitumen layer one. Other technical constraints, like glass
transition temperature, polymerization time, and positioning time, are considered. For the
first laboratory test under hydraulic press, the test body is equipped with the following two
gauges: one for longitudinal strain and another for transversal strain (Figure 4c). We chose
a long strain gauge to measure the average strain of the test body. Their instrumentation
involves several steps:

• The surface of the test body where the gauges will be glued is grounded and a groove
is made on the edge of the cylinder for the passage of the cables (Figure 4a);
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• A layer of hot bitumen is applied to fill the gaps. In order to perfect the surface
condition, an epoxy resin is applied and then sanded (Figure 4b);

• The gauges are glued using a glue intended for this purpose (Figure 4c). At this point,
the thermal compensation resistors and the Wheatstone bridge are wired;

• A PVC (polyvinyl chloride) strapping and a protective paste against humidity is
affixed (Figure 4d).

Figure 4. Preparation of the test core. (a): Machined test core; (b): test core before gauges gluing;
(c): two perpendicular gauges; (d): finished test core.

With machining, the bottom of the drilling core is removed and a void appears between
the bottom of the hole and the instrumented core. This is simply filled with sand. To ensure
the correct alignment, a line parallel to the longitudinal gauge axis is drawn on the top
of the test body. During gluing, the core is placed so that the top line is aligned with the
pavement direction. After the installation of the core in the pavement layer, a groove is
made between the two core holes. This will receive the cables of the classic gauge system
(Wheatstone bridge) used for comparison with our wireless sensor. The remaining hole
receives a PVC box containing the sockets for connecting the instrumented core to the
electronics. This box is waterproof and is flush with the surface of the road. Figure 5 shows
a schematic of the test setup. During measurements, the center axis of the MLS10 twinning
is positioned at 550 mm from the measuring instrument using a system of marks to ensure
the alignment of the longitudinal axis of the gauge with that of the wheels.
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Figure 5. Sensor installation in the pavement.

4. Validation of Measurement Process

To check each part of the sensor separately, we proceed as follows:

4.1. Diametral Compression of a PVC Test Body Instrumented with One Strain Gauge

We made a test body out of PVC (Figure 6, right) and compressed it (Figure 6, left)
to check the linearity of the measurement and validate the electronic section of the mea-
surement channel. A Zwick press with diametrical shims is used to load the test body and
obtain a homogeneous strain; also, the diametrical compression is used to calibrate the
measurement channel. This method ensures that the measurement channel is providing
accurate and consistent readings. Indeed, this procedure is necessary because the uncertain-
ties about the component values and analog offset compensation are too important and the
channel measurement can be saturated without mechanical load on the pavement. As can
be seen in Figure 7, the response of the gauge is perfectly linear. An offset of approximately
500 N appears between the loading and unloading curves. This shift is due to the stress
relaxation and creep deformation of the PVC core.

Figure 6. (Left): Diametric compression schematic. (Right): View of the PVC core.



Appl. Sci. 2024, 14, 2245 8 of 15

Figure 7. Sensor response with a PVC test body under a loading/unloading cycle.

To evaluate the nonlinearity error due to the conditioning circuit based on the asym-
metrical Wheatstone bridge, we chose to calculate the worst-case operating condition of the
measurement chain. Table 1 resumes the relative error between real and measured strain.
The real strain is an imposed displacement range. From an imposed displacement, the
corresponding resistance of the gauge is determined thanks to the formulas from Freire [32].
The measured strain is computed from Rg, and takes into account the nonlinear behavior
of the conditioning circuit and ADC. The relative deviation is the absolute ratio between
the real and measured strain.

Table 1. Relative deviation between real and measured strain.

Real Strain (µm/m) Rg (Ohm) Measured Strain (µm/m) Rel. Deviation (%)

−200 119.95 −200.03 0.02
−100 119.97 −98.81 1.19
−50 119.99 −50.61 1.22

0 120.00 Indefinite ∞
50 120.01 50.61 1.22
100 120.03 101.22 1.22
200 120.05 200.03 0.02
300 120.08 301.25 0.42
400 120.10 400.06 0.02
500 120.13 501.28 1.28
600 120.15 600.09 0.02
700 120.18 701.31 0.19

The relative error is infinite at 0 µm/m, and it is mainly due to the conditioning. In
a perfectly balanced Wheatstone bridge, the voltage difference between the two outputs
would be zero at zero strains. However, in practice, due to imperfections in the bridge
and thermal noise, a small voltage difference will always be present, even at zero strains.
As a result, the SNR is 0 (0 in linear and −∞ in dB) when the real strain is 0. This error is
typically negligible for large strains but may become more significant at lower strains.



Appl. Sci. 2024, 14, 2245 9 of 15

4.2. Diametral Compression of a PVC Test Body Instrumented with Two Perpendicular Gauges

Figure 8 shows that the two gauges (longitudinal and transverse) have a linear be-
havior proportional to the force applied to the surface of the core; however, the absolute
slope coefficient values are slightly different. This difference is due to the gauge factor and
manufacturing dispersion of conditioning electronic circuits. Moreover, the symmetric axle
between the two gauges is probably imperfectly aligned with the press axle. As a result, the
strength is not perfectly distributed. This offset will be removed during data processing.

Figure 8. Response of the gauge against parallel and perpendicular axle (see Figure 4c).

4.3. Indoor Experiment on Instrumented Pavement Core with Two Parallel Gauges

To validate the gluing technique and the test body, we made a first test for our indoor
experimental pavement [10]. The test body is instrumented with the protocol already
presented and glued in the pavement, but the gauges are now placed parallel to each
other (see Figure 9, left). One gauge is wired to the wireless measurement channel and the
other is wired to a traditional measurement channel (this traditional measurement used for
comparison between gauges requires the presence of a small trench up to the acquisition
system, Figure 9, right). Figure 10 compares the measurements between innovative and
reference methods. The small gap between both curves is probably due to the use of two
gauges. Indeed, one gauge is slightly further from the load than the other. As a result, the
expected deflection is slightly different. After milling the surface course, we found that the
glue joint is thin as expected. The glue joint is regular except close to the cable passage
(Figure 9, right).

Figure 9. (Left): Test core with two parallel gauges (wireless and Wheatstone bridge), (Right):
instrumented core placed in the pavement.
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Figure 10. Comparison between innovative wireless method and wired reference method.

4.4. Outdoor Test with Real Load Condition and Comparison with Numerical Result

We used a mobile load simulator (MLS10) to test our system with a real moving
load. This device involves simulating real-world traffic conditions on a full-scale section of
pavement. This type of testing allows the evaluation of the performance of new pavement
materials and technologies under realistic conditions, and can provide valuable information
about the durability, longevity, and sustainability of the pavements. The MLS applies 65 kN
loads on tandem axles (32.5 kN per axle) to the pavement surface at an 8 km per hour
speed [11]. Figure 11 introduces the pavement structure and the MLS measurements. The
studied pavement is a classic structure of the roads of the French network. The material of
the wearing course is composed of 60 mm of asphalt concrete. The second layer is composed
of a grave bitumen (GB3) 80 mm thick, then 3 layers of unbound granular material (UGM)
and granitic sand. The mechanical parameters of the structure are those given by the
pavement designer and have been verified by numerous FWD tests beforehand.

Figure 11. MLS10 testing system and pavement structure.
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The remaining drilling core is used to determine the Young’s modulus of the layer
where the gauge is glued. After MLS installation and starting cycles, we compared the
measured strains from wireless and wired data acquisition systems and numerical values,
both measurements are recorded simultaneously. A comparison with our measurement of
the longitudinal strain under the bituminous layer is carried out using a semi-analytical
calculation model. This numerical tool is presented in the work of Manyo et al. [33]. This
multi-layer tire–road contact model has already been validated in the MLS tests. The
structure of the modeled pavement is the same as shown in Figure 11. The load is modeled
by the contact surface of the real dual tire loaded at 2 × 32.5 kN traveling at a speed of
8 km per hour. Figure 12 shows a comparison of the obtained numerical results and the
response of our sensor. This result then confirms the quality of our measurement to find
the maximum strain and the shape of the signal.

Figure 12. Measured and calculated longitudinal strain from in situ pavement testing.

5. Results and Discussion

Figure 13 shows the signal measured during the passage of the free-rolling wheels. Si-
multaneously, we measured the longitudinal strain with a classic wired Wheatstone bridge,
and with the wireless measurement channel. Both measurements give the same waveform
and the same maximum and minimum values, so we consider this test as conclusive. The
waveforms of both measurements are also close to the work of Grellet et al. [11,34]. That
confirms the previous test, the electronic design, and the gluing technique. Indeed, Grel-
let et al. [11] also used a pavement core instrumented with a fiber optic network on a small
proof polymeric body. Epoxy glue is used to fix the proof body on the asphalt core, and the
latter to the pavement with a glue joint of 1 mm. The described sensor is designed only for
the measurement of dynamic load. As a result, it is impossible to determine the long-term
strain that appears between the two measurements. As explained in the third section, we
use a basic alignment to set the longitudinal gauge axis. To avoid misalignment issues,
we might use strain gauge rosettes. With rosettes, we can compute and compensate for
misalignment errors; however, it needs to add one measurement channel and this increases
the energy consumption and decreases the maximum sampling frequency.

As previously announced, the gauges were chosen as long as possible to measure
the average strain directly on asphalt concrete to avoid the use of an intermediate core.
The drawback of this technique is the overlapping of longitudinal and transversal gauges.
Gauges overlapping decrease the independence between longitudinal and transversal
measurement. Indeed, Grellet et al. [11] observed a lower strain than expected with an
optical fiber sensor embedded in polymeric body proof due to energy losses occurred by
load transfer from the pavement to the sensor. Our choice is a compromise. It might be
better if we add a temperature sensor to know the temperature of the gauges and test body.
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Indeed, the temperature impact gauges sensibility (around 10% at 40 °C when the gauge is
calibrated at 25 °C) and pavement modulus.

Figure 13. Comparison between wireless and Wheatstone bridge measurements.

Concerning the performance and limitations of the electronic section, compromises
had also to be made. To save board space and power consumption, we choose to use the
built-in voltage reference of MCU to calibrate the ADC. Unfortunately, the output voltage
drift due to temperature or supply voltage variation is not specified in the datasheet. As
a consequence, the only available information is the output voltage range, which is 1.0
to 1.2 V for a typical value set to 1.1 V. The worst case of voltage reference gives 10% of
error, which is the major contribution to inaccuracy. The second contribution is inaccuracy
on resistors, which defines the amplifier gain with 2% in the worst case. Concerning
gauges, there are the following three parameters: transverse sensitivity (1% of longitudinal
sensitivity), gauge factor (2.14 ± 0.5%), and grid resistance (120 Ω ± 0.6%). We neglected
the inaccuracy of grid resistance and gauge factor because we calibrated our instrument.
It remains sensitive to transverse (that corresponds to ±2 µm/m when the wheel is fully
loaded) and gauge factor variation due to temperature (≈0.1% at 50 °C). The absolute
accuracy of ADC is ±2 LSB (least significant bit), which corresponds to 2 µm/m. As a
result, the sum of the uncertainties of the different stages amounts to the following: 13%
and ±4 µm/m. Concerning wireless data transmission, we use a class 1 Bluetooth module
that is qualified for IEEE standards 2.1/2.0/1.2/1.1. This part is used to transmit data at
2 Mbps in a 100 m range in free space. In practice, the Bluetooth transceiver is close to the
soil and does n0t operate in open fields. As a consequence, the real range is reduced. This
consequence did not induce any problems during experiments because the major drawback
of wireless transmission with this module is energy consumption and EMI (electromagnetic
interference) with analog circuits. Indeed, the wireless transmission absorbs 75% of the
total consumption in measurement mode. Also, the wireless signal shown in Figure 13 is
noisier than the signal from Figure 12. It is due to the proximity of the transceiver even if
this one is certified EN 55022 Class B radiated.

Despite all these limitations, the instrumentation after asphalt layer construction and
cooling presented in this article is useful for adapting the test setup, completing a damaged
one, or simplifying road instrumentation. The main advantage is the good positioning of
the sensor and a reduction in sensors destruction during instrumentation before building
the bituminous layer.
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6. Conclusions

This article introduced the method and feasibility of a deformation measurement
device implemented in a core of materials identical to the pavement and re-established
by gluing. The device can measure the longitudinal and transverse deformations in a
pavement layer. The implementation of the sensor can be carried out after the construction
of the asphalt concrete layer. Installation after construction work simplifies the electronic
design and the problems of destruction during compaction or high temperatures. The
lifespan of sensors installed in roadways is also often limited by the wires. This wireless
data transmission technique will therefore increase the lifespan of instrumented structures.
The supercapacitor and wireless charger allow the device to be implemented entirely inside
the core and remain perfectly autonomous. The electronic part of the wireless sensor
is nevertheless more difficult to design than simple wired sensors. Energy storage can,
however, increase the size of the circuit and the transceiver can sometimes make noise in
the measured signal.

The measurement results were validated using measurements on a conventional
gauge system as well as using the results from a reliable numerical model. These main
innovations open the way to building long-life real-time pavement monitoring systems.
With this system, a sampling frequency of 1 kHz can be achieved, which allows us to
capture the dynamic behavior of the pavement (as can be found with higher vehicle speed
or a traffic simulator and the falling weight deflectometer test). This high frequency can
provide more detailed information about the pavement response to loading, and can help
identify critical points within the pavement structure. Finally, we plan for future tests on an
instrumented roadway with further testing of this new sensor in different loading, position,
and temperature configurations.

Author Contributions: Conceptualization, P.R. and C.P.; methodology, C.G.; software, D.C.d.S.;
validation, B.P., N.R.-R. and C.P.; formal analysis and investigation, C.G.; data curation, C.G.; writing—
original draft preparation, B.P. and C.G.; writing—review and editing, B.P. and N.F.; supervision, C.P.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy.

Acknowledgments: The authors would like to acknowledge the company Spie Batignolles Malet
(Toulouse, France) and Alain Beghin, for building the pavement layers used for these tests and for his
support in developing the test program.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Swett, L.; Mallick, R.; Humphrey, D. A study of temperature and traffic load related response in different layers in an instrumented

flexible pavement. J. Pavement Eng. 2008, 9, 303–316. [CrossRef]
2. Al-Qadi, I.L.; Loulizi, A.; Elseifi, M.; Lahouar, S. The Virginia Smart Road: The Impact of Pavement Instrumentation on

Understranding Pavement Performance. Asph. Paving Technol. Assoc. Asph. Paving-Technol. Proc. Tech. Sess. 2004, 73, 427–465.
3. Xue, W.; Wang, L.; Wang, D.; Druta, C. Pavement Health Monitoring System Based on an Embedded Sensing Network. J. Mater.

Civ. Eng. 2014, 26, 04014072. [CrossRef]
4. Maadani, O.; Abd El Halim, A.; Mostafa, N. Instrumentation for Monitoring Pavement Performance in Cold Regions. J. Cold Reg.

Eng. 2015, 29, 04014017. [CrossRef]
5. Mostafa Elseifi, A.; Louay Mohammad, N.; Bill King, W.; Zhang, Z. Assessment stress and strain instrumentation in Accelerated

pavement testing. Int. J. Pavement Res. Technol. 2012, 5, 121–127.

http://doi.org/10.1080/10298430701576117
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0000976
http://dx.doi.org/10.1061/(ASCE)CR.1943-5495.0000087


Appl. Sci. 2024, 14, 2245 14 of 15

6. Ai, C.; Rahman, A.; Xiao, C.; Yang, E.; Qiu, Y. Analysis of measured strain response of asphalt pavements and relevant prediction
models. Int. J. Pavement Eng. 2017, 8, 1089–1097. [CrossRef]

7. Gaborit, P.; Sauzéat, C.; Di Benedetto, H.; Pouget, S.; Olard, F.; Claude, A.; Monnet, A.J.; Audin, R.M. Investigation of highway
pavements using in-situ strain sensors. Int. Conf. Transp. Infrastruct 2013, 28, 331–337. [CrossRef]

8. Duong, N.S.; Blanc, J.; Hornych, P.; Bouveret, B.; Carroget, J.; Lefeuvre, Y. Continuous strain monitoring of an instrumented
pavement section. Int. J. Pavement Eng. 2019, 20, 1435–1450. [CrossRef]

9. Pouteau, B.; Mazé, M.; Mai, T. SMARTVIA: La route intelligente. . . RGRA 2012, 901, 32–39. (In French)
10. Oubahdou, Y.; Reynaud, P.; Petit, C.; Millien, A.; Dopeux, J.; Metrope, M.; Picoux, B.; Gerbaud, C.; Tautou, R. Full Scale Testing

with the Mobile Load Simulator: Advanced Measurements Related to Pavement Behavior and Surface Layer Damage. In
Proceedings of the 6th APT Conference, Nantes, France, 18 August 2020.

11. Grellet, D.; Doré, G.; Bilodeau, J.P. Comparative study on the impact of wide base tires and dual tires on the strains occurring
within flexible pavements asphalt concrete surface course. Can. J. Civ. Eng. 2012, 39, 526–535. [CrossRef]

12. Cho, S.; Yun, C.; Lynch, J.P.; Zimmerman, A.T.; Spencer Jr, B.F.; Nagayama, T. Smart wireless sensor technology for structural
health monitoring of civil structures. Int. J. Steel Struct. 2008, 8, 267–275.

13. Tairab, A.M.; Alaeldin, M.; Wang, H.; Hao, D.; Azam, A.; Ahmed, A.; Zhang, Z. A hybrid multimodal energy harvester for
self-powered wireless sensors in the railway. Energy Sustain. Dev. 2022, 68, 150–169. [CrossRef]

14. Zanelli, F.; Debattisti, N.; Mauri, M.; Argentino, A.; Belloli, M. Development and Field Validation of Wireless Sensors for Railway
Bridge Modal Identification. Appl. Sci. 2023, 13, 3620. [CrossRef]

15. Bennet, R.; Hayes-Gill, B.; Crowe, J.A.; Armitage, R.; Rodgers, D.; Hendroff, A. Wireless monitoring of highways. In Proceedings of
the SPIE Conference Smart Systems for Bridges, Structures, and Highways, Newport Beach, CA, USA, 18 May 1999; Volume 3671,
pp. 173–182. [CrossRef]

16. Tanner, N.A.; Farrar, C.R.; Sohn, H. Structural health monitoring using wireless sensing systems with embedded processing.
In Proceedings of the SPIE conféRence of NDE For Health Monitoring and Diagnostics, San Diego, CA, USA, 18 June 2002.
[CrossRef]

17. Pei, Q.; Qi, P.; Lu, Y.; Qin, L. Development and Verification of Wireless Vibration Sensors. Buildings 2023, 13, 1648. [CrossRef]
18. Prabatama, N.A.; Hornych, P.; Mariani, S.; Laheurte, J.M. Development of a Zigbee-Based Wireless Sensor Network of MEMS

Accelerometers for Pavement Monitoring. Eng. Proc. 2023, 58, 29. [CrossRef]
19. Sundaram, B.A.; Ravisankar, K.; Senthil, R.; Parivalla, S. Wireless sensors for structural health monitoring and damage detection

techniques. Curr. Sci. 2013, 104, 1496–1505.
20. Yun, C.B.; Min, J. Smart sensing, monitoring, and damage detection for civil infrastructures. KSCE J. Civ. Eng. 2011, 15, 1–14.

[CrossRef]
21. Zhang, X.; Xu, C.; Lei, Q. The method of intelligent wireless sensor to improve the water permeability of permeable asphalt

concrete pavement. IET Netw. 2022, 82, 1–12. [CrossRef]
22. Bajwa, R.; Rajagopal, R.; Varaiya, P.; Kavaler, R. In-pavement wireless sensor network for vehicle classification. In Proceedings of

the 10th International Conference on Information Processing in Sensor Networks, Chicago, IL, USA, 12–14 April 2011.
23. Knaian, A.N. A Wireless Sensor Network for Smart Roadbeds and Intelligent Transportation Systems. Ph.D. Thesis, Massachusetts

Institute of Technology, Department of Electrical Engineering and Computer Science, Cambridge, MA, USA, 2000.
24. Di Graziano, A.; Marchetta, V.; Cafiso, S. Structural health monitoring of asphalt pavements using smart sensor networks: A

comprehensive review. J. Traffic Transp. Eng. 2020, 7, 639–651. [CrossRef]
25. Wang, L.; Xue, W.; Druta, C.; Wang, D. Integration of Structural Health Monitoring and Asset Management; Virginia Tech Transporta-

tion Institute, Center for Smart Infrastructure and Sensing Technology: Blacksburg, VA, USA, 2012.
26. Alavi, A.H.; Hasni, H.; Lajnef, N.; Chatti, K.; Faridazar, F. Damage detection using self-powered wireless sensor data: An

evolutionary approach. Measurement 2016, 82, 254–283. [CrossRef]
27. Xiao, J.; Zou, X.; Xu, W. ePave: A Self-Powered Wireless Sensor for Smart and Autonomous Pavement. Sensors 2017, 17, 2207.

[CrossRef] [PubMed]
28. Alavi, A.H.; Hasni, H.; Lajnef, N.; Chatti, K. Continuous Health Monitoring of Pavement Systems Using Smart Sensing Technology.

Constr. Build. Mater. 2016, 114, 719–736. [CrossRef]
29. Lajnef, N.; Rhimi, M.; Chatti, K.; Mhamdi, L.; Faridazar, F. Toward an Integrated Smart Sensing System and Data Interpretation

Techniques for Pavement Fatigue Monitoring. Comput. Aided Civ. Infrastruct. Eng. 2011, 26, 513–523. [CrossRef]
30. Rhimi, M.; Lajnef, N.; Chatti, K.; Faridazar, F. A self-powered sensing system for continuous fatigue monitoring of in-service

pavements. Int. J. Pavement Res. Technol. 2012, 5, 303–310.
31. Available online: https://docs.micro-measurements.com/?id=13752 (accessed on 2 February 2024).
32. Freire, J.L.F. Experimental Mechanics—Electrical Resistance Strain Gages. Encyclopedia of Life Support Systems, Chapters—Physical

Sciences, Engineering and Technology Online Resources. Available online: https://www.eolss.net/Sample-chapters/C05/E6-1
94-07.pdf (accessed on 2 February 2024).

http://dx.doi.org/10.1080/10298436.2016.1149836
http://dx.doi.org/10.1201/b16730-49
http://dx.doi.org/10.1080/10298436.2018.1432859
http://dx.doi.org/10.1139/l2012-031
http://dx.doi.org/10.1016/j.esd.2022.03.012
http://dx.doi.org/10.3390/app13063620
http://dx.doi.org/10.1117/12.348667
http://dx.doi.org/10.1117/12.470728
http://dx.doi.org/10.3390/buildings13071648
http://dx.doi.org/10.3390/ecsa-10-16236
http://dx.doi.org/10.1007/s12205-011-0001-y
http://dx.doi.org/10.1049/ntw2.12060
http://dx.doi.org/10.1016/j.jtte.2020.08.001
http://dx.doi.org/10.1016/j.measurement.2015.12.020
http://dx.doi.org/10.3390/s17102207
http://www.ncbi.nlm.nih.gov/pubmed/28954430
http://dx.doi.org/10.1016/j.conbuildmat.2016.03.128
http://dx.doi.org/10.1111/j.1467-8667.2010.00712.x
https://docs.micro-measurements.com/?id=13752
https://www.eolss.net/Sample-chapters/C05/E6-194-07.pdf
https://www.eolss.net/Sample-chapters/C05/E6-194-07.pdf


Appl. Sci. 2024, 14, 2245 15 of 15

33. Manyo, E.Y.; Reynaud, P.; Picoux, B.; Tautou, R.; Nelias, D.; Allou, F.; Petit, C. Towards fast modelling of the tire-pavement contact.
Eur. J. Environ. Civ. Eng. 2019, 25, 2396–2412. [CrossRef]

34. Grellet, D.; Doré, G.; Bilodeau, J.P. Effect of tire type on strains occurring in asphalt concrete layers. In Proceedings of the 11th
International Conference on Asphalt Pavements, Nagoya, Japan, 5 August 2010.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1080/19648189.2019.1628812

	Introduction
	Electronic Design of the Sensor
	Installation of the Sensor in the Pavement Surface Layer
	Validation of Measurement Process
	Diametral Compression of a PVC Test Body Instrumented with One Strain Gauge
	Diametral Compression of a PVC Test Body Instrumented with Two Perpendicular Gauges
	Indoor Experiment on Instrumented Pavement Core with Two Parallel Gauges
	Outdoor Test with Real Load Condition and Comparison with Numerical Result

	Results and Discussion
	Conclusions
	References

