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Abstract: Road agencies are constantly being placed in difficult situations when making road
maintenance and rehabilitation decisions as a result of diminishing road budgets and mounting
environmental concerns for any chosen strategies. This has led practitioners to seek out new
alternative and innovative ways of monitoring road conditions and planning maintenance routines.
This paper considers the use of innovative piezo-floating gate (PFG) sensors and conventional strain
gauges to continuously monitor the pavement condition and subsequently trigger maintenance
activities. These technologies can help develop optimized maintenance strategies as opposed to
traditional ad-hoc approaches, which often lead to poor decisions for road networks. To determine
the environmental friendliness of these approaches, a case study was developed wherein a life
cycle assessment (LCA) exercise was carried out. Observations from accelerated pavement testing
over a period of three months were used to develop optimized maintenance plans. A base case is
used as a guide for comparison to the optimized systems to establish the environmental impacts of
changing the maintenance workflows with these approaches. On the basis of the results, the proposed
methods have shown that they can, in fact, produce environmental benefits when integrated within
the pavement management maintenance system.

Keywords: pavement management system; embedded sensors; piezoelectric sensors; accelerated
pavement testing; life cycle assessment; environmental impact

1. Introduction

1.1. The Needs of Current Pavement Maintenance Systems and Practices

In today’s global landscape, there are significant challenges for development being faced by
countries of all sizes and types. One of the primary concerns is the condition of the roadway network
as this is a key determinant for development. This is because it is considered the gateway to mobility
and access for citizens, which in turn leads to economic and social benefits for the nation and its
people [1]. This concern is further worsened by the continuing budget reductions for road authorities
for pavement maintenance and rehabilitation programs [2]. These reductions result in authorities not
having sufficient financial resources to maintain their networks in an optimal state.

There are attempts to utilize optimization systems such as the pavement management system
(PMS), which is based on utilizing the available financial resources in the most efficient and valued
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manner based on the needs of the road network [3]. However, while the use of the PMS helps authorities
to make optimized decisions, it is also highly dependent on the availability of data on the condition of
the roads in the network. The acquisition of this road condition data can be quite costly, as the most
accurate technologies to date largely involve expensive equipment and vehicles featuring elements
such as laser profilers [4]. These systems in many cases require significant time and substantial training
for the authorized personnel working in the road authorities. As a result of this, agencies quite often
rely on the use of manual surveys to obtain this data [5] and, as a result, these data can be considered
subjective and, in some cases, inaccurate. This leads to the development of poor maintenance strategies
or, in many cases, a pre-set strategy with no capacity to adapt to real-time circumstances and challenges.
To this end, it has been the goal of many authorities and agencies to find lower-cost solutions for
monitoring road conditions for the purpose of building accurate and robust asset databases.

There are several different areas of research in this domain [6,7]. Generally, the two most researched
areas of study of automated pavement distress collection systems are the ones based on systems
utilizing lasers and imaging technologies [8]. There are advantages and disadvantages of both of
these systems, with the laser-based systems generally being more accurate, but the imaged-based ones
carrying a lower cost. However, with both systems, there is still a need for continuous physical surveys
to be carried out on the road to inspect conditions.

Apart from the aforementioned technologies, there is significant research built around the use
of in situ monitoring systems for the acquisition of accurate information concerning the conditions
of the pavement. Such systems allow documenting the level of service of the road asset via the use
of embedded sensors and technologies, which can allow for remote and continuous monitoring over
the life cycle of the pavement for fatigue [9–13]. Such systems do not require frequent surveys and
the state of the pavements can be monitored without any disruption to the traffic or road network,
which is an advantage over the systems mentioned before. These embedded systems typically work
by monitoring strains of the asphaltic layers, which can then be interpreted to help road agencies to
discern information on the condition of the pavement. Accurate post-processing and analysis of data
coming from the sensors are fundamental in order to define an adapted and cost-effective management
plan. The information can be commonly utilized within a PMS for particular needs, as shown in
Figure 1 below [14]. The full extent to which the information can be utilized within the PMS is not
covered within this study, but the ways in which the data collected can be used for determining needs
of the pavement and for planning interventions are the main focus of the work. Furthermore, the data
obtained through the sensors can be considered under information quality level 4, which considers the
structure and condition of the pavement for planning and performance evaluation.
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The use of the data can, therefore, extend the road service life and improve its safety. For the purpose
of this paper, conventional strain gauges and piezoelectric sensors are considered for monitoring road
conditions, and consequently triggering maintenance activities. An insight into their use is explored
and the possibilities of their use in road condition monitoring are identified through an experimental
case study.

1.2. Environmental Concerns about Employing New Detection Systems

With the use of these embedded technologies, it is possible for early detection of pavement distresses
and for preventative maintenance to be employed instead of the costlier corrective maintenance practices
that would be needed once the pavement would have already failed [15–18]. In scenarios typical in
small authorities, there is usually a pre-set maintenance plan for the life cycle of the pavement based
on the experience of the area and the available funds. With the use of these types of maintenance plans,
there is no customization based on the real conditions of the roads. Therefore, limited preventative
maintenance is done to help lengthen the pavement life cycle and save money for the authority.
They essentially operate on the ‘worst-first’ approach, wherein the pavements are allowed to reach
their failure point without any preventative measures deployed [1]. As a result, the use of embedded
sensors would be a welcome addition for the authority.

However, the use of these proactive sensors can result in more frequent maintenance interventions
as more preventative interventions would be utilized based on the triggers of the sensors to delay the
use of the more costly corrective maintenance interventions when the pavement has suffered both
functional and structural failure. This result brings into question the environmental friendliness of
using these approaches, as more frequent interventions can have more severe environmental impacts.

Transportation can be quite energy-intensive, and thus the associated environmental impacts can be
adverse. In many cases, however, the construction, operation, and maintenance of the road pavements
or road networks have been considered less significant in terms of environmental impacts, when
compared with the potential environmental impacts by the vehicles utilizing the specific road or road
network during its life cycle [19,20]. Given the need for more sustainable transportation infrastructures
and asphalt pavements, it has lately become apparent that aspects such as the road construction and
maintenance could lead to significantly increased amounts of energy consumed, and hence to higher
amounts of emissions [19,21]. To further investigate, the aforementioned environmental implications
the life cycle assessment methodology can be utilized as described in international standards [22,23].

This study, however, has as a main objective to compare the environmental impacts of three
different alternatives, namely, three different maintenance pipelines, focusing only on the use phase
of the asphalt road and specifically on its maintenance. Numerous studies have been conducted so
far that assess the environmental impacts of asphalt pavements over their life cycle. For instance,
Häkkinen & Mäkele assessed the environmental impacts of the pavement construction, maintenance,
and traffic, followed by Chappat and Bilal, who also focused on the same aspects of the environmental
assessment of a road [24,25]. Other researchers also included the environmental impacts arising owing
to the construction of the necessary earthworks, surrounding a road pavement [19,26], while Hoang et
al. only assessed the environmental impacts of the road construction and maintenance [27].

It thus becomes evident that the use of life cycle assessment for roads is strongly correlated with
the objective of the study and can be implemented. In the specific investigation, as it has a comparative
nature, the comparison is undertaken with the same pavement structure. However, with alternative
maintenance strategies each time, the stage of pavement construction, the impacts of the earthworks’
construction, the traffic impacts, and the end of life were omitted from the study. This is because of
the fact that a comparative study would not benefit from the inclusion of identical aspects in all the
alternatives. In other words, the omitted aspects would have no influence on the outcomes of the study.
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1.3. Aim of the Study

This paper carried out a life cycle assessment (LCA) case study to quantify the environmental
impacts of the maintenance pipelines based on three different scenarios (technologies). The baseline
scenario is where no sensors are embedded in the pavement structure, and thus a preset maintenance
plan is followed; the second scenario utilizes piezo-electric sensors and the third utilizes conventional
strain gauges, in order for optimized maintenance pipelines to be achieved. The LCA was carried out
using results from the experimental test section, where the sensors were deployed in an accelerated
pavement testing setup. Environmental impacts of devising maintenance plans based on intervention
triggers from the sensors as opposed to a typical pre-set plan were compared and analyzed.

1.4. Structure of the Study

Before the LCA case study could be done, it was also very important to understand how the
sensor results are read and interpreted, as this will establish the practicality of using them in real-world
conditions. To this end, Section 2 describes the gauges and sensors utilized in the study and Section 3
explains the experimental setup of the study. The results of the sensors in the case study are then
provided in Section 4, detailing how results are read and analyzed, whereas Section 5 deals with the
formulation of the maintenance strategies. Finally, the results of the LCA are provided in Section 6,
with further discussions being made on the results of the LCA and the use of the embedded sensors.

2. Embedded Sensors Considered in the Study

2.1. Strain Gauges

This study used a strain gauge denoted as type KM-100HAS, provided by TML (Tokyo Measuring
Instruments Laboratory Co., Ltd.—Tokyo Sokki Kenkyujo) (Figure 2). This device is waterproof, and it
is designed to withstand high temperatures and compaction loads, usually associated with asphalt
pavement construction [28]. Strains are sensed when the flanges are slightly varied by strains generated
inside the asphalt and small displacements are transferred to the spring element. Asphalt strains are
then converted into electrical signals and read out by a data acquisition system. Typical solutions for
the transmission of the data use external boxes for storing the cables (wires) and the data acquisition
system. These boxes can be located at the roadside and can be powered by solar panels, allowing
data transmission to a cloud server. The transducer has an apparent elastic modulus of approximately
40 N/mm2, resistance of 350 ohm (Ω) full bridge, rated output approximately of 2.5 mV/V, capacity
of ±5000 × 10−6 strain, and a temperature range between −20 ◦C and 180 ◦C. Equation (1) shows the
calculation method when variation in temperature is ignored, where ε1 corresponds to the strain value
(×10−6), Cε to the calibration coefficient (10−6/1 × 10−6), and εi to the measured change from the initial
value (×10−6) considering a gauge factor of two.

ε1 = Cε ∗ εi (1)
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2.2. Piezoelectric Sensors

Piezoelectric sensors have become more popular in strain and vibration sensing owing to their
ability to harvest mechanical energy from ambient variations [10,29]. Recent research has shown that
piezoelectric transducers can be used to self-power sensors for long-term monitoring applications [13].
Under traffic loading, piezoelectric sensors harvest the induced micro-strain energy in the asphalt
concrete (AC) layer to power the sensor electronics and to assess the pavement condition. In this
study, a rectangular polyvinylidene fluoride (PVDF) film is used to convert strain energy into an
electrical signal. The open source voltage (V) generated by a PVDF ceramic transducer material can be
calculated using Equation (2), where S, Y, d31, h, and ε, are the applied strain, Young’s modulus of
the piezoelectric material, piezoelectric constant, thickness, and electrical permittivity, respectively.
The generated energy (En) from a piezoelectric transducer across a load resistance (R) is shown in
Equation (3), where tf is the loading time.

V =
S Y d31 h

ε
(2)

En =

∫ t f

0

V2(t)
R

dt (3)

For the purpose of this study, a particular type of piezoelectric sensor was utilized—the recently
developed piezo-floating-gate (PFG) sensor, Figure 3. This sensor is equipped with a series of memory
cells that successively store the duration of strain events. The PFG sensor starts measuring when
the amplitude of the input signal, coming from the piezoelectric transducer, exceeds one or more
threshold [30,31]. The piezoelectric sensor can incorporate an antenna for direct (wireless) data
transmission. A reader (in a form of a USB) then communicates with the sensor through a specific radio
frequency; initial experiments have shown that data transmission could be done up to a maximum car
speed of 70 km/h.
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Sensor results can be characterized by the following cumulative distribution (CDF) function,
Equation (4), where µ is the mean of the deformation distribution, σ is the standard deviation
considering load and frequency variability, and α is the total cumulative time of the applied strain.
The statistical parameters µ and σ of the deformation distribution can be considered as indicators of
damage progression. In fact, µ and σ are the only viable tools to analyze the results delivered by the
PFG sensor. These parameters are obtained by means of a curve adjustment of the sensor distribution
results taken from the memory cells (D1–D7) [31].

F(ε) =
α
2

[
1− er f

(
(ε− µ)

σ
√

2

)]
(4)
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3. Experimental Test Section

To analyze the use of the aforementioned technologies, an experimental setup was orchestrated
wherein the technologies were set up in a situation simulating real-world conditions. The experiment
was carried out in a section of approximately 32 m in length of the fatigue carrousel, Figure 4, which
is an accelerated pavement testing (APT) facility owned and managed by The French Institute of
Science and Technology for Transport, Development, and Networks (IFSTTAR). Both technologies
were powered by an external data center owned and operated by IFSTTAR. This setup also allowed for
the transmission of data during the experiment. Within Figure 4, the precise location of the sensors is
shown, wherein T1 and T2 are the strain gauges and H3–H8 are the piezoelectric sensors. The four
arms of the APT were equipped with standard dual wheels of 65 kilo-Newton (kN) equivalent to
half of the standard French equivalent axle load [32]. The loading program began on 14 November
2017 and finished on 15 February 2018, where a total of 999,200 repetitive loads were applied with an
approximate velocity of 76 km/h, corresponding to 10.0 rounds per minute (0.1667 Hertz).
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The tested pavement structure is flexible by nature and comprised of 10 cm of bituminous surface
and binder courses, and 76 cm of unbound granular base laid upon the subgrade. The structure of
the pavement is depicted in Figure 5. The pavement configuration was done given typical testing
conditions for testing new materials and equipment by IFFSTAR.
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Figure 5. Structure of pavement used in the test section.

The section was instrumented with two horizontal strain gages placed at the bottom of the asphalt
layer in the longitudinal direction, as well as six PFG sensors (five in the longitudinal direction and
one in the transverse direction), as shown in Figure 4. The above-mentioned sensors were placed at
the center of the APT wheel path. The radius of the circular wheel path exhibits a radius of 19.0 m.
Temperature variations in the asphalt layer were recorded at the top, middle, and bottom of the AC.



Infrastructures 2020, 5, 4 7 of 20

Temperature measurements were performed at time intervals of 10 min over the duration of the
test. Strain gages and PFG sensors measurements were recorded at approximately every 20,000 load
repetitions. Figure 6 shows the responses from sensors T1 and H3 after 5000 load repetitions (1250 cycles).
This loading was based on sensor survivability tests carried out to ensure all the sensors utilized in the
study were still alive. As can be seen, the sensors clearly respond to the passing arms of the carousel.
The maximum strain (from TML sensors) and voltage (from PFG sensors) were considered for the
purposes of this paper. For the purpose of applying the sensors in real-world conditions, the traffic
wander, and particularly the wheel wander, are important to ensure sensors are being deployed
along the correct paths [30]. Wandering distribution is studied through eleven positions, equidistant
every 0.11 m. Position one is at 18.48 m from the center of the carousel, while position eleven is at
19.53 m. The loading program followed a Gaussian distribution, where position six located at radius
19.0 m supports 22.0% of the total loads and positions from one to five supported 1%, 3%, 7%, 11%,
and 17% respectively.
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4. Sensor Results

To allow for the application of the sensors in practical fields, it is important to understand how
they generally function and the types of results that are generated from the sensors for different load
responses. To this end, Figure 7 shows the average longitudinal strain response from both TML
sensors during the APT experiment, where a clear difference in terms of the maximum value is seen.
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This highlights how the maximum values utilized for this study were ascertained. Figure 7 (left) shows
the responses from T1 where a constantly increasing trend occurs until 591,200 load applications where
its maximum value, 123.3 microstrain (µs), is reached. On the other hand, Figure 7 (right) shows
the responses from T2 where its maximum value, 1446.7 µs, is reached at 820,000 load repetitions.
It is worth mentioning how the compression–tension–compression (CTC) cycle changes between the
two TML gauges. Table 1 summarizes the CTC cycle and Figure 7 depicts how the shape of the
longitudinal strain changes with the increasing number of loads. It is known that the shape will not be
entirely symmetrical because of the viscoelastic behavior of the asphalt concrete (AC); nonetheless, it is
observed for both TML sensors how the CTC decrease/decrease/increase with damage.
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Table 1. Maximum and minimum values for longitudinal strain gauges with load applications. TML,
Tokyo Measuring Instruments Lab.

Load Applications
TML–T1 TML–T2

Min-1 Max Min-2 Min-1 Max Min-2

5000 −22.7 87.7 −16.2 −21.6 105.5 −13.3
591,200 −18.6 123.3 −28.2 −64.8 641.6 −49.6
820,000 N/A N/A N/A −161.9 1446.7 −190.2
999,200 −13.5 13.2 −55.8 −72.1 309.4 −364.8

It was also noted that there is an effect caused by the movement of the load on the surface. This is
important as this must be considered when identifying the location for the installation of the sensors.
Figure 8 shows the effect of distributing the load on the surface, wandering, where it is seen how the
responses decrease its values as the load moves further from the center, radius 19.0 m. Figure 8 (left),
PFG–H3, shows how the higher responses occur around loading position 6, whereas Figure 8 (right),
PFG–H5, shows how the signal disappears with respect to the load positioning.
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Finally, the most important result from the sensors was the comparison of the evolution of the
maximum strain/voltage against the number of loads. Figures 9 and 10 show the combined responses
from sensor H3 against the T1 and T2 gauges, respectively, with an increasing number of loads/years.
The figures displayed show graphical plots of sensor voltage (left y-axis) against loading for the PFG
sensor and microstrain (right y-axis) against loading for the strain gauges. The plots are not made on
the same figure to allow for a combined visualization of the trends over the loading period. Figure 9
shows an inverse trend around 600,000 load repetitions (12 years), where the responses suffer an
important drop/rise from sensors T1 and H3, respectively. A second change occurs at 800,000 load
repetitions (16 years), where there is an appearance of cracking at the surface. Figure 10 on the other
hand, shows a constant growth for both sensors, which is triggered at 600,000 load repetitions when
the responses rapidly increase.
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5. Development of Maintenance Intervention Strategies

Given the results from the sensors and gauges, the next step in the study was the development of
maintenance intervention strategies based on triggers that could be inferred from the results. To allow
for this comparison to be done, a baseline was created of a typical predefined maintenance strategy, over
a 30-year period. Environmental impacts imposed during the maintenance of a specific road stretch
could then be compared with the equivalent impacts originating from the maintenance strategy of the
same road stretch and period, after utilizing information from the sensors and gauges, optimizing the
maintenance strategy. The current approach was setup based on inputs from local experts and previous
work in the sector on baseline maintenance strategies [33,34]. This baseline pre-set maintenance plan is
given below in Table 2.

Table 2. Pre-set maintenance actions for road under analysis.

Year 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Baseline
Interventions 0 0 0 0 0 0 0 0 1,2 0 0 0 0 0 0 4 0 0 0 0 0 0 0 1,2 0 0 0 0 0 0 5

Where:

0: Do nothing
1: Cracks, rutting, potholes filling and sealing [Routine Maintenance]
2: Microsurfacing [Routine Maintenance]
3: Thin Overlay—2 cm Hot Mix Asphalt (HMA) [Preventative Maintenance]
4: Conventional structural mill and replace, Wearing course only [Corrective Maintenance]
5: Conventional structural mill and replace, wearing and binder [Corrective Maintenance]

The optimized approaches were then generated utilizing information from the gauges as triggers
for intervention strategies on the pavement, and are explained in the following section.

5.1. Optimized Plan Based on PFG Sensors Response

In order to determine an optimized plan for the PFG sensors, a correct threshold definition is
essential for the cumulative voltage time (CVT) approach. This study used percentiles P-95 and P-05 to
define the upper and lower limits (D7 and D1, respectively) based on the entire responses for each PFG
sensor. Once D1 and D7 have been defined, equally space values are calculated (D2 to D6). Table 3
shows the seven thresholds for PFG–H3/H7 and activation number for the “waking-up” of the sensor
along with the number of load applications. “Waking-up” of the sensor signifies that it starts recording
after a particular number of load applications. Figure 11 (top) shows the CVT for sensor H3, whereas
Figure 11 (bottom) shows the CVT for sensor H7.

Table 3. Threshold definition and activations.

Threshold
H3 H7

Definition Activation Definition Activation

1 0.018 – 0.016 –
2 0.025 – 0.028 –
3 0.031 591,200 0.038 125,600
4 0.038 591,200 0.048 125,600
5 0.045 789,200 0.059 N/A
6 0.051 789,200 0.069 N/A
7 0.058 789,200 0.080 N/A
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Using Figures 9–11, there are specific points that clearly stand out where the change in response,
slope, denotes the appearance of damage. Figure 11 (top) supports the previous statement where
the “waking-up” of threshold level 3 and onwards occurs. Points located at 125,000, 591,200,
and 789,200 load repetitions (3.0, 12.0, and 16.0 years, respectively) were thus selected for developing
the maintenance strategies.

At a loading value of 125,000 (equivalent to 3 years of the life cycle), threshold level 2 comes alive.
This can be considered as a point where the post-compaction of the AC layer is concluded and damage
starts to grow, but at this point, it is also considered as low severity distress. Given that the sensors have
indicated that there is something wrong, the routine maintenance that was expected to be carried out
at year 8 can be moved up to now take place two years after the sensors have indicated that something
is wrong. This intervention is routine maintenance, characterized by minor surface treatments.

The next instance of noted change by the sensors is at an equivalent load of 591,200 (equivalent
to 12 years of the life cycle). At this point, the values of threshold levels 1 and 2 have kept growing
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as expected. The damage is now considered as medium severity, as threshold levels 1 and 2 have
changed their slope and threshold levels 3 and 4 are becoming alive as well. Therefore, given this
development, another intervention at year 14 can be planned. At year 13 (two years after the trend
has now picked up on the sensor/gauge), intervention 1 and 3 can be introduced instead of waiting
for year 15, as was planned in the pre-set maintenance plan. Additionally, intervention 2 can be
introduced midway between these planned interventions given the fact that the sensor shows the
distress is evolving, and this would enable its development to be reduced, prolonging the necessity of
corrective maintenance.

At a loading of 789,200 (equivalent to year 16 in the life cycle), the values at threshold levels
1 and 2 grow with no variation in their slope; nonetheless, the values of threshold levels 3 and
4 have increased and threshold levels 5, 6, and 7 have been initiated. This, therefore, infers that the
damage is now considered as medium/high severity, indicating that surface cracks are imminent.
Therefore, in the optimized plan, interventions can be planned to extend the point at which this
will happen. Subsequently, using intervention 3 along with the routine maintenance would be an
intervention of less financial impact than that of intervention 4, which is scheduled at year 15 in
the baseline.

It is necessary to note here that, while the sensors in the experimental section only provided data
for 20 years, these data do allow for a projection of what can happen over a 30-year period, and thus
enable the environmental evaluation over this period. This is based on the common interventions over
similar times [33], and thus enable the environmental evaluation over this period. As interventions
in years 0–20 have been shifted, the subsequent interventions in the following 10 years can then be
shifted as well. Therefore, the next intervention to account for is intervention 4 (shown at year 15 in the
baseline). In the optimized approach, intervention 1 can be introduced at year 19 (given the inclusion
of a thin overlay at year 13), which accounts for routine surface maintenance. This is in line with the
visual inspections in the study, showing cracking appearing at a loading of 910,000 (equivalent to year
18). Consequently, major intervention 4 can be performed at year 23, which would then be at a similar
stage to that of an intervention in the baseline given the shift of processes.

Finally, at year 30, interventions 1 and 3 can be introduced, which would be at a similar stage to that
of an intervention in the baseline, but much less significant than the full intervention 5. This, therefore,
indicates that, within the optimized 30-year period under analysis, intervention 5 is not carried out.
It must be noted that, over the full life cycle of the pavement, this intervention would be needed.
However, by lengthening its life expectancy carrying out more preventative and correction intervention
actions, intervention 5 has been shifted out of the assessment period. This means that the impacts, both
financially and environmentally, would be spread over a longer period. Considering the loading values
and the inferences made from the gate activity, the optimized maintenance plan is given in Table 4.

Table 4. Optimized maintenance action plans based on responses from piezo floating gate
(PFG)-H3 sensors.

Year 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Optimized
Interventions 0 0 0 0 0 1 0 0 0 2 0 0 0 1,3 0 0 0 0 0 1 0 0 0 4 0 0 0 0 0 0 1,3

5.2. Optimized Plan Based on Asphalt Strain Gauges Response

For the strain gauges utilized in the test section, similar trigger points were observed (Figures 9
and 10). Considering the trend shown by sensor T1 (Figure 9), the first point to be considered as
a trigger for intervention is at 207,600 loads (equivalent to four years). This point is based on the
standard deviation of the max values shown from the sensor, which indicate that there is some damage
is occurring within the pavement. The routine maintenance that was expected to be carried out at year
8 can be moved up to two years after the sensors have indicated that something is wrong, similar to
the approach taken with the results from the PFG sensors. This is a year after the similar intervention
is done with sensor H3. The next instance of noted change by the gauges is at an equivalent load of
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591,200 (equivalent to 12 years of the life cycle), which again is similar to the results of sensor H3.
However, given that the first noted change from the gauges is a year later than the PFG sensors, it can
reasonably be assumed that the damage would have worsened further without any action, as opposed
to the road monitoring scenario with the PFG sensor. This assumption is appropriate given the fact that
it is the same pavement under analysis. Given this, an additional routine maintenance was inserted
to ensure the condition is kept optimal. Therefore, routine maintenance intervention 1 was inserted
at year 11 along with intervention 2 at year 10. Intervention 2 can be introduced midway between
these planned interventions given the fact that the gauge is showing the distress is evolving, and this
would enable its development to be reduced, prolonging the necessity of corrective maintenance.
Subsequently, at year 15, intervention 1 and 3 can be introduced at the same point that intervention
4 was planned in the pre-set maintenance plan.

A similar approach, as applied with the plan for the PFG sensors, for the interventions taking place
between years 20–30 was also applied for the strain gauge. Therefore, the next intervention to account
for is intervention 4 (shown at year 15 in the baseline). In the optimized approach, intervention 1 can
be introduced at year 20 (given the inclusion of a thin overlay at year 15), which accounts for routine
surface maintenance. This is also in line with the results from the PFG sensors indicating that, at a
loading of 900,000 (equivalent to year 18), there are cracks appearing at the surface. Then, subsequent
to this, major intervention 4 can be performed at year 24, which would then be at a similar stage to that
of an intervention in the baseline given the shift of processes.

Finally, at year 30, interventions 1 and 3 can be introduced, which would be at a similar stage
to that of an intervention in the baseline, but much less than the full intervention 5. Considering the
loading values and the inferences made from the threshold activity, the optimized maintenance plan is
given in Table 5.

Table 5. Optimized maintenance action plans based on responses from strain gauges.

Year 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Optimized
Interventions 0 0 0 0 0 0 1 0 0 0 2 1 0 0 0 1,3 0 0 0 0 1 0 0 0 4 0 0 0 0 0 1,3

Comparable to the optimized plan for the sensors, intervention 5 is not carried out.
Additionally, as previously indicated, within the full life cycle of pavement (which would now
be more than the 30 years under analysis), this intervention would be needed. Similar to the plan for
sensor H3, the impacts, both financially and environmentally, would be allocated over a longer period,
making the effect less per year.

6. The Use of Life Cycle Assessment

Having identified different maintenance pipelines for each scenario, it was noted that, using the
monitoring techniques, there are now more interventions occurring. They are of a lesser value in
terms of work and financial costs, but together they signify a larger number of interventions than in
the pre-planned system. Therefore, the question arises as to whether using more interventions will
cause more damage to the environment, even if they are extending the life of the pavement. Given the
knowledge that the maintenance and rehabilitation of asphalt pavements can be quite environmentally
impactful [35], the next step was to quantify their environmental impacts in terms of LCA indicators.

6.1. Goal and Scope Definition

The study was performed in order for the environmental impacts of the three alternative product
systems to be quantified and compared. The product systems include the maintenance phase of the
same stretch of asphalt pavement. In the baseline scenario, the maintenance regime to be followed is
one typical of usually implemented typical predefined maintenance strategies. The two alternatives
consist of optimized maintenance planning based upon the data acquired from the different types of
sensing technologies that have been embedded in the corresponding pavement structures. The study
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thus aims to quantify the environmental burdens affiliated with the maintenance pipeline of the two
optimized scenarios and identify whether they exhibit an improvement compared with the baseline.

6.2. Functional Unit

The functional unit that was utilized for the specific study can be described as 1 m2 of the asphalt
pavement’s surface, along with the underlying asphaltic layers, providing adequate performance for a
period of 30 years. In detail, two bituminous layers are technically included and are both composed by
the EME2 asphalt mixture, a high modulus mixture widely used in road engineering in France [36].
The functional unit can be seen in Figure 12.
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6.3. System Boundaries

Having defined the functional unit, the next step was the definition of the system boundaries.
As defined in different guidance documents [22,23,37], the four stages of an asphalt pavement’s life
cycle are the product stage, the construction stage, the use stage, and the end of life stage. In this study,
the selected system boundaries are limited to the use stage and specifically to B2: maintenance, B3:
repair, and B4: replacement. The reason behind this methodological choice is the fact that the LCA
exercises are conducted for the same pavement structure and the same analysis period of 30 years.
Thus, the environmental impacts arising from the product, the construction, and the end of life stages
would be the same. However, having optimized maintenance pipelines per alternative also indicates
that there are potential differences in their environmental severity. The system boundaries for all three
alternatives can be seen in Figure 13. However, it is worth mentioning that, in the use phase (i.e.,
maintenance, repair, replacement), the processes related to the raw materials needed to be extracted
in order for the maintenance to be achieved; their transport to the mixing plant and the construction
site, along with the production of products necessary for the maintenance of the pavements, were
included in the system boundaries. It should also be noted that more frequent interventions in the
road segment, even if of lower significance/duration), could potentially impose higher costs for the
users. However, as the analysis conducted in this study focuses only on the environmental pillar
of sustainability, the user/agency costs were not taken into consideration. Moreover, the required
interventions now, in the optimized scenario, consist of mainly surface treatments and not structural
interventions. That would mean that, indeed, a higher amount of interventions would occur, but at the
same time, these interventions would cost, in terms of time, significantly less. Finally, the environmental
impacts of these interventions have already been quantified, utilizing the maintenance itself as system
boundaries. Environmental impacts related to traffic congestion or rerouting were not taken into
consideration, based on the very definition of our product system.

For the completion of the LCA case studies, Gabi ts, by Thinkstep [38], was utilized along
with the Gabi Professional and Ecoinvent 3 databases. Moreover, no primary data were acquired,
and instead reputable data sources and literature, reports, international standards, product category
rules (PCRs), and environmental product declarations (EPDs) were used [22,23,37,39–43]. In terms
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of impact assessment methodology, ReCiPe 2016, Hierarchist (H) [44] was utilized for both Mid and
Endpoint indicators.Infrastructures 2020, 5, x FOR PEER REVIEW 15 of 20 
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6.4. Life Cycle Assessment Results

As mentioned before, ReCiPe 2016 (H) was utilized as the impact assessment methodology in this
study. Thus, as proposed within the very same methodology and for reasons concerning the increased
accuracy of the study, the analysis of the LCA impact category indicators was conducted in two levels:
MidPoint and EndPoint. The midpoint indicators are associated with a wider range of analysis, while
the endpoint impact category indicators correspond to three aggregated indicators, also characterized
as areas of protection (AOP). It is recommended for the two levels of analyses to be implemented in
parallel, in order for more informed results to be acquired [44].

6.4.1. MidPoint Impact Category Indicators

Following the life cycle impact assessment and life cycle interpretation phases that were undertaken
for the realization of this study, the MidPoint impact category indicators can be found in Figure 14 for
all three scenarios. This radar graph indicates the relative percentage variation of the values of the
MidPoint impact category indicators compared with the baseline. The latter is depicted as the black
dashed line, while in red and green colors, the scenarios with the strain gauges and the PFG sensors
can be found, respectively.

From Figure 14, it can be seen that, in both the scenarios, where embedded sensing technologies
were utilized, all the MidPoint impact category indicators exhibit lower values compared with the
baseline. This can be explained by the fact that, when the aforementioned sensing technologies are
utilized, the amount of available data about the condition of the pavement is significantly higher
compared with situations where no sensors are utilized. Thus, more informed decisions regarding the
way of selecting the most appropriate maintenance strategy and the most beneficial time interval to
execute it can be achieved. Moreover, it can also be said that, when PFG sensors are used, the values of
the MidPoint indicators are slightly lower compared with the two other scenarios, because, with this
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6.4.2. EndPoint Impact Category Indicators

The next step to be undertaken according to the ReCiPe 2016 (H) impact assessment methodology
is the quantification of the EndPoint impact category indicators. They are able to provide a broader
view of the impacts that the studied scenarios impose in the environment. In detail, they allocate the
damages originating from the maintenance regimes of the three scenarios in three areas of protection;
namely, damage to human health measured in disability-adjusted life years (DALY), damage to
ecosystems expressed as time-integrated species loss, and damage to resource availability with surplus
cost as its metric. In Figure 15, the values of the EndPoint impact category indicators per scenario
are displayed.

As Figure 15 depicts, the values of the Endpoint indicators are slightly reduced for both scenarios
that utilize embedded sensing technologies. In detail, the values of the EndPoint indicators for the
scenario with the PFG sensors are slightly reduced compared with those corresponding to the scenario
where conventional strain gauges were used.
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7. Summary and Conclusions

In this study, two embedded sensing technologies (PFG sensors and conventional asphalt
strain gauges) were used to develop optimized maintenance plans for road pavement management.
In addition, in order to assess the environmental impact of the optimized approaches, a life cycle
assessment (LCA) exercise was carried out.

The sensors were located at the bottom of the asphalt layer of a section of the APT facility owned
and managed by the IFSTTAR. Their responses were collected over the duration of the experiment
(three months) and analyzed in terms of maximum strain/voltage evolution with the increasing number
of loads. The results show that both technologies depict the weakening of the pavement structure with
strain and voltage measurements having a good correlation for the majority of the experiment. It was,
however, noted that there were significant differences in the maximum microstrain measurements
from the strain gauges for the T1 and T2 gauges. This is important as it demonstrates that, for this
technology, it is critical to have an array of devices employed to allow for critical evaluation and
accuracy by pavement engineers. This issue was not detected with the results of the PFG sensors,
as there was more consistency in the results of these sensors, and thus this represents an advantage of
utilizing this technology. Additionally, the newer version of piezoelectric sensors is wireless, which
decreases field installation complexity and creates more flexible data transmission protocols that can
be associated with the strain gauges. Furthermore, piezoelectric sensors will be categorized as low-cost
solutions, which makes them more attractive not only for research projects, but for real case studies.

Sensors T2 and H3 (Figure 10) suffer a drastic change in slope at approximately 600,000 load
repetitions. After this point, defined as critical, damage in the AC layer will grow at a much higher
rate, which may lead to structural failure if no maintenance is scheduled. The results from sensor
H3, Figure 11 (top), support this as the middle thresholds (3 and 4, Table 3) also become alive at
approximately 600,000 load repetitions. Finally, surface cracking is seen around 900,000 load repetitions,
when all the thresholds have been wakened up, which validates the idea of using PFG sensors for
preventive pavement monitoring.
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While the sensor results allowed for the generation of optimized pavement maintenance strategies,
the LCA case study allowed for an evaluation of the environmental friendliness of these actions.
The evaluation was done utilizing a commercial software, Gabi ts, and for life cycle impact assessment
methodology, ReCiPe 2016 (H) was selected. Through this assessment, it was shown that both strategies
presented environmental benefits during the maintenance phase of the asphalt pavements, with the
PFG sensors providing the greater benefits of the two. It can thus be deduced that, when sensing
technologies are embedded in the pavement structure and are able to provide the decision-makers with
“in-time” information about the condition of the pavement, more informed choices can be made that
lead to more environmentally friendly maintenance regimes, compared with the case when sensors are
absent. A critical point in the analysis is that the optimized schedules allow for an extended life cycle
of the pavement. This is done by carrying out more preventative maintenance interventions and not
waiting on the more environmentally harmful corrective maintenance interventions when pavement
failure has already occurred.

These results present a pipeline for practical application of utilizing the embedded technologies
within the pavement management industry. The use of the sensors has practical advantages given
their embedded nature and, therefore, the lack of intrusiveness provided by the data collected from
these sensors as compared with other technologies that require consistent physical intervening surveys.
However, there is still more research to be done on these technologies given doubts with regards to the
technologies’ life expectancy, the reliability of the results, and their end of life strategies. The failure of
sensors needs to be further examined in future work as well, because once a sensor has suffered failure,
there is no easy solution given that they are embedded. Given these drawbacks to the technologies,
this study helps to bridge these gaps by providing an understanding how to utilize the data from these
sensors and how they can be interpreted for maintenance strategy formulation. It should also be noted
that the cost of implementation of the sensors needs to be fully understood in future works, as this is a
key component to practical implementation. More real-world experiments, similar to those in the study,
will help validate and support the use of these technologies moving forward. Future developments
should line up with the miniaturization of the technology, reducing complexity for field deployments,
and providing easy ways for visualization and management of the data.
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