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Public road infrastructure is developed all around the world. To save resources, ensure public safety, and provide longer-lasting
road infrastructure, structural health monitoring (SHM) applications for roads have to be researched and developed. Asphalt is
one of the largest used surface materials for the road building industry. This material also provides relatively easy fiber optical
sensor technology installment, which can be effectively used for SHM applications—road infrastructure monitoring as well as
for resource optimization when road building or their repairs are planned. This article focuses on the research of the fiber Bragg
grating (FBG) optical temperature and strain sensor applications in road SHM, which is part of the greater interdisciplinary
research project started at the Riga Technical University in the year 2017. Experimental work described in this article was
realized in one of the largest Latvian road sites where the FBG strain and temperature sensors were installed into asphalt
pavement, and experiments were carried out in two main scenarios. Firstly, in a controlled environment with a calibrated falling
weight deflectometer (FWD) to test the installed FBG sensors. Secondly, by evaluating the real-time traffic impact on the
measured strain and temperature, where different types of vehicles passed the asphalt span in which the sensors were embedded.
The findings in this research illustrate that by gathering and combining data from calibrated FWD measurements,
measurements from embedded FBG optical sensors which were providing the essential information of how the pavement
structure could sustain the load and information about the traffic intensity on the specific road section, and the structural life of
the pavement can be evaluated and predicted. Thus, it enables the optimal pavement future design for necessary requirements
and constraints as well as efficient use, maintenance, and timely repairs of the public roads, directly contributing to the overall
safety of our transportation system.

1. Introduction

Public roads with asphalt surface material are typically con-
sidered as a structure that is exposed to the vibration, strain,
and temperature impact on a daily basis. The dangers of
underdesign of the road pavement lead to the permanent
deformation and even collapsing of the road, which is
resulted from significantly higher strain than accounted for
in the initial design. Essentially, because the damage done
to the roads might not be initially easily and visually observed

as well as evaluated, it is important to detect the damage in
the early stages of its development [1]. The most common
failure modes in asphalt pavement include rutting, cracking,
and subsidence [2] caused by channelized traffic and pave-
ment overloading [3].

In order to save the resources and provide longer-lasting
infrastructure, a structural health monitoring (SHM) para-
digm is rapidly being adopted for the maintenance frame-
work of civil infrastructure including but not limited to
roads, buildings [1], bridges [4, 5], or slopes with landslide
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possibilities [6]. It is achieved by ensuring a real-time obser-
vation and collection of an accurate measurement data
related to the structural integrity of the monitored structure
or component using transducer technologies. Within the
SHM framework, it is possible to detect the damage or spe-
cific parameters of interest, initially allowing the responsible
authority to react before any serious structural damage has
propagated [4]. Thus, the urgency for SHM implementation
with time has increased and still is nowadays. However, the
complexity of pavement materials due to composition uncer-
tainty, temperature sensitivity, viscoelasticity characteristics
[2], and level of compaction [7] is an issue hampering the
development of effective means for damage detection and
monitoring of road structures.

Fiber optical sensors (FOS) are an effective tool adopted
by civil, mechanical, and aerospace engineering communities
for temperature and strain monitoring in different structures.
Offering numerous advantages, such as multiplexing abilities,
robustness, easy integration, lightweight, small size, passive
nature, resistance to electromagnetic interference (EMI),
and corrosion resistance, [8–10] is compared to the conven-
tional electronic sensors. However, there are only few limita-
tions—fragility of the bare sensors, high cost, and efficiency
for transduction mechanisms, as well as interrogation sys-
tems complexity. These optical sensors can be integrated into
public roads for continuous monitoring. Besides, with fur-
ther research and commercialization, it is expected that at
least some of the disadvantages are about to extinct in the
near future [8]. A particular attention in the research com-
munity has been on fiber Bragg grating (FBG) optical sen-
sors. In FBG technology, a periodic grating has been
inscribed into an optical fiber [11]. The period of grating is
influenced by strain and temperature of the surroundings
enabling sensing of these physical quantities. According to
the Fiber to the Home (FTTH) council organization [12],
European governments have been improving their digital
infrastructure plans in order to concentrate more on fiber
and 5G technologies, leading to wider availability of public
funds that are dedicated to enhancing fiber-based networks.
This trend will lead to SHM applications to be more inte-
grated within the fiber optical environment, thus using fiber
optical sensors to remotely monitor, for instance, public
roads and buildings. For example, by using the already
deployed fiber optical infrastructure, the FBG sensor interro-
gation unit can be located 20 km or even further from the
installed passive FBG sensors, while previously deployed
optical lines can be used as a transport layer for the carrying
of optical sensors’ information.

Numerous studies exist on application of FBG sensors in
monitoring of the roads. Several studies have been devoted to
a design of appropriate encapsulation of bare fibers before
integration into pavements as the fibers themselves are fragile
and can easily break [13–15]. In [16], authors, firstly, applied
a simple layer of an epoxy resin curing and toughening
agents and, subsequently, provided a steel casing encapsula-
tion (E = 198GPa) for increased safety, as laying of pavement
implies the use of a heavy (about 30 tons) road rollers. In
[17], a special fiber-reinforced polymer with linear elasticity,
good fatigue resistance, corrosion resistance, and lightweight

for encapsulation of FBG sensors was proposed. Authors
argued that this kind of packaging ensures large enough mea-
surement range, ease of application, good durability, long-
term stability, and resistance to elevated temperatures. In
[18], researchers developed a new FBG sensor encapsulation
approach based on compliance of elastic modulus of FBG
sensor packaging and surrounding asphalt pavement. This
implies the use of low-modulus coatings for FBG optical
fibers in order to prevent the strain field, as sensed by FBG
sensors, from distortion. In [19], commercial solution from
Monitor Optics Systems Ltd. was proposed, and it consisted
of glass fiber composite optical sensing cable, in which sev-
eral optical fibers can be embedded. The cable itself can reach
several kilometers in length, and it can be tailored to enable a
proper transfer of mechanical stresses from a structure to the
sensor. It is compatible with epoxy resin adhesives for better
surface bonding or embedment of sensors. The cable can also
be surface treated for added protection regarding the envi-
ronmental effects. The system was successfully deployed for
highway pavement monitoring in Australia.

The performance of embedded FBG sensors within
asphalt pavement was researched in studies [13–15]. Static
tests of asphalt concrete specimens, with embedded FBG sen-
sors, showed a linear relationship between wavelength shift
and strain of the asphalt concrete thus satisfactory repeatabil-
ity of the test [16]. The authors also studied the response of
the sensors to understand the impact of loading heavy traffic
under high speeds by simulating it with a drop hammer. The
findings were that the relationship between the frequency of
impacts and asphalt concrete strain can be approximated
with a cubic function with a coefficient of determination
equal to 0.9978. Two distinct phases were noticed in the
growth of strain with increasing frequency of impacts—faster
growth of cumulative plastic strain initially and a more stable
growth in the later phase. Three FBG sensors were intercon-
nected in a 3D manner for measuring strains in vertical and
two transverse directions simultaneously [17]. This assembly
was then embedded into highway pavement for strain mon-
itoring. Researchers in [2] proposed a novel “self-healing”
FBG optical sensor technology for pavement monitoring.
This technology implies the use of self-repair sensor nodes
that are based on the “smart” light switching where the light
impulses are necessary for sensor operation and are still
transmitted through the path, even if the sensors are dam-
aged. FBG optical sensors can also be used in carrying out
quality control of compaction of an asphalt pavement. This
study was presented in [7]. For this purpose, the traditional
FBG sensor was modified with a load-bearing plate. Fixing
part and support legs were used for increased stability. This
sensor was then embedded into an asphalt mixture. The dif-
ferences between strain, as measured by this sensor, indicate
the areas where asphalt is under compaction or over compac-
tion. In [20], the FBG sensor network was employed to mea-
sure the hydrodynamic pressure of an asphalt pavement
surface at different vehicle speeds. It was found that the cor-
relation coefficient between the wavelength shift of the sen-
sors and the pressure is 0.99, suggesting a solid application
of an FBG sensor technology in the evaluation of hydrody-
namic pressure at the surface of asphalt pavement. The
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accumulated deformations in various layers of the asphalt
(with FBG sensor network) at different temperatures were
monitored in [3]. It was found that the accumulated defor-
mation has a tendency to propagate from middle layers to
deeper layers with increasing temperature, and also that, in
general, the accumulated deformation increases with temper-
ature for top and bottom layers, but not for the middle layers.
This phenomenon was also observed and approved during
this research, when strain parameters were measured in dif-
ferent seasons (shown in Section 3.1.). In [13], authors
employed a novel FBG sensor laying technique for laying
asphalt pavements. This implied a cross-sectional laying so
that FBG sensors would simultaneously be capable of mea-
suring strain in longitudinal and transverse directions. FBG
sensors are known to have a drawback of not being able to
effectively distinguish between strain and temperature field
measurements if used as a single sensor. The potential solu-
tion to this problem is proposed in [21], where a reference
grating sensor (for temperature measurements only) is com-
bined with a dual-wavelength grating sensor, in which two
FBG sensors are superimposed in order to discern between
temperature and strain responses. Adding to that, research
[22] shows that based on the FBG’s strain and temperature
sensing principles, dual FBG temperature compensation is
important. While using two different fiber Bragg gratings
that are inscribed into one optical fiber (where one is affected
by strain and temperature, while the other one is strain iso-
lated), it is possible to gather more accurate data, thus ensur-
ing the possible solutions that can be appealing for a long-
term structural monitoring system application. This method,

for distinguishing between strain and temperature, was also
used in this research experiments. It can be further concluded
that it is of paramount importance to develop reliable and
effective mechanical strain monitoring technologies for
asphalt pavement structures in order to, firstly, provide the
means for early warning of deterioration of road quality
and secondary—contribute to an accurate scientific basis to
modify the existing scientific theories of asphalt mechanics.

In the current study, the FBG FOS was used for intercon-
nected experimental scenarios as described in this paper. The
first scenario deals with a falling weight deflectometer (FWD)
to numerically and visually evaluate the response of the opti-
cal sensors that were integrated within the road that is being
built. The second experimental scenario describes the inte-
gration of FBGs within the surface of the public road asphalt,
where real-time traffic was observed, especially focusing on
the heavy trucks that induce the highest strain in the
pavement.

Further sections are organized as follows. Section 2
describes the experimental setup and scenarios with the fall-
ing weight deflectometer and real-time traffic monitoring.
Results are presented in Section 3. Finally, conclusions are
made, showing the methodology and future research
directions.

2. Experimental Methods

The experiments described in the following subsections are
very topical for Northern and Eastern Europe including Lat-
vian road pavement designers in order to forecast the
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Figure 1: The FBG optical sensor measurement system with optical sensor signal interrogation unit and optical distribution network.

Table 1: FBG sensor parameters.

Measured parameter Strain Temperature Strain Temperature Strain Temperature

Sensor’s integration location a a b b b b

Central wavelength (nm) 1531.24 1565.19 1536.02 1560.22 1569.64 1549.80

Temperature range (°C) -20–60 -40–80 -20–60 -40–80 -20–60 -40–80
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structural integrity of the designed roads. Two different but
interconnected experimental measurement scenarios involve
using falling weight deflectometer (FWD) (for assessment of
the FBG sensor operation) and measurements of the real-
time strain traffic.

Both of the scenarios were realized as a field measure-
ment by using the setup shown in Figure 1.

For our experimental research, it was necessary to plan
the overall scheme of components and networks. Here, for
both measurement scenarios, we used specially developed
multichannel optical sensor signal interrogation unit that
was used for processing of our acquired data regarding fiber
optical sensor information during our research phases.
Remote operation distance for optical sensor signal interro-
gation is more than 40 km. This unit was connected with
the optical distribution network (ODN) where our FBG tem-
perature and strain optical sensors were positioned.

Figure 1 shows the experimental measurement setup
used for tests with FWD and monitoring of real-time traffic,
having two main parts—optical sensor signal interrogation
unit (OSSIU) and ODN with embedded FBG optical sensor
network. High power superluminescent emitting diode
(SLED) source with a central wavelength of 1550 nm and 3-
dB bandwidth of 55 nm fully covering the optical C band
(1530nm to 1565 nm) is used in the OSSIU unit as a broad-
band light source. This unit also has optical time-domain
reflectometer (OTDR) capability, which is in parallel to
FBG sensor interrogation that was used for monitoring of
the ODN, to avoid possible damage, faults, or excessive
macrobending of the optical fibers attached to these optical

sensors. In Figure 1, the optical sensor signal interrogation
unit is not shown, as it is not the focus of this article.

The output of SLED is connected to the optical circula-
tor’s (OC) port number 3 for separation of the optical signal
flows. SLED’s signal is transmitted from port A to port B,
while FBG sensors reflected signal—from port B to port C.
Afterward, port B of the OC is connected to the input of
the optical switch (OS). The optical switch has 8 fiber chan-
nels, and it was used to connect each channel at a specific
time interval. Four channels of the optical switch were used
for the connection of the ODN sensor network, but the rest
of the channels were not necessary for the described experi-
ments. Each of the ODN sensor network channels consist
of the ITU-TG.652 single-mode optical fiber (SMF), FBG
strain, and temperature sensors. In the ODN (location a),
part (OS fiber port 1) represents the connection for first mea-
surement scenario—the setup for measurements with falling
weight deflectometer (FWD), but (location b) represents sec-
ond measurement scenario (OS fiber ports 6 to 8)—real-time
applied traffic strain measurements of the road with inte-
grated FBG optical sensors (FBG sensors parameters shown
in Table 1.), as it is further discussed in Section 3.2.

Additional FBG temperature sensors were used to com-
pensate temperature changes in strain measurements. FBG
sensor reflected signal is transmitted from OC, port C, to
the spectrometer with a 10 kHz maximal scan frequency for
1 optical channel. The digital signal processor receives spec-
trometer data, detects sensor signal central frequency, and
mathematically calculates temperature and strain values.
The results of the measurements are then plotted against
time.

2.1. Embedding FBG Sensors for Strain Monitoring. The loca-
tion for FBG optical sensor integration into the real pave-
ment structure was chosen in accordance with the
recommendation given in European Weigh–In–Motion
(WIM) specifications COST-323 [23]. This document states
that the site of sensor embedment should satisfy the follow-
ing requirements:
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(i) Longitudinal slope < 1%

(ii) Transverse slope < 1%

(iii) Radius of curvature > 2500m

(iv) The surface shall be smooth and maintained in a
condition that complies with the International
Roughness Index (m/km)—0-4

For embedding of the FBG sensors and measurements, it
was found that the pavement structure in Latvia is going to be
built in the construction season of 2019-2020. With the help
of the contracting company “Binders” Ltd., which is per-
forming the pavement reconstruction projects of the main
road, the A2 Riga-Sigulda-Estonian border km 25.50-39.40
(both carriageways) was chosen for embedding the FBG
strain and temperature sensors in 2 locations. This road sec-
tion connects Riga (the capital of Latvia) with the Estonian
border.

According to the location (a), commercial FBG sensors
were implemented between SMA11 (stone mastic asphalt)
(30mm thick layer from the top coat) and AC11 (asphalt
concrete) (60mm thick layer) asphalt layers. To provide the
protection of the FBG sensors and correct operation, strain
sensors are integrated into glass/epoxy composite patches
(250 × 15mm), but temperature sensors in ceramic tube.
FBG’s temperature sensor ceramic tube (diameter: 3mm,
length: 23mm) isolated strain changes. Length of the FBG
strain sensor’s grating, according to the specification pro-
vided by the manufacturer, was 10mm. In our solution, we

used this FBG sensor thus—optical fiber, and positioned it
between 2 glass/epoxy composite material plates.

The operation temperature range of temperature sensors
is -40–80°C, but strain sensors -20–60°C. The graphical rep-
resentation of these layers is shown in Figure 2. The FBG
strain and temperature sensors were fixed on the cross-
section of the asphalt at the 25mm depth. In this location,
FWD equipment is used for testing of the sensor’s integration
quality and pavement structure. Tests with FWD equipment
were realized in seven different scenarios (when FWD was
located to the sensors within range of 300, 600, or 900mm
after the FBG strain sensor).

In location (a), FBG sensors are integrated into the road

with geographical location point coordinates: 57°07′18.4″N

24°40′02.6″E. The FBG implementation in both locations is
realized after the construction of the road.

As for location (b), FBG strain and temperature sensors
(the same sensors as in location (a)) were embedded on the
border in a 70mm thick homogeneous AC 11 one-layer sys-
tem. Both strain sensors were fixed on the section of asphalt
(exactly the same as for location (a)). Long cut was created,
and sensors were attached to the cut walls—1 on the one side
and 1 on the other one, at the following depth—25mm on
both sides (the same depth as in location (a)). The tempera-
ture sensors were fixed in the predrilled holes next to the
strain sensors. In location (b), the FBG sensors are embedded
in the entry to the A2 temporary road with geographical loca-

tion point coordinates: 57°07′07.4″N 24°39′04.1″E (see
Figure 3).
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2.2. Experiments with the Falling Weight Deflectometer and
Embedded FBG Sensors. Falling weight deflectometers
(FWDs) are in widespread use for nondestructive pavement
testing and used as a research or structural evaluation method
[24–26]. FWD data is most often used to calculate stiffness-
related parameters of the pavement structure. The process of
calculating the elastic modulus of individual layers in a multi-
layer system based on the surface deflections is known as
“back-calculation”, as there is no closed-form solution [27–
29]. When using the FWD, surface deflection measurements
are necessary for processing back-calculations of specific
material properties. Such properties are based on assumptions
for the pavement response to a load, thus allowing applying
the strain value that is deliberate for the pavement structural
and fatigue analysis. Therefore, the precision of the results
(strain at the critical location in the pavement structure) is
dependent on the assumptions made during the analysis [28].

FWD equipment is typically used to measure the road
pavement deflection with its deflection sensors (D1–D7),
but in this research, this equipment was used for getting the
fixed and calibrated load values that were made from the cir-
cular load plate.

In the measurement session, an FWD equipment, optical
sensors signal interrogation unit (OSSIU), and FBG strain as
well as temperature sensors were embedded in the road pave-
ment 2 laptops–1 for FWD and 1 for OSSIU controlling that
were also used. The load is applied by dropping a known
weight, and it is transmitted to the road pavement through a cir-
cular load plate—300mm in diameter (see Figure 4(a)). A load
cell is mounted on the top of the load plate, and it measures the
load that is imparted to the pavement surface. According to the
European practice, the typical load for the road testing is 50kN
giving about 707kPa pressure under the load plate. Deflection
sensors (geophones; force-balance seismometers) are mounted
radially from the center of the load plate in order to measure
the deformation of the pavement in response to the load [27].
The FWD system is equipped with seven (D1-D7) deflection
sensors, and offsets between sensors are from 0 to 1800mm
with increments of 300mm (see Figure 4(b)). The Dynatest
8000 FWD equipment (shown in Figure 4(c)) owned by the

State Joint Stock Company Latvian State Roads was used for
testing the pavement structure. The depth profile of the road
in location (a) and the embedded FBG sensors (FBG strain sen-
sor and FBG temperature sensor for temperature compensa-
tion) were located within the structure in between the
pavement structure layers as are shown in Figure 2.

FWD equipment was used in a mode of six weight drops
with a fixed 50 kN load at four different scenarios, where in
the first scenario, the center of the FWD load plate was
located directly on the FBG strain sensor. In other scenarios,
distance between the FWD load plate and FBG strain sensor
was 300, 600, or 900mm. It is important to note that the FBG
sensor is integrated on the right side of the road pavement
layer (see the upper part of Figure 2), corresponding to
“FWD 300 mm after FBG sensor”. In FWD software, all
drops were set with the same load, which is 50 kN. The
FWD equipment after the drop measured drops’ load with
its sensors. It was observed that in full measurement, session
the load variated till 1%. This described measurement session
was realized in summer 2019, when, during the measurement
day the road pavement temperature varied from +18.7 to
+22.5°C (temperature measured with FBG sensor).
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3. Results

3.1. Strain Measurements from FWD Drops with the FBG
Sensors. The load of the falling weight versus time for one

drop of circular load plate (pulse) was measured with FWD to
analyze equipment’s working principle (see Figure 5). The total
duration of load pulse initiated by FWD equipment drop is
30.35ms, and load peak value 51.09kN is achieved at 16.5ms.

Table 2: Measured strain (μm/m) by FBG sensor that is embedded 25mm under FWD when 6 drops by 48:9 ± 0:5 kN load are performed
(with temperature compensation enabled).

No. of FWD drop
Center location of the FWD plate with respect to the FBG sensor (mm)
0 300 600 900

1 162.5 91.5 24.6 12.5

2 145.9 77.6 27.0 13.1

3 142.7 80.5 24.2 12.2

4 149.5 73.4 28.3 12.1

5 161.6 85.8 25.7 13.2

6 148.5 71.2 25.1 13.2

Average value of measured strain (μm/m) 151:8 ± 9:9 80:0 ± 10:2 25:8 ± 2:1 12:7 ± 0:6
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The strain that was measured with the FBG sensor
embedded 25mm under the FWD load of 6 drops is illus-
trated in Figure 6 (in scenario—when the center of the
FWD load plate was located 900mm after FBG sensor (see
Figure 6)).

Six stable peaks can be observed. The relative scatter of
4.7% (Figure 6) over all six drops of the FWD plate was reg-
istered for a mean load of 48:9 ± 0:5 kN. Peaks with smaller
strain amplitude can be seen after every major peak. Those
represent FWD amortization drops for equipment stabiliza-
tion and positioning at rest.

In Table 2, measured strain can also be seen. They are
also known as a relative deformation values that represent
FBG optical sensors after temperature compensation for each
drop. These strain values that are showed in Table 2 repre-
sent the difference between strain minimum (strain floor)
and measured peak maximum.

As it can be seen in Table 2, results gathered with the FBG
sensors show the possibility to precisely (the relative scatter

4.8–12.8%) detect the strain values, which allows to evaluate
the real operation of the pavement structure under load.

FBG strain sensors are fixed to the asphalt side, then
monitoring with high accuracy can be realized from the side
where the sensor is embedded. This is the main disadvantage
of this method, which must be taken into account when
applying the integration process of the sensors. For fixed
one-way traffic, it does not create monitoring restrictions,
but if the traffic direction is changing, then it is necessary to
integrate FBG sensors on both sides.

In order to evaluate the impact of the road surface temper-
ature on the measured strain, another session of measure-
ments, therefore, was repeated in autumn 2019. The
measured average strain values after temperature compensa-
tion for each drop are shown in Figure 7 where comparison
is made of the strain values between the ones that were gath-
ered during summer versus the other ones—during autumn,
when road pavement temperatures measured with FBG sen-
sors were 20.5°C and 6.9°C. In the graph, error bars represent
strain relative scatter. The same loading parameters were used
in the autumn session (6 drops with 50kN load each) with the
mean measured load of drops equal to 51:98 ± 0:94 kN.

These values are equal to the difference between strain
minimum (strain floor) and measured peak maximum. As
it can be seen, the highest strain value (averaging 151:8 ±
9:9μm/m) is detected when the center of the FWD load plate
is located over the embedded FBG strain sensor. In the light
of these findings, the sensor placement with respect to the
direction of passing vehicles plays an important role. As
can also be seen, all values of the measured strain were lower
in autumn compared to summer. Same tendency was
observed in [3] research. The strain values were higher in
warmer weather, because of the stiffness that decreases at
higher temperatures; so, as a result, strain values are
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increasing. Therefore, it is very important to take into
account the temperature of the road when carrying out the
second part of our research—strain measurements from
passing vehicles.

3.2. Real-Time Traffic Analysis. Monitoring of the real-time
vehicle traffic described in this article was realized in Septem-
ber 2019, in the temporary road section—location (b) shown
in Figure 3, where FBG optical sensors were used without
using FWD equipment. The average temperature for the road
pavement (measured with FBG temperature sensor) during
the measurements was +25:2°C. For embedding of the sen-
sors, we chose the location, where there is a high annual aver-
age daily traffic (AADT) and annual average daily truck traffic
(AADTT). The data of the nearest traffic counting point (sta-
tion No. 6) showed that there were 3.15 million vehicle inten-
sity in 2019 with an average speed of 86.4 km/h. From all the
passing vehicles, 23.3% or 735 000 were specifically truck
intensity (see Figure 8) [30]. In this location, the sensors were
embedded in the temporary road section provided by Binders
Ltd., which is the largest Latvian road construction company.

Figure 9 can be seen in a short time period of the mea-
sured vehicle traffic strain changes gathered from the FBG
sensor no. 2 (fixed on the right side—depth 25mm, exactly
the same as for location (a)). Parallel to the real-time strain
measurements, a video was taken in order to be certain that
the road traffic changes are calibrated with the strain mea-
surements, as well as to see the “strain-pattern” of different
vehicles, mainly trucks. It can be seen that the truck traffic
in particular is generating the highest strain in the pavement
structure. If the graph is zoomed in, then the number of vehi-
cle axis and the strain value of each vehicle axis can be
detected. From the measured FBG strain, sensor data shows
that the “G” truck’s last axis (5th) creates the highest strain
or relative deformation value, which is 375.6μm/m. The sec-
ond highest strain value (356.4μm/m) was created by the “B”
gravel truck that has 3 axes. It is important to note that in
Figure 9, upper part visually does not show all of the trucks
that were passing by, for example, at the time spans of 73,
728, 891, 986, and 1084 s. Measured strain values are compa-
rable and similar to those shown in [13] research.

The summary of the measurements gathered by the road
truck traffic while using FBG sensors is shown in Figure 10.
Here, a focus is made on the road’s truck traffic, not the traffic
made by the passenger cars, as trucks cause the highest applied
strain values and damage to the road pavement. The graph
represents the generated truck strain value histogram. It is
important to add that the strain value histogram contains all
the measurement data, not only those presented in Figure 9.

As it can be seen in the histogram, trucks most often
(33% of the time) can be put into the category that generates
strain of 300-350μm/m. If all of the data is collected and
compared, then trucks, on average, generate 282μm/m strain
value each.

4. Conclusions

In this paper, a framework for implementation of FBG
optical sensors for structural health monitoring of road

pavement was demonstrated. The framework consists of
the sensor integration into the A2 road Riga-Sigulda-Esto-
nia, and validation of sensor strain and temperature read-
ings through the use of the falling weight deflectometer
(FWD) equipment, which, according to the European
practice, is typical for load testing of roads. FWD equip-
ment with the calibrated load was used to help testing
the sensor’s integration method and evaluating the accu-
racy of the measurements.

A parametric study was conducted where the measured
strain readings from the embedded FBG sensors were com-
pared in summer and autumn sessions when the temperature
difference of the road pavement was about 13°C (as measured
with the embedded FBGs) and at different locations of falling
load plate of the FWDwith respect to the location of the FBG
sensor. It was found that, first of all, the strain values were
higher in warmer weather. This can be explained because of
the stiffness that decreases at higher temperatures so as a
result, strain values are increasing.

As it can be seen in the results with FBG sensors, it is pos-
sible to precisely detect (the relative scatter 4.8–12.8%) strain
values, which allows the evaluation of the real operation of
the pavement structure under load circumstances.

Finally, a monitoring of the real-time truck traffic on a
temporary road with a high annual average daily car traffic
and annual average daily truck traffic was conducted. From
the monitoring results, the typical strain values generated
by the passing trucks were determined to be, on average,
282μm/m, but the most probable value (33%) is within the
range of 300-350μm/m (325μm/m averagely). When the
road pavement is underdesigned, the applied strain is suffi-
ciently higher, which might cause fatigue failures under
repeated loads.

When using FBG sensors solutions, it can be determined
at what time the relative deformation limits for a particular
road pavements concrete material are exceeded that allows
validating and verifying the designed road construction
solutions.

Although it has been shown that the installation of FBG
sensors into road pavements provides effective means of
monitoring the structural integrity of roads under traffic,
there are challenges. Firstly, providing the necessary protec-
tion of the bare optical fibers in a form of durable packaging,
secondly, to account for the varying seasonal temperatures
when analyzing the measured strain values.

Based on the obtained results, authors are continuing the
research, where the FBG sensors are integrated in the road
pavement during the asphalt laying process. Further investi-
gating of the FWD and FOS combination approach would
help to understand the structural behavior of the pavement
structure, including back-calculations and forward calcula-
tions in the pavement design.

Therefore, by using FBG sensors, which can be integrated
into the road construction process or after that, the fatigue of
such road structures can be monitored over time. This
approach could be used for the prediction of different road
pavement structure life cycles, so enabling efficient use,
maintenance, and timely repairs of the public roads lead to
the overall safety of the transportation system.
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