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Distributed fber optic sensors (DFOSs) have been efectively used for pavement health monitoring. However, the inhomogeneity
of the asphalt mixture and the characteristics of the sensor afect the measurement accuracy, which in turn afects the performance
evaluation of asphalt pavement. In this study, the strain of nonembedded DFOS specimens was used as a reference and compared
with the strain of embedded DFOS specimens to analyze the accuracy of DFOS based on the four-point bending test. To further
improve accuracy, a numerical simulation model was established by coupling the discrete element method (DEM) and the fnite
diference method (FDM), and feasibility of the model was verifed by comparing it with the load-displacement curves obtained
from laboratory tests. Te results of the laboratory tests and numerical simulations showed a linear relationship between the
reference strain and the DFOS strain. Terefore, a strain correction method was proposed for the DFOS based on the DEM-FDM
method, and the strain correction coefcient was used as the evaluation index. In addition, an orthogonal test was performed to
analyze the infuence of design parameters, including elastic modulus, section height, and section width, on the accuracy of the
DFOS. Trough variance and range analysis, it was found that elastic modulus has a signifcant efect on the strain measurement
accuracy, followed by the section height and the section width. In summary, this study proposed an efcient strain correction
method suitable for the application of DFOS in pavements considering the material characteristics of the asphalt mixture and the
embedded sensor.

1. Introduction

In recent years, the health monitoring of transportation
infrastructure has received increasing attention. Pavement
health monitoring interprets the connection between ex-
ternal loads and internal response by placing sensors within
the pavement structure and analyzing the monitoring data
collected. It has provided many new methods for pavement
mechanics verifcation, structural design, and maintenance
decisions [1–3].

Te optical fber sensor is an important sensing element,
which is used in pavement health monitoring. It has the
advantages of high sensitivity, strong anti-interference
ability, and corrosion resistance. Te most common

components include fber Bragg grating sensors, which are
known for high-precision testing, but they can only monitor
small areas near the sensor. As an emerging sensing tech-
nology, DFOSs can measure physical parameters distributed
along the whole length of the optic fber axis. Te distributed
optical fber sensing technique is based on three types of light
scattering in optical fbers, namely, Brillouin scattering,
Raman scattering, and Rayleigh scattering. Among them, the
optical frequency-domain refectometry (OFDR) technique
is based on Rayleigh scattered light and has the character-
istics of high spatial resolution and high strain accuracy [4,
5]. Te OFDR technique has been frequently used in
structural health monitoring, especially concrete durability
testing [6, 7], crack development process monitoring and
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quantifcation [8, 9], and concrete-reinforcement interaction
behavior [10, 11].

Before testing the optical fber sensors, strain calibration
coefcients are usually obtained from calibration tests for
subsequent correction of test results [12–14]. Some fber
optic sensors need to be embedded in the host material
during testing, and the traditional calibration tests cannot
accurately describe the true relationship between the sensor
and the host material. On one hand, the force mode is
diferent from the calibration test, and on the other hand, the
sensor embedding method, the properties of the host ma-
terial, and the encapsulation material of the sensor afect the
accuracy of the embedded sensor during testing [15, 16].
Terefore, many scholars have investigated the interaction
and strain transfer mechanism between fber optic sensors
and host materials, including theoretical, experimental, and
simulation approaches. From the theoretical perspective of
the strain transfer, various multilayer strain transfer models
have been proposed based on shear hysteresis theory to
provide strain transfer coefcients [17–21]. Te advantage of
this method is that the results are clear, but the mechanical
model is simple and not accurate enough for complex
loading states and structural materials. From the perspective
of laboratory testing, the testing scheme has been improved
to enhance the accuracy of calibration coefcients. Te main
change is that the test object contains the sensor and the host
material, so their interaction is also considered [22]. Te test
results are more intuitive, but the process is slow and la-
borious. From the perspective of numerical simulation, the
most dominant method is the fnite element method, fol-
lowed by the discrete element method, whose main purpose
is to analyze the synergistic deformation of the sensor and
the host material, to validate the proposed strain transfer
model, and to achieve the optimal design of the sensor [21,
23–25]. Compared with theoretical methods, numerical
simulation methods can consider more complex stress states
and materials and are more convenient than laboratory test
methods, which are selected as the main research tool in this
paper.

For pavement health monitoring [26–30], it is necessary
to embed DFOSs in asphalt mixture. However, the efect of
this behavior on the surrounding physical feld and the
measurement accuracy of DFOSs still needs further study.
Terefore, it is important to choose a suitable research
method. In theoretical and fnite element analyses, the host
material is assumed to be continuous, whereas the asphalt
mixture is usually an inhomogeneous material, and this
assumption obviously afects the results. Te DEM-FDM
method is a numerical simulation method that combines the
discrete element method with the fnite diference method.
Currently, this method is used to simulate track and ballast
in railway engineering [31, 32]. In geotechnical engineering,
it is also used to study slope supports and soils [33, 34]. In
this paper, the DEM-FDM method can simultaneously
consider the discrete characteristics of asphalt mixture and
the continuous characteristics of DFOS, which is more
conducive to the analysis of the problem.

Te objective of this paper is to investigate the strain
measurement accuracy of the DFOSs for pavement health

monitoring. Firstly, static loading four-point bending tests
were performed on nonembedded and embedded DFOSs
mixtures. Secondly, a coupled DEM-FDM numerical sim-
ulation method was used for modeling based on the discrete
characteristics of the asphalt mixture and the continuous
characteristics of DFOS. Te feasibility of this method was
verifed by comparing with the laboratory test results. Te
reference strain and the DFOS strain were compared, and
their relationship was analyzed to obtain a strain correction
coefcient to improve sensor accuracy. Finally, considering
the diversity of DFOSs, the strain correction coefcients of
DFOSs with diferent design parameters such as elastic
modulus, section height, and section width are further
investigated.

2. Description of the Laboratory Tests

2.1. Materials. AC-13 asphalt mixture was designed
according to the Chinese “Technical Specifcation for
Highway Asphalt Pavement Construction” (JTG F40-2004)
[35]. Te binder used was 70# base asphalt, and the char-
acteristics of the base asphalt are provided in Table 1. Te
combined gradation of the aggregate is shown in Table 2, and
the gradation curve is shown in Figure 1. Based on the
Marshall mix design method, the optimum asphalt content,
bulk density, and air voids of the AC-13 asphalt mixture
were determined as shown in Table 3.

2.2. Sensors. Te optical fber Bragg grating (FBG) sensor
used unencapsulated bare fber Bragg grating with a grating
length of 15mm. Te DFOS was developed by the research
group, and the bare fber with a diameter of 125 microns was
packaged with a diameter of 6mm polyurethane elastomer.
Te structure and size of the DFOS are shown in Figure 2.
Te parameters of encapsulation materials are shown in
Table 4.

FBG sensor data were collected by using the fber grating
demodulator. Te OFDR device of Luna Technology was
used for data collection of DFOS. In this paper, the technical
specifcations adopted by the OFDR device are shown in
Table 5.

For OFDR devices, a strain coefcient was required to
convert Rayleigh’s shift to strain. To obtain the strain co-
efcient, we conducted tensile calibration tests on the DFOS.
Te test process is shown in Figure 3, and the test data are
shown in Table 6. Te theoretical strain in Table 6 is the
strain calculated according to the size and tensile defor-
mation of DFOS. Rayleigh’s shift was measured by using the
OFDR device. Temean value of the results of the three tests
was taken as the fnal strain coefcient.

2.3. SpecimenPreparation. Tis paper used vertical vibration
testing equipment (VVTE) [36, 37] to form asphalt mixture
specimens (400mm× 100mm× 100mm). Te design of
VVTE mimics the internal vibratory structure of the vi-
bratory roller, which is sufcient to simulate the compaction
efect during the construction of the real pavement structure.
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To compare the efect of the embedded DFOS on the
asphalt mixture, two conditions were designed. Condition I
is the control or reference asphalt mixture specimen. After

Table 1: Characteristics of 70# base asphalt.

Property Value
Penetration (25°C, 100 g, 5 s, 0.1mm) 76.3
Softening point (°C) 43
Viscosity (180°C, Pa·s) 0.39
Density (25°C, g/cm3) 1.03

Table 2: Aggregate gradations of AC-13.

Sieve size (mm) 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Passing percentage (%) 100.0 96.3 76.8 51.0 37.7 27.6 19.2 13.0 8.1 5.6
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Figure 1: Mixture gradation of AC-13 employed.

Table 3: Properties of the AC-13 asphalt mixture.

Mixture Asphalt content (%) Bulk density (g/cm3) Air voids
(%)

AC-13 4.8 2.452 4.2

Polyurethane
elastomer

bare fiber

125 μm

6 mm

Figure 2: Structure and size of DFOS.

Table 4: Te parameters and data sources of encapsulation
material.

Material parameters Value Data sources/Reference
Elastic modulus 3000MPa Tensile test (GB/T 2567–2008)
Poisson ratio 0.25 Manufacturer information

Density 1080 kg/
m3 Manufacturer information

Table 5: Te technical specifcations of the OFDR device.

Parameter Specifcation
Spatial resolution 2.6mm
Sampling frequency 250Hz
Strain measurement range ±12,000 με
Strain resolution 1 με
Instrument strain accuracy ±1 με

Figure 3: Tensile calibration test of DFOS.

Table 6: Calculation of the strain coefcient of DFOS.

Teoretical strain
(μm/m)

Measured Rayleigh’s shift of the DFOS
(GHz)

1 2 3 Mean
338.983 −39.152 −36.594 −38.562 −38.103
677.966 −79.864 −77.523 −79.864 −79.084
1016.949 −122.659 −122.048 −124.437 −123.048
1355.932 −165.871 −170.497 −170.568 −168.978
1694.915 −216.153 −215.425 −216.915 −216.164
2033.898 −252.783 −258.972 −261.143 −257.633
2372.881 −296.444 −300.435 −305.824 −300.901
Strain coefcient (μm/
m·GHz) −8.04 −7.94 −7.86 −7.95
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the specimen is demoulded, we pasted an unencapsulated
FBG sensor in the midspan 20mm from the bottom of the
beam to test the strain of the reference specimen. If the
adhesive material is coated on the FBG sensor, its survival
rate and test accuracy are afected. Terefore, epoxy resin
was applied on both sides of the Bragg grating when the FBG
sensor was pasted, as shown in Figure 4(a). Because the
length of FBG grating is 15mm, we set the distance of epoxy
resin paste points as 20mm. Condition II is the asphalt
mixture beam with embedded DFOS; that is, the DFOS is
installed in advance during the asphalt mixture forming
process.Temold used in this condition has holes in the side
for penetrating the DFOS. To ensure that the DFOS sensor
was located 20mm away from the bottom of the beam,
asphalt mixture was covered twice, as shown in Figure 5.

Te sensors involved in the two conditions above are
strain sensors, but the strains tested are diferent. Te FBG
sensors bonded to the surface of the asphalt mixture beam
were designed to obtain the original strain of the host
material at the same location as a reference. Terefore, for
the ease of memorization, the strain of the FBG sensor was
referred to as the reference strain measured in the
laboratory.

2.4. Four-Point Bending Test. A four-point bending test was
conducted to simulate the actual pavement internal tensile
state condition. In this test, the beam specimen is subjected
to a vertical load and the beam is deformed under the action
of the bending moment. To study the efectiveness of the
DFOSs for testing in asphalt mixtures [38], this study se-
lected the four-point bending test as the main test method.

In the four-point bending test, the center distance of the
loading roller was 100mm, and the center distance of the
supporting roller was 300mm. To simulate the impact efect
of a vehicle on an actual road structure, the instantaneous
load was applied to the beam specimen by using an elec-
tronic universal testing machine. Te loading process was
carried out at a speed of 50mm/min in the displacement-
controlled mode. When the vertical displacement of the
loading roller was 0.3mm, the loading process was carried
out ten times as one step. Te load-displacement curves and
sensor data under diferent loads were recorded. Five tests
were carried out for each condition.

3. DEM-FDM Numerical Simulation

3.1. Coupled Model Modeling. Mastic theory considers the
asphalt mixture as a multistage spatial mesh structure of the
dispersion system [39]. It is a coarse dispersion system with a
coarse aggregate as the dispersed phase and dispersed in the
asphalt mortar medium. Te mortar is a fne dispersion
system with a fne aggregate as the dispersed phase and
dispersed in the asphalt mastic medium. Te mastic is a
microdispersion system with fllers as the dispersed phase
and dispersed in the high consistency asphalt medium.

Te supporting role of the fne aggregate and mineral
powder on the asphalt mixture skeleton is small. Especially
when the fne aggregate and mineral powder are coated with

asphalt, it is difcult to refect their own strength. Terefore,
the aggregates above 2.36mm and 2.36mm below were used
as coarse aggregates and asphalt and mineral powder unifed
as asphalt mortar, respectively, and the voids were con-
sidered to model the asphalt mixture.

Condition I does not involve a DFOS, so only the dis-
crete element method was used to build the DEMmodel.Te
modeling process is more complicated in Condition II be-
cause of the DFOS. Unlike the discrete characteristics of the
asphalt mixture, the DFOS is continuous. Considering the
characteristics of diferent materials, discrete element soft-
ware Particle Flow Code (PFC) was used to describe the
characteristics of asphalt mixture, and fnite diference
software Fast Lagrangian Analysis of Continuum (FLAC) is
used to describe the DFOS to build the coupled DEM-FDM
model. Temodeling process of condition I and condition II
is similar, and the diferences in the process are shown in
Figure 6.

Taking the more complex DEM-FDM coupling model as
an example, the specifc modeling process is introduced as
follows [40]. In the modeling process, each stage of the
model is described as follows and is also shown in Figure 7:

(1) Establishment of specimen space: according to the
actual size of the specimen, the forming mold space
with wall command was established, and space was
reserved at the sensor embedding position.

(2) Generate coarse aggregate: it was assumed that the
density of aggregates is equal, and we calculated the
volume of the specimen occupied by a certain grade
of aggregate according to the volume fraction and
then divided it by the average volume of the
equivalent ball rounded to obtain the number of
aggregate particles in that grade. We imported
multiple irregularly shaped shells as the template of
clump element and generated each grade of the
aggregate by the radius scaling method inside the
specimen space.

(3) Generate asphalt mortar: the asphalt mortar was
considered a homogeneous discrete element, which
was represented by a regular homogeneous ball el-
ement of 0.5mm radius. First, we iterated and saved
the information of coarse aggregate clump elements.
Ten, ball elements with a radius of 0.5mm and
regular arrangement were generated within the space
of the specimen. Te ball elements, which were
spatially located inside the clump elements, were
regarded as aggregates, and the external elements
were regarded as asphalt mortar. With this step, the
clump elements were replaced with the ball elements;
that is, the coarse aggregate was composed of a series
of ball element combinations.

(4) Check the gradation: the gradation of the coarse
aggregate was checked after replacing it with the
ball elements. If the percentage of all the small ball
particles of each grade of the aggregate to the total
particles of the whole model is within a certain
range of the target percentage, then the model is
regenerated by adjusting the number of individual
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Create specimen space Reserve space for the
 embedded sensor

Fill the specimen space with
regularly arranged balls

Generate coarse aggregates
with gradation characteristics

Generate aggregates and asphalt mortar

Whether the
aggregate volume fraction of each grade meets

the requirements

Randomly delete asphalt mortar elements as voids

Yes

No

Embed the sensor

Generate coupling walls

condition II:
DEM-FDM virtual specimen

condition I:
DEM virtual specimen

End

Figure 6: Modeling process of condition I and condition II using DEM-FDM numerical simulation.

(a) (b)

Figure 4: Diagram of laboratory test conditions. (a) Condition I: surface-bonded FBG sensor and (b) Condition II: embedded DFOS.

First covering Positioning Second covering Vibrating compaction

Figure 5: Te molding process of the specimen with embedded DFOS.
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grades of the aggregate until the requirements are
met.

(5) Generate the void: the number of particles of the
asphalt mortar that is needed to be deleted was
calculated according to the void. We randomly de-
leted a certain number of small balls in the asphalt
mortar to create the void.

(6) Embed the sensor: we called the zone command in
the FLAC module and referred to the actual size of
the sensor and material properties which are shown
in Table 4, and we built a DFOS virtual model with
the radial-cylinder grid.

(7) Establish the coupling wall: we generated the cou-
pling wall between the interface of the DEM model
and the FDMmodel and cycle to a new force balance
under the action of gravity to achieve sufcient in-
teraction between discrete particles and continuum.
Te coupling walls were created coinciding with zone
faces. Walls were composed of edge-connected tri-
angular faces, where vertex velocities and positions
were specifed as a function of time. Te coupling
logic worked by taking the contact forces and mo-
ments with the wall facets and determining an
equivalent force system at the facet vertices. Tese
forces were transferred to the grid points along with
stifness contributions.

(8) Establish the loaded wall: according to the actual
loading roller size and distance, four cylindrical walls
with 20mm diameter and 110mm length were
established at the specifed position to simulate the
loading roller and support roller for the subsequent
loading implementation.

3.2. ContactModels. Asphalt mixture is a nonhomogeneous
and anisotropic material, which mainly consists of aggre-
gates, asphalt mortar, and voids. Terefore, the following
types of contacts were considered in the discrete element
model of the asphalt mixture [41, 42].

(i) Te contact between asphalt mortar
(ii) Te contact between the aggregate and the asphalt

mortar

(iii) Te internal contact of aggregates
(iv) Te contact between the aggregate and other

aggregates
(v) Te contact between various elements and the wall

Asphalt is used as a bonding material, and the contact
between asphalt mortars and between asphalt mortars and
the aggregate refects the bonding properties. In addition, in
the simulation of this paper, the coarse aggregate was
bonded by several spherical elements, so its internal contact
also needed to be bonded. In the contact model of PFC, the
Burgers model is usually used to simulate the viscoelasticity
of asphalt, but the test simulated in this paper is a four-point
bending test, and the Burgers model does not have tensile
capacity.Tus, the linear parallel bondmodel was selected to
describe the frst three contact types. It can transfer force and
moment and can describe the stress-strain characteristics of
the asphalt mixture well during bending. Te contact be-
tween the aggregate and the aggregate, as well as the contact
between the various elements and the wall, can be regarded
as linear contact considering the frictional sliding efect.
Terefore, the last two contact types were chosen as the
linear model. Figure 8 represents various types of contact
models used.

3.3. Numerical Simulation Verifcation. Referring to the
load-displacement curves under two working conditions
obtained from the indoor tests (shown in Figure 9), the
contact model parameters were adjusted repeatedly to make
the simulation results close to the test results. In addition,
the numerical simulation parameters of the zone elements
used to simulate the DFOS are shown in Table 4. Te load-
displacement curve in Figure 9 shows the error bands of fve
tests under diferent working conditions.

Te fnal contact model selection and parameter values
are shown in Table 7. Five numerical simulations were
carried out for each working condition, and the load-dis-
placement curves obtained were consistent with the labo-
ratory test results. Compared with previous studies [24, 31,
41, 43, 44], the value range of contact model parameters is
similar, which verifes the rationality of numerical simula-
tion model parameters.Te slope of the curve of condition II
is signifcantly greater than that of condition I, indicating

(a) (b)

(d)(c)

xy
o

z

Figure 7: Specifc modeling process of the DEM-FDM coupled model. (a) Specimen space. (b) Coarse aggregate. (c) Specimen. (d) DEM-
FDM model (profle).
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that the bearing capacity of the asphalt mixture beam has
been improved after embedding the DFOS.

4. Accuracy Evaluation Method

4.1. Reference Strain. In the numerical simulation of con-
dition I, all the spherical elements that coincide with the core
of the embedded DFOS were marked. Te displacement of
the spherical element under multistage loading was
extracted by numerical simulation, and the axial strain was
calculated as the reference strain. In laboratory test condi-
tion I, the FBG sensor test results were used as the actual feld
reference strain.

Te reference strains obtained from numerical simula-
tions and laboratory tests are plotted in Figure 10.Te curves
in Figure 10 represent the mean value of the reference strain
distributed along the axial position of the specimen under
step loading in the numerical simulation, and the light-
colored shadows represent the error bands of the reference

strain obtained by the simulation. Te shape of the curve
conforms to the trapezoidal distribution recognized by the
four-point bending theory. Te purple point represents the
reference strain measured by the FBG in the middle of the
beam specimen, and its error line is marked.

Te mean value of the DFOS strain in the pure bending
section (−50mm∼50mm) of the specimen in the numerical
simulation was extracted and compared with the FBG strain
obtained in the laboratory test. Te linear ftting relation is
shown in Figure 11. Te results show that the reference
strains of the laboratory test and numerical simulation have
good linear correspondence, and the numerical simulation is
representative.

4.2. DFOS Strain. Condition II was further analyzed. Firstly,
the measured DFOS data of the OFDR device was derived,
and the laboratory test results under diferent load levels
were extracted, as shown in Figure 12(a). In terms of DEM-
FDM coupling numerical simulation, the DFOS under
diferent load levels was characterized by the strain of the
zone elements, and the strain distribution graph is drawn, as
shown in Figure 12(b). Figure 12 shows that the strain
distribution of the pure curved section is trapezoidal and
gradually increases in laboratory tests and numerical
simulations.

It can be seen that compared with the DFOS strain in the
laboratory test shown in Figure 12(a), the DFOS strain curve
obtained by numerical simulation in Figure 12(b) is not
smooth. Since the strain information extracted in
Figure 12(b) comes from the zone element, it indicates that
the discrete element representing the asphalt mixture
transmits its discreteness to the continuous zone element
during load transfer.

Te mean strain values of the pure bending section in
Figure 12 were extracted and plotted in Figure 13. It can be
found that the DFOS strain obtained in the laboratory test
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and numerical simulation also has a good linear relationship.
Terefore, the numerical simulation method can better
reproduce the laboratory test process and results.

4.3. Strain Correction Method. In order to further explore
the relationship between the DFOS strain and the reference
strain, Figure 14 was drawn. It can be found that the

Table 7: Contact model and values.

Contact model Symbol Parameter Unit Value

Internal aggregate (linear parallel bond model)

E∗ Efective modulus N/m2 2e9
E∗ Bond efective modulus N/m2 5e8
σc Tensile strength MPa 6e8
c Cohesion MPa 3e8
κ∗ Bond normal-to-shear stifness ratio — 2.5
μ Friction coefcient — 0.5

Aggregate-aggregate (linear model)
E∗ Efective modulus N/m2 2e9
κ∗ Normal-to-shear stifness ratio — 2.5
μ Friction coefcient — 0.5

Asphalt mortar-asphalt mortar (linear parallel bond model)

E∗ Efective modulus N/m2 4.8e8
E∗ Bond efective modulus N/m2 1.2e8
σc Tensile strength MPa 1.4e7
c Cohesion MPa 7e6
κ∗ Bond normal-to-shear stifness ratio — 3.0
μ Friction coefcient — 0.5

Aggregate-asphalt mortar (linear parallel bond model)

E∗ Efective modulus N/m2 4.8e8
E∗ Bond efective modulus N/m2 1.2e8
σc Tensile strength MPa 1.26e5
c Cohesion MPa 6.3e5
κ∗ Bond normal-to-shear stifness ratio — 3.0
μ Friction coefcient — 0.5

Wall-other elements (linear model)
kn Normal stifness N/m 1e8
ks Shear stifness N/m 1e8
μ Friction coefcient — 0.5
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Figure 10: Reference strain in laboratory tests and numerical simulations under diferent vertical displacements of loading rollers.
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development trends of the reference strain and DFOS strain
are consistent in both numerical simulations and laboratory
tests, but the strain values are diferent. Considering the
load-displacement curve shown in Figure 9, comprehensive
analysis shows that the carrying capacity of the asphalt
mixture specimens increases after embedding the DFOS,
indicating that the embedded DFOS will disturb the physical
feld of the asphalt mixture. In the use of sensors, on the one
hand, we should avoid such a situation in the selection of
sensors. On the other hand, in order to ensure the efec-
tiveness of strain testing, the DFOS strain needs to be
corrected.

A linear relationship between the DFOS strain and the
reference strain was established in the tests and simulations,
as shown in Figure 15. Te linear ftting correlation between
the DFOS strain and the reference strain indicates that the
strain of the embedded DFOS can be corrected by a linear
relationship, and the slope of the linear relationship is the
strain correction coefcient.

Te strain correction coefcient of the laboratory test is
1.4132, and the strain correction coefcient of the numerical
simulation is 1.4086, which are relatively close. It can be
concluded that the coupled DEM-FDM numerical simula-
tion can not only restore the physical feld around the DFOS
but also can be used for the correction of the strain test
results.

In order to ensure the reliability of the strain correction
coefcient obtained by this method, the numerical simu-
lation parameters were not changed, only the loading roller
distance was changed to simulate diferent test conditions.
Te numerical simulation conditions with loading roller
distances of 5 cm and 15 cm were added, and 5 groups of
tests were set for each condition. It can be seen from Fig-
ure 16 that both the reference strain and DFOS strain value
decrease as the loading roller distance increases. According

to the linear relationship analysis in Figure 17, when the
loading roller distance is 5 cm and 15 cm, the strain cor-
rection coefcients obtained by numerical simulation are
1.4317 and 1.3972, respectively. Tis value is similar to
1.4086 when the distance between loading rollers is 10 cm. It
can be seen that under diferent test conditions, the reference
strain and DFOS strain show the same variation trend, and
the strain correction coefcient is similar, which confrms
the accuracy of the strain correction coefcient. In practical
applications, the mean value of the strain correction coef-
fcient under diferent conditions can be used to correct the
DFOS strain.

5. Factors Affecting Accuracy

5.1.Orthogonal TestDesign. Previous analysis shows that the
carrying capacity of the asphalt mixtures was improved after
the DFOS with the elastic modulus of 3GPa and a cross-
sectional diameter of 6mm was embedded in the asphalt
mixture. Te strain value measured by this DFOS was less
than the reference strain, and the strain correction factor was
greater than 1. Considering the diversity of DFOS, in order
to improve the accuracy of DFOS, the infuence of diferent
design parameters on the accuracy of DFOS was further
studied by the orthogonal experimental design method.

Orthogonal experimental design is a design method to
study the multifactors and multilevels [45, 46]. It is based on
the orthogonality to select some representative points from
the comprehensive experiment for testing. Tese repre-
sentative points satisfy the following two characteristics:
frst, in each column, diferent numbers appear equally; that
is, for any factor, the number of experiments at diferent
levels is the same. Second, in any two columns, two numbers
in the same row form an ordered number pair, and each kind
of number pair occurs the same number of times; that is, any
two factors are cross-grouping comprehensive experiment.
Orthogonal experimental design is an efcient, rapid, and
economical experimental design method.

In this paper, elastic modulus, section height, and section
width are selected to study. Te elastic modulus was de-
termined to be 300MPa∼3GPa. Te section width and
height were determined from 4mm to 10mm according to
the section size of common sensors. In this paper, each factor
was set at four levels, and the factors and levels are shown in
Table 8.

Te strain correction coefcient was used as the index of
investigation, and the L16 (43) orthogonal table was selected
to conduct numerical simulation tests under diferent
working conditions with the strain correction coefcient as
the investigation index. In all working conditions, the nu-
merical simulation parameters of the asphalt mixture
remained unchanged, and only the sensor parameters were
changed. Te orthogonal test scheme and results are shown
in Table 9.

5.2. Variance Analysis. Te goal of variance analysis was to
analyze whether there is a correlation between the inde-
pendent variables and the result variables or whether
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Figure 11: Linear relationship between the reference strain of the
pure bending section in laboratory tests and numerical simulations.
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diferent levels of independent variables will lead to sig-
nifcant diferences in the value of result variables.

According to the result of the orthogonal test, the sum of
squares (SS), degrees of freedom (df), mean square (MS),
and F value of each factor were calculated. Te specifc
calculation method is shown in Table 10.

Here, to facilitate expressions, factors A, B, and C cor-
respond to elastic modulus, section width, and section
height, respectively. A total of n tests were conducted in the
orthogonal experimental design, and y was the result of each
test. Tere were a levels of factor A, and nAi tests were
conducted for each level. SSA, dfA, and MSA, respectively,
represent the sum of squares, degrees of freedom, and mean

square of factor A. Te notation of factors B and C is similar
to that of factor A.

Te distribution of the F value follows the F distribu-
tion, so the F value has the corresponding signifcant
probability p value on the F distribution. When the p value
is greater than the signifcance level of the hypothesis test, it
indicates that there is no signifcant diference between the
intergroup variance and intragroup variance, and that is to
say, diferent levels of factors do not infuence the data as a
whole. On the contrary, when the p value is less than the
signifcance level of the hypothesis test, it indicates that
diferent levels of factors have an overall impact on the data.
Te signifcance level can be represented by “∗,” as shown
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Figure 12: DFOS strain in the laboratory test and numerical simulation under condition II for example. (a) Laboratory test and (b)
numerical simulation.
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in Table 11. Te higher the number of “∗,” the more sig-
nifcant it is.

According to the results of the variance analysis shown
in Table 11, the following conclusions were drawn. Te
elastic modulus showed signifcance (F� 11.245,
p� 0.007< 0.05), indicating that the elastic modulus has the
main efect, which will have a signifcant efect on the strain
correction coefcient. Te efect of the section width
(F� 0.615, p� 0.630> 0.05) and section height (F� 1.384,
p� 0.335> 0.05) on the strain correction coefcient was less
than that of the elastic modulus.

It can be observed from the results of the three-factor
analysis of variance that the cross-sectional size has no
signifcant infuence on the strain correction coefcient.
However, it can be seen from Table 9 that the infuence of
the cross-sectional size cannot be ignored. Te reason for
insignifcance may be that the test error is large and the
degree of freedom is small, resulting in low test sensitivity
and covering the signifcance of the investigated factors.
A large number of experiments are needed to study the
efect of the section size on the strain correction
coefcient.
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Figure 13: Linear relationship between the DFOS strain of the pure bending section in the laboratory test and numerical simulation.
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Figure 14: Strain of the pure bending section under diferent load levels. (a) Laboratory tests and (b) numerical simulations.
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5.3. Range Analysis. Range analysis was used to study the
orthogonal test data, including the advantages between
factors or the advantages and disadvantages of specifc levels
between factors. K value refers to the sum of test data for a
certain factor at a certain level. K-avg value refers to the
average value of the corresponding K value. R is the range of
factors. Te infuence degree of each factor on the result can
be compared according to the R value.

Te range analysis was performed on test results, and the
results are shown in Table 12. By observing the R values, it is
found that the three factors afecting the DFOS are the elastic

modulus, section height, and section width from high to low.
Te K-avg value of the strain correction coefcient is 0.99
when the elastic modulus is 1200MPa. Te K-avg values of
the section width and section height are not much diferent,
and the accuracy of the strain test decreases with the increase
of the section size.

Combining the results of the range analysis and three-
factor analysis of variance, it can be concluded that when the
elastic modulus of the DFOS is close to the elastic modulus of
the asphalt mixture, the accuracy of the sensor is higher which
is consistent with the results of the previous research [23].
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Figure 15: Linear relationship between the reference strain and the DFOS strain and its strain correction coefcient. (a) Laboratory tests and
(b) numerical simulations.
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Figure 17: DFOS strain correction coefcient under diferent loading roller distances. (a) 5 cm and (b) 15 cm.

Table 8: Orthogonal test factors and levels.

Number Elastic modulus (MPa) Section width (mm) Section height (mm)
1 300 4 4
2 1200 6 6
3 2100 8 8
4 3000 10 10

Table 9: Orthogonal test design and results.

Number Elastic modulus (MPa) Section width (mm) Section height (mm) Strain correction coefcient
1 300 4 4 0.6924
2 300 6 6 0.9705
3 300 8 8 1.2788
4 300 10 10 1.0992
5 1200 4 6 0.9791
6 1200 6 4 0.8572
7 1200 8 10 1.0688
8 1200 10 8 1.0739
9 2100 4 8 1.8508
10 2100 6 10 1.2576
11 2100 8 4 1.2509
12 2100 10 6 1.3842
13 3000 4 10 1.4822
14 3000 6 8 1.7423
15 3000 8 6 1.8784
16 3000 10 4 1.9766

Table 10: Te calculation of each index in variance analysis.

Sources of variance SS df MS F
Elastic modulus (A) 

a
i�1 nAi(yi. − y)2 a− 1 SSA/dfA MSA/MSE

Section width (B) 
b
i�1 nBi(yi. − y)2 b− 1 SSB/dfB MSB/MSE

Section height (C) 
c
i�1 nCi(yi. − y)2 c− 1 SSC/dfC MSC/MSE

Residual (E) 
n
i�1(yi − y)2 − SSA − SSB − SSC n− 1− dfA− dfB− dfC SSE/dfE
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6. Conclusions

Tis study focused on the accuracy of DFOSs for asphalt
pavement health monitoring. Based on the four-point
bending test under static load, a coupling numerical sim-
ulation method of DEM-FDM is introduced. Compared
with the traditional theoretical analysis and numerical
simulation, it considers the material properties more
comprehensively. Based on this method, the accuracy of the
embedded DFOS for asphalt mixture strain testing was
evaluated by analyzing the relationship between the refer-
ence strain and the DFOS strain, which greatly improves
efciency when compared with the indoor calibration test.
Finally, orthogonal tests were designed to analyze the factors
that infuence the accuracy of the DFOSs for asphalt
pavement health monitoring further. Te following con-
clusions were obtained:

(1) Te coupled DEM-FDM numerical simulation
method can realize the simulation of asphalt mixture
beam with the embedded distributed DFOS, which
was verifed by laboratory tests with high accuracy.

(2) Te strain of the embedded DFOS has a good linear
relationship with the reference strain. In laboratory
tests and numerical simulations, the slope of the
linear ftting is the strain correction coefcient.
Strain correction can efectively improve the accu-
racy of DFOS for asphalt mixture testing.

(3) Te strain correction coefcients obtained from
DEM-FDM simulations are similar to those mea-
sured in laboratory tests. In the study of DFOS for
asphalt mixture health monitoring, DEM-FDM
coupled numerical simulation can be used as a new
strain correction method.

(4) Te elastic modulus, section height, and section
width of the DFOS afect its testing accuracy for
asphalt mixture. Among them, the infuence of
elastic modulus is a signifcant efect, while the in-
fuence of section height and width is weak. When

the elastic modulus of DFOS is similar to that of the
asphalt mixture, the accuracy of the DFOS is higher.

In summary, this study presents a preliminary strain
correction method to ensure accurate measurement of
DFOSs in asphalt mixtures. For more complex test condi-
tions, such as dynamic loads and diferent test temperatures,
the numerical simulation should be further enriched. Fur-
thermore, this method can also be used to optimize the
development and design of DFOSs for pavement response
monitoring.
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