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Abstract: It is meaningful to monitor and identify the concrete cracks as they will seriously reduce the fatigue
life of pavement. In this paper a new method based on distributed long-gauge optic fiber sensing is proposed
to implement the crack identification. Firstly, the damage indicator, namely strain curve envelope area ratio
(SCEAR), is proposed and calculated with the measured strain in time series when the plane goes across the
pavement where the sensors are installed. Then the indicators with different sensors are normalization by the
value of the indicator from one referenced sensor where damage normally will not happen. If the crack happens
within the sensing gauge of the sensor, the value of damage indicator SCEAR from the sensor will increase.
Therefore, the crack will be identified with the change of the damage indicator. The effect of the proposed
method is first verified by some simulations of prefabricated pavement as the cracks can be accurately
identified by the proposed method. Moreover, the influence from the aircraft, such as taxiing position, aircraft
load and aircraft type, is not obvious enough to mislead the identification results. Lastly the static loading tests
were implemented with one small-scale model of prefabricated concrete pavement in the lab. From the
experimental results the prefabricated cracks inside the pavement slab can be identified accurately with the
proposes method as the parameter SCEAR is increased by about 100% at the crack position, while it is only
changed by about 3% at the undamaged position.

Keywords: prefabricated concrete pavement; distributed long-gauge optic fiber sensing; crack
identification; strain curve envelope area ratio

1. Introduction

Airport prefabricated pavement with reciprocating aircraft loads, plate bottom de-airing and
aircraft type after the renewal of the load increase and other factors such as the impact of plate
cracking, resulting in flight accidents. According to the statistics of an airport for 10 years, there were
76 cases of tire blowout, landing gear damage, engine damage and other failures caused by pavement
quality disorders. Among them, 5 failures, or 6.6%, were caused by crack-type disorders [1].
Although the prefabricated pavement has obvious advantages in rapid repair and large-scale
renewal, it also has the potential danger of slab cracking, and the incidence of crack-like disease even
exceeds that of traditional pavement, so it is of great practical significance to monitor the
prefabricated pavement in real time to effectively identify the crack development conditions, so as to
avoid flight accidents.

At present, airport pavement crack monitoring/detection methods mainly include manual
inspection, image recognition, infrared imaging, geo-radar identification and other methods. Manual
inspection is a commonly used method in the Chinese civil aviation specification [2], but manual
inspection has many problems such as poor accuracy, strong subjectivity, low efficiency, etc., which
can no longer adapt to the requirements of the rapid development of civil aviation airports [3]. Some
scholars [4-8] proposed various crack recognition algorithms to realize the work of recognizing
cracks in images. For example, Oliveira [9] and others use automatic threshold segmentation and
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connected component algorithm to realize the extraction of cracks; Shi [10] and others identify cracks
based on integral channel features and random decision forest. Although such methods can improve
the recognition accuracy of cracks algorithmically, they can only recognize apparent cracks based on
visible light images, which is vulnerable to the interference of the external environment and cannot
recognize the internal cracks of the pavement surface. Infrared thermography is also often used for
crack identification in different structures. Park [11] et al. based on infrared thermography and phase-
locking method for crack identification in welded dissimilar metal pipes. Li [12] et al. based on finite
element model of rail plate and field experiments, investigated the relationship between the
detectable crack width of infrared thermography and the ambient temperature, and the crack width
of not less than 0.2 mm was detected when the temperature was higher than 15 °C; when the
temperature was not lower than 20 °C, cracks with width as small as 0.14 mm were able to be detected.
When the temperature is higher than 15 °C, cracks with a width of not less than 0.2 mm can be
detected; when the temperature is not lower than 20 °C, cracks with a width as small as 0.14 mm can
be detected. However, due to the large range of airport pavement and the low resolution of infrared
images, the infrared thermal imaging sensor cannot meet the requirements for the identification of
small cracks on airport pavement. Geo-radar has a good effect in the disease detection of concrete
structures. Ouyang [13] analysed the early crack damage of asphalt concrete pavement layer based
on the random medium model, summarized the various characteristics of the radar profile, and also
compared and analysed and summarized the results of the field collection of the crack damage of the
pavement layer. Tian [14] et al. proposed a stepping-frequency null-coupled ground-penetrating
radar system based on the vector network analyser, and the experimental results show that the
system can detect narrow cracks with a depth of 50 cm. The geo-radar technology is characterized by
strong penetration and high resolution in detecting larger defects, which will have a greater impact
on the detection effect due to the narrow cracks and internal reinforcement of the prefabricated
pavement.

In the past 10 years, distributed fiber optic monitoring technology has been applied to the crack
monitoring of concrete structures in a lot of applications due to the advantages of high accuracy, good
durability, and ease of automation [15-18]. At present, the distributed monitoring techniques mainly
include the distributed fiber optic sensing technique based on Brillouin Optical Time Domain
Analysis (BOTDA) and the long scale pitch Fiber Bragg Grating (FBG) sensing technique. Lu [19] and
others applied the BOTDA crack monitoring technology to the crack monitoring of an asphalt
pavement layer; Qian [20] and others carried out a study on fatigue crack monitoring of bridge deck
slabs based on BOTDA and established a fatigue crack extension model by using the strain indexes
obtained from fiber-optic sensor monitoring. Shi [21] and others carried out ground crack monitoring
based on BOTDR, which can recognize the change of ground crack width of 0.Imm. Long scale
distance fiber grating sensing technology is less applied in concrete crack identification, Pang [22]
proposed a long scale distance fiber grating sensor deployment method under chain distribution, and
the identification and location of diagonal cracks is realized by the change of the slope of the load-
strain curve, and the analysis finds that it is completely consistent with the experimental observation
results. The BOTDA can directly realize the continuous measurement of the strain, but the accuracy
of the strain measurement is relatively low, and the accuracy of the measurement is generally only
BOTDA can directly realize continuous measurement of strain, but the accuracy of strain
measurement is low, generally only above 10 pe, and with the increase of wiring distance, the optical
loss will further increase, and the measurement accuracy will also decrease dramatically; while the
long scale pitch FBG sensor can still realize the distributed measurement, and its accuracy can reach
1~2 pe. Considering that the deformation of the structure of the airport road surface in the operation
period is relatively small, in order to realize the structure of the high-precision monitoring and
evaluation, this paper selects the long scale pitch fiber grating technology as the sensing technology.

In this paper, firstly, according to the principle of fiber grating sensing, a crack identification
method of prefabricated pavement based on distributed strain monitoring is proposed; secondly, a
9-plate combined finite element model of prefabricated pavement surface is established to validate
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the crack identification algorithm and analyse the influence of the aircraft taxi position, load size and
model; finally, the feasibility of the method is verified by a small-scale model scaling test.

2. Crack Identification Method Based on Distributed Long-Gauge Optic Fiber Sensing
2.1. Distributed Long-Gauge Optic Fiber Sensing

FBG sensors make use of the photosensitivity of fiber optic materials to form a permanent Bragg
grating by making the refractive index within the core change periodically along the core axis through
methods such as UV light exposure. When the wavelength of the incident light meets the specific
Bragg conditions, it will be reflected back to the original direction, while other wavelengths of light
will pass through the grating area unaffected. Once the Bragg grating area is subjected to external
forces or changes in ambient temperature, the wavelength of the reflected light will also change.
Therefore, strain changes and temperature changes can be measured by measuring the wavelength
change of the reflected light [23,24], As shown in Figure 1.
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Figure 1. Sensing principle of fiber grating: (a) Fiber grating structure schematic, (b) Input Spectrum,
(c) Reflectance spectrum, and (d) Output Spectrum.

The amount of wavelength change of the reflected light can be calculated by equation (1):
A%, =(=P)-As- 24 +(a, +&)-AT )

where Aﬁ,b is the wavelength variation of the reflected light; P is the effective elastic optical

coefficient of the fiber; A¢ is the strain variation; 4, is the wavelength of the reflected light; o ; is

the coefficient of thermal expansion of the fiber; & is the thermo-optic coefficient of the fiber; and
AT is the temperature variation.

The long-gauge FBG sensor can obtain the average strain of the structure in the scale distance
range, which is used as the characteristic strain of the structure in the monitoring range, which
reduces the influence of the unevenness of the concrete material on the measurement, and can better
reflect the actual performance of the structure. By connecting the sensors in series before and after to
cover the monitoring area of the roadway panel, the distributed measurement of the structural strain
in the area can be realized, which in turn can realize the identification of roadway cracks, as shown
in Figure 2.
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Figure 2. Schematic of long-gauge FBG sensor monitoring.

2.2. Crack Identification Method

In order to ensure the long-term monitoring needs of the sensor, without affecting the structural
stress performance of the pavement and the rapid construction of the factory, the group used the
slotted steel bar on the distributed fiber optic grating encapsulation to form a self-sensing bar for
pavement crack monitoring. As the airplane operates on the pavement, each long scale pitch FBG
sensor produces a strain variation curve as shown in Figure 3c. The envelope area of the strain curve
at each sensor location can be constructed as a series.

n={4,4,, 444} )

The strain curve envelope area monitored at one of the intact sensor locations is used as a
reference, and the series is normalized to obtain the strain curve envelope area ratio distribution.
Take the E, sensor as an example, the calculation formula is as follows:

m={ kA A 4 3)
A4 744

When a crack occurs at the E, sensor location, the strain peak monitored by the sensor will

increase significantly, resulting in a significantly outwardly expanding strain curve, which increases
the strain curve envelope area, as shown in Figure 2d. The strain curve envelope area of the sensors
adjacent to the crack location will be slightly affected, and the curve envelope area of each sensor
location can be constructed as a series after the crack appears.

ﬁ:{zl’22523...11...2n} (4)
The distribution of the envelope area ratio of the strain curve after cracking of the pavement

=11, éi‘i” (5)
1 Al Al Al

panel is further expressed as:

NIEN

As shown in Figure 4, comparing the distribution of the envelope area ratio of the strain curve
before and after the appearance of the crack, it can be found that the envelope area ratio of the strain
curve at the location where the crack did not appear did not change or the change was small, and
only the strain envelope area ratio at the corresponding location of the crack was changed, so the
crack can be recognized on the pavement panel according to the change of the distribution of the
envelope area ratio of the strain curve.
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Figure 3. Schematic diagram of crack monitoring: (a) Schematic of sensor monitoring in the absence

of cracks, (b) Schematic of sensor monitoring after the presence of cracks, (c) Strain curve at each
sensor position without cracks and (d) Strain curve at each sensor position after cracks are present.
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Figure 4. Distribution of envelope area ratio of strain curve before and after crack appearance.

Since the strain over distance curve cannot be expressed using a specific formula therefore the
curve is divided into n rectangles as shown in Figure 5b, by solving the sum of the areas of the n
rectangles is approximately equal to the area of the envelope of the strain curve. Where the height of

. &teE s o .
each rectangle is ———"1, and the widthis d. The specific formula is as follows.

A= f()dr= dz@ ©)
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Figure 5. Strain curve envelope area calculation: (a) Strain curve and (b) Strain change curve area
calculation.

3. Finite Element Modeling of Prefabricated Pavement
3.1. General Information of Prefabricated Pavement Model
3.1.1. Pavement Model Construction

Establishment of prefabricated pavement 9 plate combination finite element model, pavement
panel thickness of 0.3 m, size 2.5 m x 5 m. joint width of 8 mm, reinforcing steel using structural
reinforcement, upper and lower two-layer bi-directional reinforcing, the thickness of the protective
layer of 50 mm. as shown in Figure 6. The road pavement is modeled by three-dimensional solid
modeling, the modulus of elasticity of concrete is taken as 36000 MPa, Poisson's ratio is taken as 0.15;
the modulus of elasticity of steel reinforcement is taken as 200 GPa, Poisson's ratio is taken as 0.33,
which is "built-in" in the pavement panel, and the grid cell type of steel reinforcement is truss. The
Winkler foundation model is used to simplify the pavement subgrade and soil base into a composite
spring and define the corresponding foundation reaction coefficients, and the foundation simulation
adopts the "elastic foundation" in the interaction module of Abaqus, and the modulus of reaction of
the top surface of the subgrade is taken as 150 MN/m? by specifying the foundation surface in contact
with the pavement slab [25]. The joint connection between slabs is very important for the mutual load
transfer of prefabricated pavement panels, and the connection between pavement panels is realized
by establishing virtual surface layer [26], and the elastic modulus of the longitudinal joint connection
area is taken as 100MPa, the elastic modulus of the transverse joint connection area is taken as 50MPa,
and the elastic modulus of the non-connection area is taken as 5MPa, and the Tie connection is
adopted between the virtual surface layer and the pavement panels.

Elastic foundation

Figure 6. Finite element model of prefabricated pavement 9-plate combination.
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Combined with domestic and international research, the use of structured mesh helps to
improve the calculation accuracy, so a rectangular shape is chosen to simulate the load contact
surface. The selected role model is B-737-800, and the load is applied to the No. 5 plate by means of
moving load step, the moving load simulation is realized by constantly moving the load surface and
static loading several times [27], as shown in Figure 7.

y
Adjacent pavement panel
\ Pavement panel
Track joint \ Moving load
\ /
g
=
Movding direction B
——
0 T > X
Figure 7. Mobile load simulation.
Table 1. B-737-800 Aircraft load parameters.
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Figure 8. B-737-800 Main Landing Gear Form.

3.1.2. Crack Simulation and Location Selection

Extended finite element method (XFEM) is used to simulate cracks [28,29], firstly, a 3D shell is
created in the component module, and the crack size is determined according to different damage
conditions, and the contact properties are created in the interaction module, with the normal behavior
of hard contact and the friction coefficient of 8.9 in the tangential behavior [30], and the crack
properties are edited in the special settings, with the option "Allow crack growth" and the option
"Crack location", the location of the 3D shell, which is the simulated crack location, noting that the
shell location should be inside the mesh, and the location is the simulated crack location. Edit the
crack properties in the special settings, check the "Allow crack growth" option, and check the "Crack
location" option, the location of the 3D shell, which is the location of the simulated crack, note that
the location of the shell needs to be inside the mesh, and specify the established contact properties,
the mesh cell type is shell. According to the fatigue damage development law of the cracks on the
panel under the airplane operation, the crack development degree is set into different levels, as
shown in Table 2.
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Table 2. Classification of crack development.

Crack length (mm) 0 250 500 750 1000 1250 1500 1750 2000 2250 2500

Crack height (mm) 0 30 60 90 120 150 180 210 240 270 300

D 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

The B-737-800 model is used to apply the moving load along the longitudinal side of the plate,
and the load level is taken as 0.1~1 times of the tire pressure to extract the maximum strain generated
at the bottom of the plate when the load is applied, as shown in Figure 9. The strain is maximum
when the load is in the non-connected area, which is the location where cracks are likely to occur, so
the crack location is selected as the middle of the two connected areas at the longitudinal joints of the
pavement panel in the finite element simulation, as shown in Figure 10.

— 0.1¢q
160 - — 02g
140 | — 03g
120 044
_ —— 05¢
g 8or — 0.7q
g 60 — 08¢
2 40t — (1);]9(1
20 _/M\
0 L 1 1 1 1 |
0 1 2 3 4 5

Along the long side (m)

Figure 9. Strain curves for different load ratings (g is tire pressure).

Pavement panel

Figure 10. Determination of crack location.

3.1.3. Sensor Position Selection and Scale Distance Optimization

The specification [30] stipulates that the location of the strain measurement point for the
calculation of the stress ratio transfer coefficient is selected to 150 mm from the slab edge, so in order
to simultaneously monitor the strain at the slab edge and calculate the joint transfer coefficient
without affecting the crack identification, the self-sensing reinforcement bar is placed at a distance of
150 mm from the edge of the slab, in which the simulation of the self-sensing reinforcement bar is the
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same as that of the ordinary reinforcement bar, and the value of the different marking spacing sizes
can be realized by changing the length of the reinforcement bar's mesh cell.

The cracks were set up according to the crack locations shown in Figure 9, and the length of the
control crack was 1250 mm, and the height of the crack was varied from 0 mm to 300 mm, with an
interval of 50 mm for each condition. The sensor scale distances were taken to be 100 mm, 200 mm,
400 mm, 600 mm, 800 mm, and 1000 mm. The corresponding sensor strain at the crack location was
extracted by applying a B-737-800 model load at the crack location. strain of the corresponding sensor
at the crack location. As shown in Figure 11, when there is no crack, the measured strain does not
change as the distance increases; controlling the height of the crack remains unchanged, the damage
information of the crack is gradually submerged as the distance of the sensor increases, and as the
height of the crack increases, the faster the damage information of the crack is submerged.

Figure 12 shows the absolute and relative changes in strain at different scale distances after the
crack is carried out. From the figure, it can be seen that the smaller the scale distance of the sensor is,
the larger the absolute and relative changes of the measured strain are. When the scale distance of
the sensor is taken as 100mm, the absolute change can reach about 500u¢, and the relative change can
reach 950%, which can obviously identify the crack; however, when the scale distance is taken as
1000mm, the maximum absolute change is less than 100ue, and the relative change is about 300%,
which makes it impossible to carry out the crack identification when the height of the crack is small.
At the same time, in order to control the number of sensors and meet the minimum spacing
requirements of fiber grating, the longitudinal seam sensor spacing is taken as 500mm which is more

suitable.
= h=0mm
600 ®  h=50mm
A h=100mm
500 | ° v h=150mm
— ¢ h=200mm
84008 o » h=250mm
> h=300
£ 300 - . mm
£ v ¥
Y200 4 . r
) D G S
o v
T T S ¢
O 1 1 1 1 1
0 200 400 600 800 1000
Gauge length (mm)
Figure 11. Variation of strain with scale distance for the sensor at the crack location.
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Figure 12. Variation of strain measured by the sensor at different scale distances: (a) Absolute changes

and (b) Relative changes.

In summary, the sensor spacing is selected as 500mm, and 10 FBG sensors are distributed on the
self-sensing reinforcement, numbered as E, ~ E, . The self-sensing reinforcement is 0.15m from the
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edge of the plate and 0.05m from the bottom position of the plate, as shown in Figure 13 for the self-
sensing reinforcement layout schematic.

Y

Bottom rebar

Aucrait load

RN
ensor

Figure 13. Self-sensing rebar placement.

3.2. Results of Crack Identification

For single crack identification, the crack was set at sensor location No. 4; for multiple crack
identification, the crack was set at sensor locations No. 4 and No. 6. The strain change curves for each
FBG sensor location were extracted by applying the B-737-800 load.

3.2.1. Single Crack

The strain change curves of each FBG sensor under different degrees of cracking are shown in
Figure 14, with the increase of the degree of cracking, the strain peak of sensor No. 4 increases, and
the strain measured by other position sensors changes less. Calculate the envelope area ratio of the
strain curve of each sensor position, and get the distribution curve as shown in Figure 15, it can be
found that, with the increase of the degree of cracking, the area ratio of the No. 4 sensor position
increases, and the other position sensors hardly change, so the method can be utilized for the
identification of a single crack development position, but when the degree of cracking development
is smaller, the identification of the method is not obvious.
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3% 2100 — ey
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g 40 £ 50 —— FBGY
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0 7=
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Figure 14. Strain variation curves of each sensor under different degrees of cracking: (a) D=0, (b) D=0.3,
(c) D=0.6, and (d) D=0.9.
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Figure 15. Envelope area ratio of strain curves of each transducer under different degrees of
cracking.

3.2.2. Multiple Cracks

Figure 16 shows that as the degree of crack development increases in two different locations, the
peak strains of sensors No. 4 and No. 6 increase, and the strains measured by the other location
sensors change less. Calculating the envelope area ratio of the strain curve at each sensor position,
the distribution curve is obtained as shown in Figure 17, which is consistent with the single crack
identification results. Therefore, this method can be utilized to identify multiple cracks.
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Figure 16. Strain variation curves of each sensor under different degrees of cracking: (a) D1=0.3, D2=0.6
and (b) D1=0.4, D>=0.8.
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Figure 17. Envelope area ratio of strain curves of each transducer under different degrees of
cracking.
3.3. Analysis of Influencing Factors
3.3.1. Aircraft Taxiing Position

Different types of airplanes are unable to identify the cracks due to the different wheel spacing
of the main landing gear and the main landing gear spacing, resulting in the fact that the skidding
trajectory of the airplane is not necessarily at the board edge position during the taxiing process, and
the deviation of the sensor position from the loaded position makes the measured strain decrease and
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the strain curve characteristics are not obvious, etc. Therefore, it is necessary to analyze and discuss
the skidding position of the airplane. In the case of D=0.5, the envelope area ratios of the strain curves
of different sensors are calculated respectively at the load center distance from the longitudinal edge
position of 0.2m, 0.4m, 0.6m, 1.2m, 1.4m, 1.6m, to determine whether the crack identification is
possible. As shown in Figure 18, a schematic diagram of the aircraft taxiing position, the distance
from the load center to the longitudinal edge of the B-737-800 model is s, .

S5#

Taxi position

. Direction of load movement
PR SR, D—

T Cracks at longitudinal joints
Sy

Figure 18. Schematic of airplane taxiing position.

Figure 19 shows the strain change curves of each sensor location under the conditions of 0.6m
and 1.2m, and it can be found that with the increase of s, each strain peak decreases with the

increase of the distance between the load and the sensor, and the maximum strain decreases by 60
pe. Calculate the envelope area ratio of the strain curve at each sensor location, and get the
distribution curve as shown in Figure 20, at the crack location, the envelope area ratio of the strain
curve decreases with the increase, and the envelope area ratio of the strain curve at other locations
almost does not change, so it can be seen that the airplane taxiing position has only small effects on
the crack identification method in this paper.
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120 —— FBG4 50
_ 123 —— FBGS 40
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;/1 60 — FBG7 é 30
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(a (b)

Figure 19. Strain variation curves of each sensor at different distances from load center to longitudinal
side: (a) s1= 0.6m and (b) s1=1.2m.

Strain-area ratio

0O 1 2 3 4 5 6 7 8 9 10
Sensor number

Figure 20. Envelope area ratio of strain curves of each sensor at different distances from load center
to longitudinal edge.
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3.3.2. Aircraft Load Value

As the aircraft in the taxiing process, the load applied to the pavement depends on the aircraft
weight, taxiing speed and fuel weight, etc., so the method of this paper may be affected under the
action of different loads on the same model, so different load levels are taken for analysis. The empty
weight of B-737-800 aircraft is about 0.5 times of the maximum taxiing weight, so the tire pressure of
the aircraft is chosen to be 0.5~1.0 times of the tire pressure for analysis. As shown in Figure 21, under
D=0.3 and D=0.6 conditions, the envelope area ratios of the strain curves at each sensor location are
almost coincident, and the identification method in this paper will not be affected by the size of the
airplane load.

8 —=— P=0.5q 20 - —s— P=0.5q
- —— P=0.6q —— P=0.6q
—— P=0.7q —— P=0.7q
g 6t —— P=0.8q g 15 —— P=0.8q
5 sl P=0.9q < P=0.9q
§ P=1.0q S 10+ P=1.0q
g4t g
£ £
£ 3k }# g 51
wn 2k / w1 V‘
1F or
L L L L L L L L L L I L L L L L L L L L L ]
01 2 3 45 6 7 8 91011 01 2 3 45 6 7 8 91011
Sensor number Sensor number
(a) (b)

Figure 21. Strain change curve of each sensor under different loads: (a) D=0.3 and (b) D=0.6.

3.3.3. Aircraft Type

The method may not be applicable for other aircraft types, so four aircraft types, Su-30, A320,
A330-300, and B-777-300ER, were selected for analysis. The parameters of the above airplane models
are shown in Table 3. The location of the crack is at sensor No. 4 and the degree of crack development
is taken as D=0, 0.3, 0.6, 0.9.

Table 3. Aircraft type parameters.

Aircraft Tire pressure main landing gear Smgllsav(\i/heel Wheel length ~ Wheel width
type (MPa) configuration (kN) (m) (m)
Su-30 1.53 Single axle, single wheel 157.22 0.432 0.298
A320 1.14 two axles and two wheels 183.83 0.484 0.333
A330-300 1.42 two axles and two wheels 560.19 0.756 0.522
B777- . .
300ER 1.50 tricycle with two wheels 532.12 0.717 0.495

Figure 22 shows the strain curves obtained from each sensor position for the A320 and B777-
300ER models taxiing through the pavement with a longitudinal crack development degree of D=0.5.
It can be found that for the two-axis model, the strain curve has two peaks when passing a certain
sensor position, and the three-axis model has three peaks when passing, so it is more advantageous
to use the envelope area ratio of the strain curve for crack identification than the peak ratio of the
strain curve. By comparing the two models of A320 and A330-300, the difference of the corresponding
horizontal coordinates of the two peak points is related to the axial distance of the landing gear, and
the larger the load of the airplane is, the larger the strain peak is obtained, and the more obvious the
characteristics of the strain curve is.

Calculate the envelope area ratio of the strain curve at each sensor position, and get the
distribution curve as shown in Figure 23. For different models, the envelope area ratio of the strain
curve hardly changes at the position of no crack, and at the position of crack, the envelope area ratio
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of the strain curve gradually increases with the degree of development of the crack, so that for
different models, the method can also recognize the crack.
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Figure 22. Strain variation curve of each sensor under different models: (a) A320 and (b) B777-
300ER.
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Figure 23. Envelope area ratio of strain curve of each sensor under different models: (a) A320, (b)
A330-300, (c) Su-30 and (d) B-777-300ER.

4. Loading Test with Small-Scale Model of Prefabricated Concrete Pavement
4.1. Experimental Setup
4.1.1. Test Scaling and Model Parameters

The small-scale model test takes the prefabricated pavement structure as a prototype, and under
the premise of meeting the test requirements, the important components are scaled down and the
non-important components are simplified. According to the magnitude analysis and similarity theory,
the geometric scale similarity coefficient of 3:10 is taken as the standard to scale down the design of
the pavement structure. Among them, the diameter of reinforcement bar is 8mm, model HRB400, and
the reinforcement bar adopts double-layer bi-directional arrangement with a spacing of 90mm, and
the thickness of upper and lower protective layer is 15mm; in order to ensure that there is enough
welding area, the connecting part also adopts 8mm reinforcing bar, and the structural parameters are
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as shown in Table 4. B-737-800 model was chosen as the test loading model, also scale the load surface
according to the ratio of 3:10. keep the tire pressure unchanged, calculate the applied load of the
small-scale model test. The specific parameters are shown in Table 5.

Table 4. Parameters of the test model.

Value (mm)

Structural configuration =~ Parameters
Prototype =~ Model

Plane size 50002500 1500%750

Pavement panel

High degree 400 120
Steel Caliber 14 8
Connection Caliber 20 8

Table 5. Parameter table for B-737-800 models.

. . . . . Tire Ground Size /mm
Tire pressure Quality Loading Tire spacing

Value Aircraft type

MP, t kN mm
(MPa) ® ) (erm) Length Height
Archetype  B-737-800 1.47 7524 75244 860 610 420
Pattern B-737-800 1.47 3.89 38.90 258 183 126

4.1.2. Monitoring System Design

It is only necessary to set the crack location within the marked distance segment of the FBG
sensors and the number of sensors is not limited. Therefore, according to the way of Figure 24 to lay
the self-sensing rebar, only need to lay a self-sensing rebar in the position of plate No. 4 each self-
sensing rebar set up five fiber optic sensors, the scale distance is taken as 150mm, which is set up in
the C1 sensor position of 30cmx10cm of the preset crack, in the C5 sensing position of the preset crack
set up 24cmx8cm. The use of C1~C5 to monitor the pavement before and after cracking the strain
change curve of each sensor, due to this test preset crack, the sensor cannot be monitored to get the
No. 4 plate without cracking the strain change curve of each sensor. Therefore, a self-sensing rebar is
deployed at the longitudinal edge of plate No. 5, as shown in Figure 24, and the strain data obtained
from B1~B5 are utilized to replace the strain data obtained from each sensor when there is no cracking
in plate No. 4. The feasibility of this scheme was analyzed using finite elements, as shown in Figure
25, when no cracks were generated in each plate, the strain change curve generated by C3 when the
aircraft load was taxiing at the longitudinal edge position of the No. 4 plate coincided with the strain
change curve generated by B3 when the plate was taxiing at the longitudinal edge position of the No.
5 plate, and thus the test scheme could be implemented.
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Figure 24. Sensor deployment.
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Figure 25. Sensor deployment.

4.1.3. Performance Analysis of Self-Sensing Reinforcement and Strain Sensing

(1) Self-sensing steel fabrication

According to the monitoring program of this paper, the marking distance of the self-sensing bar
in the actual road surface is 500mm, and the marking distance of the self-sensing bar in the small-
scale model test is 150mm, so the self-sensing bar with a marking distance of 150mm is produced and
tensile test is carried out to investigate its strain sensing performance. Specific production process as
shown in Figure 26, self-sensing steel bar component length of 60cm, first of all, the steel bar tooling
groove, to ensure that the groove is uniform, the width and depth of the groove is taken for the
2mmx2mm; followed by the paste of bare optical fiber, the bare optical fiber is placed in the groove,
threaded into the corresponding distance length of the plastic tube, the use of glue will be pasted;
and finally, the epoxy resin is injected into the groove, to ensure that the groove epoxy resin filled
uniformly. According to the above steps to complete the self-sensing steel production.

e e—r—
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Figure 26. Self-sensing steel fabrication: (a) Tooling Slotting, (b) Fiber optic paste, (c) Painting epoxy
resin and (d) Self-sensing rebar.

(2) Strain sensing performance test

The strain sensing coefficient of the self-sensing rebar is very important, using the product of the
wavelength change measured by the sensor and the strain sensing coefficient can be obtained to
monitor the strain, the strain sensing coefficient of the same batch of calibrated bare optical fiber can
be taken as 1.2, but the fiber grating sensors encapsulated in the slotted rebar and epoxy resin may
be affected, and therefore need to carry out a tensile test on the self-sensing rebar to determine its
strain sensing coefficient.

The universal tensile testing machine is used to tension the self-sensing rebar, as shown in 27.
The steps and rate of rebar tensioning are adopted from the specification standard [31], the load
control is adopted in the elastic phase, and the control load is taken as 1kN/s. The displacement
control is adopted in the yielding phase of the rebar and the reinforcing phase, and the control
displacement is taken as 30mm/min. When the concrete slab is subjected to the cracking by the aircraft
loading and the external temperature and humidity, at this point in time, under the aircraft loading
Under the action of the aircraft load, the strain of the reinforcement at the cracked position of the
concrete can reach about 1000 ue, so the self-sensing reinforcement is loaded to 1000 pie and then
stop the test.

Figure 27. Self-sensing rebar tensile test.

As shown in Figure 28, the wavelength change of the self-sensing bars is plotted against the
measured strain change. It can be found that the wavelength change and the strain change show a
significant linear relationship, and the linear correlation coefficient is higher than 0.99 under each
working condition. The average value of the strain sensing coefficient is 1.14, and the coefficients of
variation are 0.1580% in order, which indicates that the self-sensing rebar with a marking distance of
150 mm has a stable strain sensing performance.
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Figure 28. Wavelength variation versus strain variation for self-sensing steel bars: (a) 14 and (b) 2#.
Table 6. Results of strain sensing coefficients for self-sensing steel bars.
Gauge (mm) 14 24 3% Average value Standard deviation Coefficient of variation (%)

150 1.1450 1.1408 1.1417 1.1425 0.0018 0.1580

4.2. Pilot Program Implementation

After completing the fabrication of the self-sensing rebar, the viability test was performed, and
then the self-sensing rebar was tied in the rebar skeleton according to the sensor placement scheme
in Figure 28, and the armored fiber-optic cable was led out through the rigid hose. As shown in Figure
29a, the rebar skeleton was placed in the formwork and the sensor position was calibrated to ensure
that the sensor location coincided with the design position. Then pour the mixed concrete into the
formwork and continuously vibrate it with the vibrator to make it dense and complete the pouring
of the concrete slab, as shown in Figure 29b, and carry out the self-sensing rebar viability test after
the completion of the concrete pouring to prevent the sensor from being damaged by the vibrator.
When the strength of the concrete reaches 75%, the formwork can be dismantled for curing, and the
curing time is 28 days.

Figure 29. Sensor mounting and plate fabrication: (a) Placement of rebar and (b) Plate leveling.

The test schematic is shown in Figure 30a, and the vertical structure of the pavement mainly
consists of soil base, mortar bedding layer, flexible coil and pavement panel. First of all, 400mm thick
soil layer, and the use of tamping machine will be tamped soil base; followed by cement mortar paved
in the soil base of the upper part of the mortar bedding thickness of 30mm, and the use of vibrators
will be mortar bedding vibration, and complete the bedding layer leveling work; and then will be
laid in the upper part of the bedding layer of flexible coil to increase the pavement panel and the
grass-roots level of the degree of adhesion; and finally complete the pavement panel prefabricated
and welded work. The test loading device mainly consists of reaction frame, jacks and anchors, as
shown in Figure 30b for the completion of the test device. The B-737-800 model load is applied as
shown in Figure 30c.
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Figure 30. Sensor Installation and Plate Fabrication: (a) Schematic diagram of the test, (b) Test
equipment, and (c) Load Simulation.

4.3. Crack Identification Analysis
4.3.1. Test Loading Condition

As shown in Figure 31, the load of B-737-800 model is placed at the starting position of the
longitudinal edge of the No. 4 pavement panel, and the load size is taken to be 38.9 kN. The load
simulation is realized by moving the counterweight frame along the direction of the panel's long edge,
and the counterweight frame is moved by 150 mm each time, which is moved for seven times, and
each loading test is cycled for three times, and the strains obtained by the fiber-optic grating sensors
C1~C5 are extracted. Due to the preset cracks, it is not possible to directly measure the strain change
curve of each sensor when the plate is intact under the same position of the longitudinal edge of the
No. 4 plate, so the load is applied to the longitudinal edge of the No. 5 plate (adjacent to the No. 4
plate), the load is applied in the same position as that of the longitudinal edge of the No. 4 plate, and
the strains obtained from the fiber-optic sensors B1~B5 are extracted.
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Figure 31. Test Schematic.

4.3.2. Analysis of Test Results

The strain change curves as the load passes through each sensor location are shown in Figure 32.
The strain measured by the sensor when the load is applied to the crack location is significantly larger
than the strain when the load is applied to the non-crack location. Calculate the envelope area of the
strain curve at each sensor location, take the envelope area of the strain curve monitored by the B3
sensor as a reference, and normalize the series to obtain the distribution of the ratio of the envelope
area of the strain curve before and after the appearance of the crack, as shown in Figure 33. The strain
curve envelope area ratio increases by 116.87% at the position of preset crack [, 93.15% at the
position of preset crack II, and the maximum change is only 2.8% at other positions, which indicates
that the method can realize the crack identification.

(a) (b)

Figure 32. Strain curve: (a) Strain variation curve at longitudinal seam location in plate 5 and (b) Strain
variation curve at longitudinal seam location of plate 4.
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Figure 33. Crack recognition.

5. Conclusion and Remarks

The paper proposes a method for identifying cracks in prefabricated pavement based on strain
distribution monitoring and draws the following main conclusions through finite element
simulations and small-scale model tests:

(1) The location of the slab prone to cracking and the optimized scale distance of the sensor are
identified. The middle position of the two joints is the weak link, and the cracks can be set in this
position; the distance of the fiber optic sensor can be taken as 500mm, which can meet the needs of
monitoring the cracks on the pavement panel.

(2) According to the finite element analysis results, comparing the distribution of the envelope
area ratio of the strain curves before and after the cracks, the method in this paper can realize the
identification of single and multiple cracks, and the larger the degree of crack development, the better
the identification effect, but the specific quantitative indexes need to be further explored.

(3) The change of the taxiing position of the aircraft does not affect the identification of cracks
by this method; when different models are operated under different loads, this method can also
realize the identification of cracks.

(4) Analyzing the results of the small-scale model test, comparing with the uncracked condition,
the envelope area ratio of the strain curve at the position of preset crack [ increases by 0.998, that
at the position of preset crack Il increases by 0.819, and the maximum change of other positions is
only 0.030, which indicates that the method can be used for the identification of cracks in
prefabricated pavement.
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