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Abstract

When traditional geogrids are used to mitigate reflective cracks in asphalt pavement, it is
difficult to monitor the internal state of the pavement and the strain of the geogrid in real
time. This study proposes a sensing geogrid based on warp-knitting technology, where fiber
Bragg grating (FBG) sensors are embedded into the geogrid through the weaving process,
enabling it to possess both reinforcement and strain-sensing functions. The sensing geogrid
was calibrated through laboratory tensile tests, and field monitoring was conducted to
obtain optical signal variation data at various stages during asphalt pavement paving, as
well as the deformation of the geogrid at different measurement points in each stage. The
results indicate that the weaving process did not damage the FBG sensors, and the sensing
geogrid exhibited good optical signal performance and normal signal acquisition during
the production and transportation stages. The strain of the FBG sensors and the geogrid
showed a linear correlation, with a correlation coefficient of 845 e /nm, demonstrating
good deformation compatibility between them. Field monitoring confirmed that the sensing
geogrid has good construction adaptability and can perceive fluctuations in optical signals
and deformation of the geogrid during the construction process. Specifically, significant
deformation of the geogrid occurred during the construction of the asphalt-treated base
(ATB-25) and bottom layers, accompanied by substantial fluctuations in optical signals
due to construction machinery. In contrast, signal fluctuations were smaller during the
construction of the middle and surface layers, with the influence depth of construction
machinery being approximately 22 cm. Compared to ordinary road sections, the deflection
basin curve of the reinforced section was gentler, and the maximum deflection was reduced
by approximately 41%. This study confirms the feasibility of the sensing geogrid and
provides a valuable reference for its application in road engineering.

Keywords: asphalt pavement; reflective cracking; fiber Bragg grating; sensing geogrid

1. Introduction

Semi-rigid base asphalt pavements are prone to various types of distress due to factors
such as temperature, traffic loads, and water, which compromise their structural integrity
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and reduce their service performance and lifespan [1-3]. Furthermore, as semi-rigid base
materials are sensitive to changes in temperature and humidity, they are susceptible to
shrinkage cracking under low-temperature conditions. These cracks propagate upward
into the surface layer, forming reflective cracks that severely shorten the pavement’s service
life [4-6]. To enhance the durability of semi-rigid base asphalt pavements, researchers have
employed geosynthetic materials (geotextiles, geogrids, etc.) to reinforce them, aiming to
improve the structural performance and extend the service life of the pavement [7-9].

Kumar et al. [10-12] conducted tensile strength tests, repeated load tests, and asphalt
beam fatigue tests to investigate the improvement effects of different types of materials on
the performance of asphalt overlay structures and to reveal the underlying mechanisms. All
geosynthetic materials significantly enhanced the crack resistance, deformation resistance,
and fatigue resistance of the asphalt overlay, with geogrids generally providing better
reinforcement effects than geotextiles. Khodaii et al. [13] studied the influence of geogrid
position on delaying reflective cracking in asphalt overlays through laboratory fracture tests.
Their research showed that placing the geogrid at one-third of the overlay thickness from the
bottom yielded the optimal effect. Nejad et al. [14,15] investigated the influence of various
factors on reflective cracking in asphalt overlays using response surface methodology
and cyclic load tests. The results indicated that the fatigue life of asphalt overlays is
significantly affected by temperature, and geosynthetic materials with higher moduli
perform better in delaying reflective cracking, with geogrids demonstrating a noticeably
superior reinforcement effect compared to geotextiles. Ling et al. [16] proposed a new
method for evaluating reflective cracking in pavements and verified its feasibility through
laboratory tests. Khan et al. [17] evaluated the strain response of asphalt overlays reinforced
with geosynthetic materials by combining laboratory tests with full-scale tests. The results
demonstrated that asphalt overlays reinforced with geosynthetics exhibit superior crack
resistance and can withstand greater tensile strain. Zarei et al. [18] explored the relationship
between the performance of geogrid-reinforced asphalt overlays and geogrid modulus
through finite element simulations. The results showed that the performance of asphalt
overlays is closely related to the geogrid modulus, with high-modulus geogrids inducing
more significant mechanical responses in the pavement.

The aforementioned studies indicate that geogrids can effectively enhance pavement
performance and delay crack initiation in asphalt pavements. However, in practical engi-
neering, after a geogrid is installed in an asphalt pavement, the true mechanical response of
its internal structure is difficult to monitor in real time. In recent years, fiber optic sensors
have been introduced into the field of structural health monitoring for civil engineering
due to their excellent properties [19-21]. Therefore, researchers have attempted to combine
fiber optic sensors with geogrids. By perceiving the deformation and stress response of the
geogrid itself in real time, they aim to thereby indirectly reflect changes in the mechanical
state inside the measured matrix [22-24].

Zhong et al. [25] developed a sensing geogrid integrating reinforcement and real-time
strain monitoring functions by combining fiber Bragg grating (FBG) sensing technology
with three-dimensional (3D) printing. They established a theoretical strain transfer model
considering the interaction between the optical fiber, adhesive layer, and geogrid and
conducted tensile tests to verify the model’s reliability. Wang et al. [26] addressed the issue
of cumulative error in displacement reconstruction for sensing geogrids integrated with
FBG sensors by proposing a segmented displacement reconstruction method to improve
measurement accuracy. Simulation and experimental verification showed that this method
can significantly reduce displacement reconstruction errors and enhance the sensing ac-
curacy of the sensing geogrid. Hong et al. [22] used epoxy resin to bond FBG sensors
to a geogrid and revealed the strain transfer mechanism between them through tensile
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tests. The results indicated that the bonding width and length are the dominant factors
affecting the average strain transfer coefficient. Yu et al. [27] embedded fiber optic sensors
beneath a geogrid and conducted field monitoring on a highway test section. Based on
one year of temperature and strain tracking, a quantitative regression relationship was
established between base layer temperature, strain, and atmospheric temperature. Imjai
et al. [28] placed fiber optic sensors above geosynthetics (geotextile and geogrid) and per-
formed full-scale tests to monitor the stress and strain in the geosynthetics and asphalt
pavement structure.

The above research indicates that the integration of fiber optic sensors with geogrids
primarily relies on manual adhesive bonding. Due to the uneven adhesive application
inherent in manual operation, a shear lag effect is prone to occur at the bonding interface
between the sensor and the geogrid. Furthermore, existing studies have largely focused
on laboratory tests and have not addressed the adaptability issues between fiber optic
sensors and geogrids in actual construction processes. To overcome these limitations, this
study proposes a sensing geogrid based on a warp-knitting process, where FBG sensors
are embedded into the geogrid during weaving, endowing it with both reinforcement and
strain-sensing capabilities. The sensing performance and construction adaptability of the
sensing geogrid were validated through laboratory tests and on-site monitoring during
the construction of the Qugang Expressway in Hebei Province. Installed at the interface
between the asphalt-treated base (ATB-25) and the cement-stabilized macadam (CSM) base,
the sensing geogrid successfully enabled dynamic response monitoring during construction
compaction. Its reinforcement effectiveness was further verified through on-site falling
weight deflectometer (FWD) tests.

2. Materials and Methods
2.1. Materials

The geogrid used in this study is a composite geogrid woven from glass fiber /carbon
fiber (Figure 1). Its transverse ribs consist of 12K carbon fiber, and the longitudinal ribs
are made of 1100 tex glass fiber. The physical and mechanical properties of the composite
geogrid are presented in Table 1. The selected optical fiber sensor is an armored FBG sensor
(Figure 2) produced by Nanjing Nanzhi Advanced Optoelectronic Integration Technology
Research Institute Co., Ltd. (Nanjing, China). The sensor cable has a diameter of 2.5 mm,
a wavelength range of 1528 nm to 1568 nm, a total length of 80 m, and a sensing point
spacing of 1 m.

glass fibre

carbon fibre

Figure 1. Composite geogrid woven from glass fiber/carbon fiber.
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(a) Production equipment

Coating and drying workshop

Table 1. Physical and mechanical properties of the composite geogrid.

Index
. . transverse 80
ultimate tensile strength (kN/m) longitudinal 50
. PN transverse <2
ultimate elongation (%) longitudinal <3
Thickness (mm) 0.6
aperture size (mm X mm) 25 x 25
Polyurethane 0.9 mm Hytrel
/
/ /
’Helical steel
/ ¢lical steel armor /
/ / I
_P—‘ﬁ\f_wl‘. 1
/
/

SMG.652b Single-Mode Fiber

Figure 2. Armored Bragg fiber optic sensor [29].

2.2. Fabrication of the Sensing Geogrid

Before the optical cable is embedded into the sensing geogrid, the armored optical fiber
sensors must be interrogated. During the manufacturing process, the armored optical fiber
sensors are arranged along the longitudinal direction of the composite geogrid. One bundle
of glass fibers in the knitting process is removed and replaced with the armored optical
fiber sensor. The FBG sensor is then slowly introduced into the knitting system under
mechanical traction. As the knitting process proceeds, the sensor is gradually embedded
within the geogrid structure. The sensing geogrid is coated with SBS-modified asphalt.
Subsequently, the coated sensing geogrid undergoes drying and curing treatment, and
tension is applied in both the longitudinal and transverse directions to uniformly tighten
the fiber bundles and improve the structural integrity. Finally, the finished product is rolled
and packaged. The manufacturing process of the sensor-equipped geogrid is shown in
Figure 3, and the finished sensor-equipped geogrid is shown in Figure 4.

FBG sensor Material conveying Geogrid weaving
4 ‘.\ /

(c) Sensing geogrid coating process

Figure 3. Production process of the sensing geogrid [29].
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FBG
sensor

Composite |
geogrid

lData acquisition unit;dapter cable

Figure 4. Finished sensor-equipped geogrid.

2.3. Sensing Principle of the Sensing Geogrid

When the sensing geogrid is subjected to external loads, local strain is generated
within its structure. This strain is captured in real-time by the embedded fiber optic sensor
and converted into a corresponding shift in wavelength. By monitoring the wavelength
shift of the sensor, the deformation location and strain distribution of the sensing geogrid
can be back-calculated, thereby indirectly reflecting the mechanical response inside the
asphalt mixture. Specifically, the wavelength shift AA of the FBG sensor and the axial strain
¢ of the optical fiber satisfy the following linear relationship, as shown in Equation (1):

A)\BS = )LB(l — pa)AS = KEABAE (1)

where AAps is the wavelength shift, Ap is the initial central wavelength, Ae is the axial
strain, and p, is the photoelastic coefficient.

2.4. Performance Testing of the Sensing Geogrid

To evaluate the impact of the production process on the performance of the fiber optic
sensors, a demodulation test was conducted on the sensing performance of the sensing
geogrid using an optical fiber demodulator after its production was completed, and it had
been wound and packaged. By comparing the response characteristics of the fiber optic
sensors before and after implantation, as well as analyzing the integrity of their operational
performance in both the wound state and after being unrolled and laid on-site, the stability
of the sensor performance throughout the entire process can be effectively ensured.

2.5. Calibration of the Sensing Geogrid

To establish the strain—sensing response relationship of the sensing geogrid, this study
calibrated the fiber optic sensor through a tensile test of the sensing geogrid. The sensing
geogrid sample was installed on a GT1001-type electronic tensile testing machine (Tianjin
Meitesi Testing Machine Factory, Tianjin, China), and the optical fiber demodulator was
connected to the embedded fiber optic sensor to collect the sensor’s wavelength data in
real time. By comparatively analyzing the strain curve of the geogrid obtained from the
tensile test and the wavelength change curve output by the fiber optic sensor, a quantitative
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calibration relationship between the two was established. This provides a reliable sensing
conversion basis for subsequent strain monitoring in practical engineering applications.

2.6. Installation of the Sensing Geogrid

The pavement structure of the Qugang Expressway is shown in Figure 5. The test
section adopted a typical semi-rigid base asphalt pavement structure, consisting of a
4 cm SMA-13 upper surface layer, a 6 cm AC-20C intermediate surface layer, an 8 cm
AC-25C lower surface layer, an 8 cm ATB-25 asphalt-treated base layer, and a 54 cm
cement-stabilized crushed stone base. All asphalt layers were constructed using hot-mix
asphalt mixtures. The sensing geogrid was installed between the ATB-25 layer and the
cement-stabilized graded crushed stone base, with the sensors arranged along the traffic
direction. To protect the optical fibers extending to the shoulder, trenches were excavated
at the corresponding locations, and steel pipes were embedded and backfilled with cement
concrete. Before installation, the surface of the cement-stabilized base was cleaned to ensure
a level condition. Subsequently, a PC-2 emulsified asphalt prime coat was sprayed. Chip
spreading was omitted in this section to avoid damage to the sensors. During installation,
protective materials were placed in layers at the optical cable location, with a silicone sheet
used as the bottom layer and a fiberglass-reinforced silicone sheet used as the upper layer.
The joints were anchored using masonry nails. Finally, the initial wavelengths of the Fiber
Bragg Grating (FBG) sensors were recorded before asphalt paving, and the connection
status of the monitoring system was checked. The installation process of the sensing
geogrid is shown in Figure 6, and the sensor layout scheme is shown in Figure 7.

Vil

4 cm SBS-modified Stone Mastic Asphalt (SMA-13)

5.0 SBS-modifed Asphat Congrele(AC-20C) |
LS cm S;Brs;rrnodiglred ésph‘arlt goncl;erte ,(AC'?,E’QD
8 cm Asphalt-Treated Base(ATB-25

| 7 213
| 54 cm Cement-stabilized Graded Crushed Stone E“ + +
L

Base

Sensing geogrid

Figure 5. Pavement structure of the Qugang Expressway.

Prior to asphalt pavement paving, the demodulator was connected to the sensing
geogrid to record the optical signal changes at each monitoring point during construction.
Compaction was carried out in three stages, totaling 5 to 6 passes. The first pass (initial
compaction) utilized a double-drum vibratory roller (operating weight: 13 t, vibratory force:
126 /84 kN). The second pass (intermediate compaction) employed a tire roller (operating
weight: 30.3 t, ground contact pressure: 545 kPa). The third pass (final compaction) was
again performed with the double-drum vibratory roller. By monitoring the wavelength
changes at each monitoring point, the deformation of the geogrid at different locations was
determined. Data were collected synchronously using this method during the paving of
the different pavement structural layers.
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Figure 6. Installation process of the sensing geogrid.

Steel pipe
- Cable tray
- Lane width

- FBG sensor

Figure 7. Sensor layout scheme.

2.7. FWD Test

To evaluate the treatment effectiveness of the sensing geogrid on reflective cracking in
asphalt pavement, this study conducted FWD tests (Figure 8) after the paving of the Qugang
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Expressway was completed. The test compared the traffic lanes of a section reinforced with
a sensing geogrid and a control section. Each section was tested 12 times, and the locations
of the FWD tests are shown in Figure 9. To ensure the comparability of the test results, the
control section and the sensing geogrid section were constructed with the same pavement
structure, material composition, and construction procedures. The only difference between
the two sections was the presence or absence of the sensing geogrid. An FWD was used
to apply a dynamic load, while multi-point deflection data were collected simultaneously
to generate the deflection basin. By comparing and analyzing differences in pavement
surface deflection, the reinforcement effect of the geogrid on the pavement was evaluated,
providing field-based mechanical evidence for long-term performance assessment.

Figure 8. Pavement deflection basin test.

N

FWD test location 24 m

- Lane width

Figure 9. FWD test location.

3. Results
3.1. Performance Testing of the Sensing Geogrid

To evaluate the performance stability of the fiber optic sensors throughout the entire
process of geogrid production and construction, systematic tests and analyses were con-
ducted on their response characteristics before and after implantation and under different
physical states. The demodulated optical signal of the fiber optic sensor before implantation
is shown in Figure 10, while the optical signals of the sensing geogrid in the wound state
after implantation and after being unrolled and laid on-site are shown in Figure 11.

https://doi.org/10.3390/ma19132749
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Figure 10. Optical signal distribution along the 80 m long FBG sensor before implantation.
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(a) Coiled state of sensing geogrid (b) Laid-out state of sensing geogrid

Figure 11. Optical signal distribution along the 80 m long FBG sensor under different states of the

sensing geogrid.

Before implantation, the fiber optic sensor was demodulated. The demodulation
results showed that the reflection spectrum of a single Bragg grating region presented
a clear and isolated reflection peak, with the fiber optic sensor signal being continuous
and uninterrupted.

After the sensing geogrid was packed and coiled, the optical signal exhibited sig-
nificant attenuation at 40 m, but the signal was not lost. This indicates that the weaving
process did not cause damage to the optical fiber sensors. The signal attenuation is mainly
attributed to two mechanisms: (1) the small bending radius formed during the coiling of
the sensing geogrid induced significant macro-bending loss [30] and (2) the self-weight of
the sensing geogrid exerted compression on the internal sensors, leading to micro-bending
deformation of the optical fibers, which disrupted the total internal reflection condition
for light propagation within the fiber core, thereby generating additional micro-bending
loss [31].

After the sensing geogrid was unfolded and laid out, the physical constraints were
released, the optical signal intensity recovered, and the reflection peak characteristics
became clear. This indicates that the optical fiber sensors were not permanently damaged,
but rather experienced a temporary physical effect generated in the coiled state. The
complete recovery of the sensing geogrid’s performance after unfolding demonstrates that
it is capable of withstanding the mechanical actions during the production, transportation,
and laying processes, possessing complete working performance in actual installation and
meeting the requirements for subsequent monitoring.

https://doi.org/10.3390/ma19132749


https://doi.org/10.3390/ma19132749

Materials 2026, 19, 2749

10 of 17

3.2. Calibration of the Sensing Geogrid

The sensing geogrid was subjected to tension using a universal testing machine, and
the sensor’s measured wavelength and the geogrid strain results were collected. The
relationship curve is shown in Figure 12. This calibration result will be used to estimate the
geogrid strain from field measurements.

o Geogrid
025 F FBG sensor
s =42.00
e =
- =
0.20 F v =
/ ‘=
_ Y -1 1.50 &
< / E
= 0.15F / 2y
E / 5
= 4 4 L
@ / 1.00 =
0.10 / =
' =
- 5
0.05 L B / +40.50 3
/
/
o0 e L s L 00
0 2 4 6 8 10 12 14
Time (min)

Figure 12. Relationship between sensor wavelength and geogrid strain.

As shown in Figure 10, a good linear relationship exists between the central wave-
length shift of the fiber optic sensor and the axial strain of the geogrid. This indicates
excellent deformation compatibility between the FBG sensor and the geogrid matrix, allow-
ing it to reliably reflect the actual deformation state of the geogrid.

The longitudinal strain of the geogrid is defined by Equation (2):

Ae = A—l (2)
lo

where At is the longitudinal strain, Al is the increment of deformation within the initial
gauge length, and [ is the initial value of the initial gauge length.

Based on Equation (1) and the linear response between wavelength and strain, the
following calibration relationship can be established:

1
Ae = fA/\BS (3)
€

Based on the experimental data, K. is obtained through fitting, as shown in
Equation (4). This coefficient will serve as a key parameter for converting wavelength
signals into strain values during subsequent field monitoring.

1
— = 845 pe/nm 4)
K

3.3. Wavelength Variation of the Sensor During Pavement Construction

In our previous study [29], temperature compensation tests were conducted under
high-temperature conditions for the FBG sensors and their protective structure used in
this study, and a corresponding temperature correction relationship was established. The
results showed that, under the actual construction temperature conditions of this study, the
equivalent strain error caused by temperature variations was approximately 0.02%, which
was significantly lower than the magnitude of geogrid strain changes monitored during the
construction process. Therefore, although temperature effects may have a certain influence
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on the optical fiber measurement results, their impact on the main conclusions of this study
is relatively limited.

In the asphalt pavement construction process, six representative sampling points were
selected, and the time-history curves of wavelength variation with time at each sampling
point are shown in Figure 13. Throughout the entire process in which the sensing geogrid
was incorporated into the pavement structure (ATB-25 base course and AC-25, AC-20,
and SMA-13 asphalt surface layers), the wavelength evolution of the optical fiber sensors
exhibited a response pattern that was highly coordinated with the construction process,
loading conditions, and temperature field. The monitoring data from each structural
layer collectively reveal that the wavelength changes strictly followed the spatiotemporal
sequence of the paving and rolling operations; the initial rolling consistently triggered
a significant step-like jump in wavelength at all measurement points, confirming the
dominant role of initial compaction in material densification and geogrid tensioning. As
construction progressed, the wavelength response gradually shifted from being dominated
by construction mechanics to multi-physics coupling: in the lower layer, the kneading effect
of the tire roller was clearly manifested as a “rise-then-fall” fluctuation pattern, reflecting
the transient process of local loosening and re-densification of the mixture; meanwhile,
the plateau or slow decline stages appearing during the rolling intervals reflected the
superposition effect of stress redistribution and early thermal relaxation. During the paving
of the middle and upper layers, as the lower structure had hardened layer by layer and the
transmission of construction machinery loads weakened, the wavelength changes shifted
to be mainly controlled by the temperature field gradient of the asphalt mixture, presenting
a differentiated increase related to the thermal diffusion rate. Throughout the construction
period of the entire pavement structure, the dynamic history of the sensing geogrid’s
wavelength changes—from bearing construction machinery loads to repetitive compaction
and finally stabilizing—was completely recorded, validating the sensing system’s capability
to distinguish between “construction loads-material behaviors—environmental actions.”

Acquisition point 1 — Acquisition point | Steel| wheel +
4 Acquisition point 2 4 Acquisition point 2 e oer
& Acquisition point 3 r Acquisition point 3 5
—— Acquisition point 4 Acquisition point 4 compaction,
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3 o oller = \ | \
@ i “ | |
= £ compactof) Compaction £ | Steelwheelroler | | | N
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= 2 k] | .
B E] 2 = |
3 E & / — \ |
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‘“E 2 5 | = a roller
= = 7 ;
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Figure 13. Time-history curves of wavelength variation with time at different sampling points.
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3.4. Strain Variation of the Geogrid During Pavement Construction

During the paving process of the pavement structure (ATB-25 and asphalt surface
layers AC-25C, AC-20C, and SMA-13), the maximum strain of the sensing geogrid at
each measurement point exhibited a trend of decreasing layer by layer from the bottom
up (Figure 14). In the ATB-25 base layer paving stage, the sensing geogrid was directly
subjected to the rolling of construction machinery, and its strain response was the most
significant, presenting large fluctuations. The maximum strain ranged between 0.418%
and 0.130%, with the maximum strain at each measurement point occurring during the
operation of the tire roller, as the sensing geogrid was significantly affected by construction
disturbances during this stage. During the AC-25 lower layer paving stage, due to the
isolation and stress diffusion effects of the base layer, the disturbance of construction
machinery on the sensing geogrid weakened, and the strain fluctuation range decreased.
When paving the AC-20 middle layer, the strain further decreased, and the changes tended
to stabilize; however, influenced by the local flatness differences of the geogrid left over from
the base layer paving, the strain response manifested as segmented stepwise fluctuation
characteristics. When paving reached the top layer SMA-13, the strain of the sensing
geogrid approached the zero baseline, indicating that the disturbance influence depth of
construction machinery was mainly concentrated within the range of about 22 cm from
the base layer to the middle layer, while the mechanical influence of the top layer paving
on the deep-seated sensing geogrid was already very limited. Overall, the attenuation
process of the sensing geogrid’s maximum strain from the base layer to the top layer
revealed the “mechanical shielding” and stress diffusion effects formed by the layer-by-
layer hardening of the pavement structure, as well as the transmission pattern where
construction disturbances significantly weaken with increasing depth.

0.45

10 20 30 40 50 60 70 80

Sensor location/m

Figure 14. The maximum strain of the geogrid at each collection point during asphalt pavement paving.

3.5. Relationship Between Compaction Machinery and Optical Fiber Sensor
Wavelength/Geogrid Strain

During different construction stages of the asphalt surface layers, the effects of the steel
wheel roller and the tire roller on wavelength shift present significant differences. According
to the measured data from various sampling points, the average values of wavelength
shift and geogrid strain caused by a single operation of the two types of compaction
machinery are shown in Figure 15. During the paving process of the asphalt pavement
structure, the sensing geogrid strain and the corresponding optical fiber wavelength shift
induced by a single rolling pass of the roller exhibit a decreasing trend with the increase in
asphalt coverage thickness, and significant differences exist in the influence of different
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compaction equipment. Since the axle load of the tire roller (30 t) is far greater than that
of the steel wheel roller (10 t), the mechanical action it exerts on the geogrid is stronger,
making it the primary source of wavelength shift and geogrid strain. In the construction
of each structural layer, the variation caused by the steel wheel roller is only between
41% and 50% of that caused by the tire roller. This is because the self-weights of the two
differ significantly, and their compaction mechanisms are not entirely the same: the steel
wheel roller performs preliminary compaction through vibration and impact, while the
tire roller has a larger contact area and horizontal kneading effect that makes the asphalt
mixture denser, thereby causing more significant tensile deformation of the sensing geogrid
during the construction process. With the increase in paving thickness, the lower structure
of the pavement hardens, and the overall stiffness improves, making the attenuation of
construction load transmission more obvious; therefore, the strain responses induced by
both types of equipment weaken layer by layer.

4.0 0.35
[ ATB-25 [ ATB-25
3.5 EEAC-25C [ Ac-25¢
[ [ Ac20c 0.30 - [ Ac-20¢
1ol I sMA-13 I sMA-13
E7 0.25F
£ 2
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= S020f
200 2
5 5015}
gL5F 8
< o]
Z ok 0.10 F
05k 0.05 |
0 _ 0.00 ,
Steel wheel roller Tire roller Steel wheel roller Tire roller
(a) Relationship between roller type and (b) Relationship between roller type and
wavelength shift geogrid strain

Figure 15. Relationship between compaction machinery and optical fiber sensor wavelength/
geogrid strain.

3.6. FWD Test

After the completion of pavement paving, FWD tests were conducted on the sensing
geogrid section and the control section, with the deflection basin test results shown in
Figure 16. The results indicate that the shapes of the deflection basin curves for the two
pavement structures are similar, with deflection values gradually decreasing as the distance
from the load center increases. The deflection curve of the ordinary pavement structure has
alarger slope, and the deflection attenuation is significant within the range of 0 to 0.9 m from
the load center, with a maximum deflection value of 0.17 mm. The deflection curve of the
pavement structure reinforced with the sensing geogrid is relatively gentle; the deflection
attenuation is relatively obvious within the range of 0 to 0.6 m from the load center, and
the maximum deflection value is 0.10 mm, representing a 41% reduction in pavement
deflection. During the load transmission process, the sensing geogrid acts to diffuse stress,
delaying the development of deflection. Meanwhile, the sensor-equipped geogrid has
relatively high strength. The transverse ribs of the geogrid limit the lateral movement
of particles in the surface or base layers, while the longitudinal ribs, together with the
transverse ribs, form an integral mesh, providing lateral restraint to the pavement structure
and enhancing interlayer stiffness. When vehicle loads are applied to the pavement, the
geogrid can distribute stresses and improve interlayer cooperation, thereby increasing the
overall stiffness and deformation resistance of the pavement and delaying the propagation
of reflective cracks.
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Figure 16. Deflection basin curves for different pavement structures.

Table 2 presents the statistical analysis of the FWD test results for the conventional
section and the sensor-equipped geogrid-reinforced section. Overall, the deflection val-
ues of both sections gradually decreased with increasing distance from the load center,
indicating a consistent load distribution pattern within the pavement structure. However,
within the range of 0-0.9 m, the mean deflection values of the sensor-equipped geogrid-
reinforced section were 23.1-59.7% lower than those of the conventional section, and all
differences were highly significant (p < 0.001). This indicates that geogrid reinforcement
significantly improved the overall stiffness of the pavement structure and enhanced its
load transfer capability. The coefficients of variation (CVs) for both sections were less than
13%, demonstrating good stability and repeatability of the test data. Moreover, the overall
CV values of the sensor-equipped geogrid-reinforced section were lower than those of the
conventional section, indicating that geogrid reinforcement can effectively homogenize
the stress distribution within the structure and reduce the variability of local deformation.
As the distance from the load center increased (1.2-1.8 m), the differences in deflection
between the two sections gradually diminished (p > 0.05), suggesting that the reinforcement
effect of the geogrid was primarily concentrated within the core loading zone of the FWD.

Table 2. Statistical analysis of FWD test results.

Sensor Control Section Sensing Geogrid Section
. p-Value
Location Mean SD cv Mean SD Ccv
0 17.11 1.15 6.71 10.09 0.51 5.07 <0.001
0.3 12.32 1.36 11.01 6.90 0.40 5.76 <0.001
0.6 9.01 1.02 11.32 3.63 0.22 6.18 <0.001
0.9 3.98 0.49 12.33 3.21 0.24 7.34 <0.001
12 3.00 0.23 7.73 2.86 0.22 7.70 0.123
1.5 2.58 0.39 15.14 2.34 0.27 11.50 0.094
1.8 1.66 0.23 14.02 1.60 0.20 12.44 0.505

4. Conclusions

To address the difficulty of obtaining real-time information on internal stresses and
deformations during the reinforcement of asphalt pavements with conventional geogrids,
this study applied FBG-based sensor-equipped geogrids to the Qugang Expressway project
in Hebei Province. The sensing performance, constructability, and pavement reinforcement
effectiveness of the geogrids were systematically evaluated through both laboratory tests
and field monitoring. The main conclusions are summarized as follows:

(1) Optical fiber signal testing indicates that the weaving process did not cause structural
damage to the FBG sensors. Although the sensing geogrid experienced temporary
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optical signal attenuation due to micro-bending and macro-bending effects during
coiled transportation, the signal returned to normal after being unfolded and laid
on-site, demonstrating that the sensing geogrid possesses stable working performance.

(2) The central wavelength shift of the optical fiber sensor presents a good linear relation-
ship with the axial strain of the geogrid, the strain transfer coefficient is stable, and
there is excellent deformation compatibility between the two.

(3) During the layer-by-layer paving process of the asphalt pavement structure, the
sensing geogrid was able to completely capture the mechanical responses at each
stage. The strain response decayed layer by layer from bottom to top: the disturbance
was greatest during base layer paving, with significant strain fluctuations; as the
middle base layer hardened to form “mechanical shielding,” the strain response in
the middle and lower layers gradually weakened; the influence was negligible during
upper layer paving, with the significant influence depth of construction machinery
being approximately 22 cm.

(4) Due to its heavy axle load and static kneading effect, the strain induced by the tire
roller during a single pass was approximately twice that of the steel wheel roller,
serving as the main source of geogrid deformation during the construction period.
With the increase in pavement structure thickness, the overall road stiffness improved,
causing attenuation in the transmission of construction loads, and the strain responses
induced by both types of rollers decreased layer by layer.

(5) The maximum deflection of the section reinforced with the sensing geogrid was
approximately 41% lower than that of the control section, and the FWD deflection
basin was relatively flatter, with a significant reduction in deflection within the range
of 0-0.9 m. The geogrid enhanced the overall stiffness and load distribution capacity
of the pavement and reduced the variability of local deformation within the test
range. The results indicate that the geogrid can improve the mechanical response of
the pavement; however, its actual effect on the long-term development of reflective
cracking still requires further monitoring and verification.

In summary, this study successfully fabricated a sensing geogrid with both reinforce-
ment and sensing functions through the weaving process. It is capable of coordinating
deformation with the pavement structure and accurately monitoring the mechanical re-
sponse during the construction process. Its long-term performance, particularly the effect
of delaying reflective cracks, remains to be verified through continuous monitoring.
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Abbreviations

The following abbreviations are used in this manuscript:
FBG Fiber Bragg grating

ATB-25 Asphalt-treated base

CSM Cement-stabilized macadam
FWD Falling weight deflectometer
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