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Abstract

Internal responses of multilayer pavement structures are difficult to characterize using
surface-based inspection alone. This study investigates a scaled multilayer pavement model
instrumented with embedded quasi-distributed fiber Bragg grating (FBG) sensing lines to
obtain baseline internal strain responses and FBG-derived relative vertical displacement
distributions under controlled loading. Central single-point stepwise loading, symmetric
two-point loading, and asymmetric two-point loading were applied, and FBG wavelength
responses were converted into temperature-compensated strain and then into line-wise rel-
ative vertical displacement through strain—curvature conversion, curvature integration, and
linear baseline correction. During loading, the ambient temperature ranged from 22.70 to
23.40 °C, and the maximum relative shift of the T-sensor was 0.008297 nm. Under 686 N cen-
tral loading, SAL1 reached a maximum temperature-compensated strain of 1459.39 e and
a maximum relative vertical displacement of 1.079 mm, whereas SAL2 reached 793.13 e
and 0.583 mm. Under approximately 490 N asymmetric two-point loading, SAT2 reached
1699.48 pe and 0.761 mm. Soil-base responses were substantially lower. Because no inde-
pendent displacement measurement was acquired, the reconstructed quantity is interpreted
as an FBG-derived relative deformation measure rather than an absolute displacement.
The results establish intact baseline data for future, separately validated comparisons with
abnormal conditions.

Keywords: structural health monitoring; quasi-distributed FBG sensing; multilayer
pavement; temperature-compensated strain; relative vertical displacement reconstruction;
eccentric loading response; baseline response

1. Introduction

Multilayer pavements transfer traffic loads through materials with markedly different
stiffness, deformation capacity, and interlayer conditions. The resulting load diffusion,
attenuation, and spatial redistribution are layer- and direction-dependent and cannot be
inferred reliably from surface distress alone. Cracking, rutting, and potholes are visible
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manifestations of deterioration, whereas internal strain concentration, support changes,
and deformation-pattern shifts may develop earlier. Pavement structural health monitor-
ing therefore requires internal response information that distinguishes structural layer,
sensing direction, load level, and loading path [1,2]. Ground-penetrating radar and other
nondestructive methods can identify layer geometry and localized anomalies [3,4] but gen-
erally provide periodic inspection rather than continuous measurements of load-induced
response. Embedded sensing can complement them by supplying time-continuous mea-
surements at structurally relevant depths [5]. The engineering need is thus not only to
detect large responses but also to determine where they occur, how they propagate through
depth, and whether their spatial pattern is consistent with an intact structure.

Fiber Bragg grating (FBG) sensors are attractive for this purpose because their
wavelength-encoded response is resistant to electromagnetic interference, their small
dimensions facilitate embedment, and multiple gratings can be multiplexed along one
fiber [6-9]. Representative pavement applications have progressed from feasibility studies
to purpose-designed monitoring systems. Embedded optical fibers have measured strain
and deformation in asphalt structures [10], three-dimensional FBG assemblies have been
developed for highway pavements [11], and FBG systems have supported compaction-
quality control and weigh-in-motion measurements [12,13]. Embedded gratings have also
recorded vehicle-induced pavement responses [14]. More recent studies have broadened
the measured quantities and test scales through in-situ multi-response monitoring [15], ac-
celerated pavement testing combined with falling-weight-deflectometer measurements [16],
distributed strain profiling under static vehicle loading [17], and cold-region monitoring
of temperature, pressure, and deformation [18]. Collectively, these studies confirm that
optical sensors can survive pavement embedment and respond to traffic and environmental
actions. The key challenge is now to convert spatially non-uniform measurements into
defensible comparisons of internal structural response.

That conversion depends strongly on monitoring architecture. Point sensors provide
locally identifiable responses, but sparse layouts may miss narrow response zones or con-
found load-path migration with sensor offset. Quasi-distributed FBG lines retain discrete,
wavelength-addressable sensing points while enabling longitudinal or transverse response
profiles; however, their spatial resolution is bounded by grating spacing, and interpolation
remains model-dependent [9-11,14]. Fully distributed sensing provides denser strain in-
formation and is well suited to locating spatial gradients [17] but differs in gauge length,
interrogation principle, installation requirements, and data processing. These architec-
tures are therefore complementary rather than interchangeable. For multilayer pavements,
quasi-distributed lines offer a practical balance between identifiable sensing locations and
profile-level comparison, provided that conclusions remain tied to the monitored lines rather
than implying unmeasured full-field behavior. This distinction is especially important when
discrete line measurements are converted into a continuous deformation representation.

Measurement architecture alone does not determine the fidelity of an embedded
response. Strain transfer from pavement material to grating is governed by packaging,
adhesive and coating layers, interface bonding, and deformation compatibility. Low-
modulus sensing cables, industrialized assemblies, and flexible encapsulation have been
developed to improve compatibility and field durability [19-21]. Analytical and experimen-
tal studies show that encapsulation stiffness, adhesive thickness, interfacial degradation,
non-uniform host strain, and temperature can alter strain-transfer efficiency and recorded
amplitude [22-25]. Because Bragg wavelength shifts contain both mechanical and thermal
components, compensation removes only an estimated thermal contribution; imperfect tem-
perature matching, residual thermal mismatch, and spatially varying transfer conditions
may remain. Measured amplitudes and negative compensated increments must therefore
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be interpreted with reference to the baseline wavelength, compensation procedure, and
packaging configuration. Cross-study amplitude comparisons are meaningful only under
sufficiently comparable sensor, embedment, temperature, and loading conditions.

A further interpretive step is required when strain is used to infer curvature and
deformation. Pavement studies have reported embedded strain and deformation [10]
and detailed strain distributions [17], while broader structural-health-monitoring research
recognizes optical fibers as a basis for deformation assessment [26-29]. However, a strain
profile is not a displacement field. Strain-to-curvature conversion requires assumed section
kinematics, a neutral-axis location, and the sensor-to-neutral-axis distance; interpolation
between gratings and double integration then introduce additional model dependence and
low-frequency bias. In multilayer pavements, stiffness contrast, interlayer slip, viscoelastic-
ity, variable strain transfer, and uncertain boundary conditions make these assumptions
especially restrictive. Endpoint correction can define a repeatable relative reference shape
but removes rigid translation and overall inclination and therefore cannot recover abso-
lute settlement. Deformation reconstruction can thus provide mechanically interpretable
line-wise information beyond isolated strain peaks only when its assumptions, reference
dependence, and validation status are explicit.

These limitations make an intact-state baseline indispensable. Environmental and
operational variability can produce response changes comparable to those associated with
structural deterioration, so monitoring data should be interpreted relative to normal re-
sponse patterns rather than a universal strain threshold [30-32]. For multilayer pavements,
the baseline should include load magnitude, loading position, structural layer, line ori-
entation, and sensor-to-load distance. Central stepwise loading tests whether response
magnitude and reconstructed deformation change consistently with load. Symmetric two-
point loading provides a balanced transverse reference, whereas asymmetric two-point
loading examines whether the layout can resolve an ordinary loading-path shift without
misclassifying redistribution as damage. Their comparison therefore identifies spatial
changes that may occur in an intact structure when load symmetry is lost. Such a reference
is essential for future anomaly studies, because a displaced high-response zone could
otherwise be attributed incorrectly to a void, crack, or support change rather than eccentric
loading or sensing-line offset. It also provides future abnormal-condition tests with a
physically matched control.

Against this background, three connected research gaps remain. First, pavement FBG
studies have seldom provided matched measurements from upper and lower structural
layers while simultaneously comparing longitudinal and transverse quasi-distributed lines
under the same controlled loading programme. This limits interpretation of through-depth
attenuation, directional dependence, and spatial redistribution. Second, discrete FBG mea-
surements are commonly reported as wavelength shifts, local strains, or peak responses;
fewer studies integrate temperature compensation, equivalent-section strain—curvature
mapping, interpolation, double integration, and reference correction into a line-wise
relative-deformation framework while retaining the assumptions of that transformation.
Third, intact-condition datasets often emphasize one loading position or response metric
and therefore do not separate load-level amplification from response migration caused by
symmetric-to-asymmetric loading. These gaps are interdependent: without an adequate
layer—direction layout, reconstruction lacks spatial context; without a controlled intact
baseline, a reconstructed change cannot be assigned confidently to loading path, structural
condition, or measurement configuration.

This study addresses these gaps using a scaled multilayer pavement instrumented
with longitudinal and transverse quasi-distributed FBG lines in the asphalt surface and
soil base. Central single-point stepwise loading, symmetric two-point loading, and asym-
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metric two-point loading generated controlled changes in load magnitude and path. The
study integrates three contributions within a single processing and interpretation chain:
(1) synchronized comparison of temperature-compensated strain across structural layer,
line direction, and distance from the load; (2) conversion of discrete line strains into FBG-
derived relative vertical deformation through equivalent-section strain—curvature mapping,
interpolation, double integration, and endpoint baseline correction, with explicit assess-
ment of assumptions and modulus sensitivity; and (3) construction of an intact reference
set that distinguishes load amplification, through-depth attenuation, and transverse re-
sponse migration. The contribution lies in the coordinated use of sensing layout, controlled
loading, multilayer comparison, and mechanics-based line reconstruction rather than in
any operation considered separately.

The conclusions are deliberately bounded by the experiment. The reconstructed quan-
tity is an FBG-derived, line-wise relative deformation referenced by endpoint correction,
not an independently validated absolute pavement displacement, because no simultaneous
LVDT or digital image correlation measurement was acquired. The scaled model does not
reproduce complete full-scale similitude, so its absolute strain and deformation amplitudes
should not be extrapolated directly to field pavements. No void, base-weakening, or crack
case was tested. The study therefore establishes an intact-condition baseline and a recon-
struction framework for future, separately validated comparisons with abnormal states; it
does not claim demonstrated defect identification or field-scale settlement prediction.

2. Experimental Design and Data Acquisition
2.1. Scaled Multilayer Pavement Model

A scaled multilayer pavement model was constructed under controlled laboratory
conditions. The model had plan dimensions of 1.2 m x 0.5 m and a total thickness of 0.30 m.
From bottom to top, the structure consisted of a soil base layer, a gravel base layer, and an
asphalt concrete surface layer, with thicknesses of 0.18 m, 0.04 m, and 0.08 m, respectively.
Steel plates were installed along the outer sides of the model to restrain lateral deformation
during loading and to reduce boundary disturbances in the analysis of internal responses.

The scaled model was designed to serve as a representative layered pavement structure
for controlled FBG sensing tests. By embedding quasi-distributed FBG sensing lines in
different structural layers, the internal response differences between the upper asphalt
concrete surface layer and the lower soil base layer under static loading could be compared.
The combined use of longitudinal and transverse sensing lines also enabled the spatial
distribution of load transfer and diffusion to be evaluated in different directions.

According to the layer thicknesses, the centroidal elevations of the soil base layer,
gravel base layer, and asphalt concrete surface layer from the model bottom were 0.09 m,
0.20 m, and 0.26 m, respectively. These geometric parameters were used for equivalent
neutral axis calculation and strain—curvature conversion. The geometric parameters of
the scaled multilayer pavement model are listed in Table 1, and the model structure and
FBG-sensing-line layout are shown in Figure 1.

Table 1. Geometric parameters of the multilayer pavement model (dimensions in centimetres).

Thickness Centroidal Elevation from Model

Structural Layer Jem Bottom/cm Description
Soil base layer 18 9 Lower supporting layer
Gravel base layer 4 20 Intermediate load-transfer layer
Asphalt concrete surface layer 8 26 Upper load-bearing layer
Total thickness 30 L Model plan dimensions:

120 cm x 50 cm
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Figure 1. Layout of FBG sensing lines: (a) asphalt concrete surface layer; (b) soil base layer. The
yellow segments indicate the locations of the FBG sensing points.

2.2. Layout of Quasi-Distributed FBG Sensing Lines

To obtain internal responses in different structural layers and along different directions,
quasi-distributed FBG sensing lines were embedded in both the asphalt concrete surface
layer and the soil base layer. In the asphalt concrete surface layer, two longitudinal sensing
lines, SAL1 and SAL2, were installed, each containing eight FBG sensing points. Two
transverse sensing lines, SAT1 and SAT2, were also installed in the asphalt concrete surface
layer, each containing six FBG sensing points. In the soil base layer, two longitudinal
sensing lines, SSL1 and SSL2, were installed, each containing eight FBG sensing points. In
addition, one transverse sensing line, SST, was installed in the soil base layer, containing
six FBG sensing points. The spacing between adjacent FBG sensing points was 0.05 m, and
the total number of FBG sensing points was 50.

Based on the embedding elevations, the FBG sensing points in the asphalt concrete
surface layer were located approximately 0.26 m above the model bottom, whereas those
in the soil base layer were located approximately 0.13 m above the model bottom. The
sensing points in the asphalt concrete surface layer were close to the centroidal elevation
of the asphalt concrete surface layer, while the sensing points in the soil base layer were
embedded within the lower supporting layer. This layout allowed synchronous responses
of the upper load-bearing layer and lower soil base layer to be obtained within the same
model, providing a basis for analyzing layer-dependent differences.

Figure 1 shows the plan layout of the FBG sensing lines in the asphalt concrete surface
layer and soil base layer. In the asphalt concrete surface layer, SAL1 was located at y = 25 cm,
with sensing-point coordinates from (50 cm, 25 cm) to (85 cm, 25 cm), while SAL2 was
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located at y = 18 cm, with sensing-point coordinates from (37 cm, 18 cm) to (72 cm, 18 cm).
SAT1 was a transverse sensing line located at x = 101 cm, with sensing-point coordinates
from (101 cm, 8 cm) to (101 cm, 33 cm), and SAT2 was located at x = 42.5 cm, with sensing-
point coordinates from (42.5 cm, 12.5 cm) to (42.5 cm, 37.5 cm). In the soil base layer,
SSL1 was located at y = 25 cm, with sensing-point coordinates from (31.5 cm, 25 cm) to
(66.5 cm, 25 cm), while SSL2 was located at y = 19.5 cm, with sensing-point coordinates
from (44.5 cm, 19.5 cm) to (79.5 cm, 19.5 cm). SST was a transverse sensing line in the soil
base layer located at x = 90 cm, with sensing-point coordinates from (90 cm, 8 cm) to (90 cm,
33 cm). The complete sensing-line layout information is summarized in Table 2.

Table 2. Layout information of FBG sensing lines.

Sensing Line Structural Layer Direction Sel:llsiI:\l;?o(i)rf\ts Spacing/cm SEelz‘S]:;;g(;II:/oCl::

SAL1 Asphalt concrete surface layer ~ Longitudinal 8 5 26
SAL2 Asphalt concrete surface layer  Longitudinal 8 5 26
SAT1 Asphalt concrete surface layer ~ Transverse 6 5 26
SAT2 Asphalt concrete surface layer ~ Transverse 6 5 26

SSL1 Soil base layer Longitudinal 8 5 13

SSL2 Soil base layer Longitudinal 8 5 13

SST Soil base layer Transverse 6 5 13

The layout was defined a priori from the prescribed loading coordinates and the
intended comparisons; no preliminary numerical simulation was used to optimize line
locations. For central loading at (60 cm, 25 cm), SAL1 approximately intersected the
loading line and SAL2 provided a transversely offset surface comparison. SSL1 and
SSL2 served the analogous lower-layer comparison. For two-point loading, SAT2 was
placed close to the asymmetric loading point at (40 cm, 15 cm), whereas SAT1 was farther
from both asymmetric loading points, allowing local concentration and remote response to
be contrasted.

Only one transverse line (SST) was installed in the soil base because its role was to
provide a lower-layer reference for transverse attenuation and inter-case trends, not to
localize the transverse load field. Two surface transverse lines were required to distinguish
the strong location dependence expected near and away from the eccentric loading point.
This intentionally unequal layout supports the stated comparisons but does not provide
full-field coverage; the resulting line-specific limitation is retained in the interpretation.

The longitudinal sensing lines were used mainly to analyze the load-level effect
under central single-point stepwise loading, whereas the transverse sensing lines were
used mainly to examine transverse response redistribution induced by different loading
configurations under the same total load level. Because the FBG sensing lines in different
structural layers differed in plan location and embedding condition, the response of each
sensing line was interpreted as a line-specific internal response. The comparison therefore
focused on response amplitude, response range, and curve morphology.

2.3. Static Loading System and Loading Cases

The static loading system consisted of the scaled multilayer pavement model, load-
ing weights, an FBG interrogator, a data acquisition computer, an ambient temperature
recording device, and a surface FBG reference point. During loading, the FBG interrogator
synchronously collected the Bragg wavelength variations in the embedded FBG sensing
lines and the surface reference point. The data acquisition computer recorded the wave-
length signals in real time, while the ambient temperature recording device recorded
temperature variations during the tests. The surface FBG reference point is referred to
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as the T-sensor in this study. The T-sensor was placed in a region not directly subjected
to loading and was used as an unloaded reference grating for checking the consistency
between ambient-temperature variation and reference FBG wavelength response.

Three static loading cases were considered: central single-point stepwise loading,
symmetric two-point loading, and asymmetric two-point loading. Central single-point
stepwise loading was used to analyze the effect of load level on longitudinal FBG responses
and longitudinal relative vertical displacement curves. The symmetric and asymmetric
two-point loading cases were used to evaluate the influence of loading-point arrangement
on transverse response distributions under the same total load level.

The central single-point loading position was (60 cm, 25 cm), and the loading range
was 49-784 N, corresponding to 5-80 kg weights. Four representative load levels, namely
98 N, 294 N, 490 N, and 686 N, were selected, corresponding to 10 kg, 30 kg, 50 kg, and
70 kg weights, respectively. The symmetric two-point loading positions were (60 cm, 15 cm)
and (60 cm, 35 cm), while the asymmetric two-point loading positions were (40 cm, 15 cm)
and (80 cm, 35 cm). For the two-point loading cases, a 25 kg weight was applied at each
loading point, corresponding to an equivalent load of approximately 245 N per point and a
total equivalent load of approximately 490 N. This total load was consistent with the central
single-point loading case using a 50 kg weight. The loading design allowed the effect of
loading-point arrangement on transverse response distributions to be compared under the
same total equivalent load. The loading cases and loading positions are listed in Table 3,
and the loading system and loading positions are shown in Figure 2.

Table 3. Loading cases and loading positions.

Loading Case Loading Position/cm Load Level
Central single-point stepwise loading (60, 25) 98 N, 294 N, 490 N and 686 N
Symmetric two-point loading (60, 15), (60, 35) 245 N per point; total equivalent load of 490 N
Asymmetric two-point loading (40, 15), (80, 35) 245 N per point; total equivalent load of 490 N

N X \\\&L&}u NI DRSS o
' T sensor ‘.Amblent temperature sensor

Figure 2. Static loading system and data acquisition setup: (a) scaled pavement model, loading
weights, and FBG interrogator; (b) T-sensor and data acquisition computer; (c) ambient temperature
recording device and FBG wavelength acquisition interface.

Each loading case lasted 5 min. The sampling frequency of the FBG interrogator was
30 Hz; therefore, each loading case contained approximately 9000 sampling points. To
reduce the influence of initial contact adjustment, transient responses, and acquisition
disturbances at the early loading stage, data from the later stable segment of each loading
case were used as the representative response for that case.
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2.4. Acquisition of Pre-Loading Wavelengths, Stable Loading Wavelengths, and Temperature Data

The pre-loading stable-segment wavelength was used as the initial reference state for
each FBG sensing point, thereby preventing mechanical responses under low load levels
from being included in the strain calculation. For the i-th FBG sensing point, the mean
wavelength in the pre-loading stable segment is denoted as A; . For loading case P, the
mean wavelength of the same sensing point within the loading stable segment is denoted
as A; p.

The stable segment was extracted according to the loading type. For central single-
point stepwise loading, the last 30% of the loading stage was selected as the stable segment.
For symmetric two-point loading and asymmetric two-point loading, the last 30 s of the
loading stage was selected as the stable segment. The wavelength of each sensing point
within the stable segment was averaged and then used to calculate the wavelength shift
under the corresponding loading case. Temperature data were processed consistently
with the wavelength stable-segment extraction. The temperature corresponding to the
pre-loading stable segment is denoted as Ty and the temperature corresponding to the
stable segment of loading case P is denoted as Tp. In the calculation of temperature-
compensated strain, the temperature variation ATp = Tp — Ty was substituted into the
FBG wavelength—strain—-temperature coupling relationship to remove the temperature
contribution to the wavelength shift.

In the raw FBG data, each row first recorded the number of peaks in different channels,
followed by the peak wavelengths of each channel. Because peak loss, peak jumping, or
peak mismatch could occur during data acquisition, this study did not directly average
fixed column numbers. Instead, peak records were dynamically separated according to the
number of peaks recorded in each channel in each row, and sensing-point matching was
performed using the median peak position within the stable segment. Abnormal records
that clearly deviated from the stable wavelength range of the same sensing point were
removed. This processing procedure was used to reduce the influence of peak-tracking
errors on strain calculation and relative vertical displacement reconstruction.

3. Data Processing and Relative Vertical Displacement Reconstruction
3.1. Overall Data Processing Workflow

The purpose of the data processing procedure was to transform the raw wavelength re-
sponses recorded by the quasi-distributed FBG sensing lines into temperature-compensated
strain and then into relative vertical displacement curves along the sensing lines. As shown
in Figure 3, the workflow consisted of stable-segment wavelength extraction, temperature-
compensated strain calculation, equivalent neutral axis calculation, strain—curvature con-
version, curvature interpolation, curvature integration, and linear baseline correction.

For the i-th FBG sensing point, the mean wavelength in the pre-loading stable segment,
Aio, and the mean wavelength in the stable segment under loading case P, A; p, were first
extracted from the raw wavelength data. Meanwhile, the temperature in the pre-loading
stable segment, Tj, and the temperature in the stable segment under loading case P, Tp,
were obtained to determine the temperature variation. The temperature contribution to the
wavelength response was then removed using the FBG wavelength-strain—temperature
coupling relationship, yielding the temperature-compensated strain ¢; p.

After the temperature-compensated strain had been obtained at each FBG sensing
point, the distance d; between the sensing point and the equivalent neutral axis was de-
termined from the equivalent neutral axis position z, of the multilayer structure and
the sensing-point elevation z;. The strain response was then converted into the equiva-
lent curvature «; along the sensing-line direction. Because the FBG sensing points were
discretely arranged, the discrete curvature values were interpolated to approximate the

https://doi.org/10.3390/sym18081324


https://doi.org/10.3390/sym18081324

Symmetry 2026, 18, 1324

9 of 26

curvature distribution within the sensing-line range. Finally, the relative vertical displace-
ment w.(x) along the sensing line was reconstructed through curvature integration and
linear baseline correction. The reconstructed curves were subsequently used to compare
relative vertical displacement distributions under different load levels, loading modes, and
structural layers.

Multi-layer model Pre-loading wavelength

Static loading cases ‘ ‘ Temperature compensation

Experimental inputs —L{ Test Setup I

=} Data Processing

Loading-case wavelength ‘

‘ FBG sensing lines ‘

Temperature-compensated strain
‘ Strain—curvature conversion ‘

| Strain response analysis 5
v i

Monitoring Output }: I “ Analysis & Reconstruction

’ Equivalent neutral axis

Relative vertical displacement curve ‘

Figure 3. Data processing workflow from FBG wavelength responses to relative vertical displacement
reconstruction along sensing lines. Thick arrows indicate the primary sequence; thin arrows connect
supporting inputs and processing steps.

3.2. Temperature-Compensated Strain Calculation Based on Pre-Loading Reference Wavelengths

The Bragg wavelength of an FBG sensor is affected by both mechanical strain and
temperature. In this study, the pre-loading stable state was adopted as the reference
state. After the wavelength shift associated with temperature variation was removed, the
remaining load-induced strain response was defined as the temperature-compensated
strain and denoted by ¢. For a single FBG sensing point, the relative change in the Bragg
wavelength can be expressed by the wavelength—strain—temperature relationship as:

Ap _ kee + kT AT (1)
AB
where Ap is the Bragg wavelength of the FBG sensor, AAp is the Bragg wavelength shift, AT
is the temperature variation, kt is the temperature sensitivity coefficient of the optical fiber,
and k; is the strain sensitivity coefficient of the optical fiber. In this study, ke = 0.79 and
kr = 7.55 x 107%/°C were adopted as the FBG wavelength-strain-temperature conversion
parameters under the test conditions.

The pre-loading stable-segment wavelength was used as the initial reference wave-
length for each FBG sensing point. For the i-th FBG sensing point, the wavelength shift
relative to the pre-loading state under loading case P was calculated as:

AXip = Aip — Aip ()

where A;( is the mean wavelength of the i-th sensing point in the pre-loading stable
segment, A; p is the mean wavelength of the same sensing point in the stable segment under
loading case P, and AA; p is the wavelength shift relative to the pre-loading state.
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The corresponding temperature variation for loading case P is given by:
ATp = Tp — Tp (3)

where Tj is the temperature in the pre-loading stable segment, and Tp is the temperature in
the stable segment under loading case P.

Combining Equations (1)—(3), the temperature-compensated strain of the i-th FBG
sensing point under loading case P can be obtained as:

Aip—Aio)/Aio] —kp(Tp =T,
. [(Ai,p = Aip)/ k(:] 7(Tp — To) )

where ¢; p denotes the temperature-compensated strain obtained by using the pre-loading
stable state as the reference state and removing the temperature contribution from the
measured wavelength response. The temperature compensation in this study was per-
formed at the loading-case level, using the temperatures corresponding to the pre-loading
stable segment and the stable segment of each loading case. Therefore, the interpretation of
low-amplitude response zones should consider the possible influence of local temperature
differences and measurement noise.

The gratings were not intentionally pre-strained to create a bidirectional measurement
range. All reported strains are incremental values referenced to the pre-loading stable
wavelength of each grating. A negative temperature-compensated value therefore denotes
a wavelength decrease relative to that reference after subtraction of the temperature term,
not a negative absolute strain or loss of signal. It may arise from a local reversal of the
bending-related response; for small responses near zero, the compensation term, residual
local thermal mismatch, and measurement noise can also change the sign. Pre-strain is
not required for this referenced incremental formulation provided that the reflected peak
remains within the interrogator range.

3.3. Temperature Variation and T-Sensor Verification

The ambient temperature record was used to determine Ty and Tp in Equation (3),
which were then introduced into Equation (4) for temperature-compensated strain cal-
culation. In addition to ambient temperature monitoring, a surface FBG reference point,
denoted as the T-sensor, was used to check temperature variation and slow system drift
during loading. The T-sensor was placed in a region not directly subjected to loading.
It was therefore not treated as a structural response sensing point and was not used to
interpret high-strain response zones induced by mechanical loading.

During the tests, the ambient temperature ranged from 22.70 to 23.40 °C, with a
maximum temperature difference of 0.70 °C and an average temperature of 23.061 °C. The
stable-segment mean wavelength of the T-sensor ranged from 1539.101 to 1539.109 nm.
The maximum relative shift was 0.008297 nm, and the mean standard deviation of stable
segments was 0.000929 nm. These values indicate that both temperature variation and
reference wavelength drift remained limited during loading, satisfying the requirements
for temperature compensation and stability assessment.

Under the maximum temperature difference of 0.70 °C, the equivalent strain associated
with the temperature term can be estimated as:

ET = kTATmax/kg (5)

namely, er ~ 6.69 pe. This magnitude is much lower than the hundreds to thousands of
microstrain observed in the high-response zones of the asphalt concrete surface layer, but it
is close to the response magnitude of some low-amplitude zones in the soil base layer and
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at sensing points far from the loading area. Accordingly, the subsequent analysis focuses
on high-response zones, inter-case variation trends, and spatial distribution relationships.

3.4. Equivalent Neutral Axis Calculation

To convert the FBG temperature-compensated strain into curvature, an equivalent-
section method was adopted to calculate the equivalent neutral axis position of the mul-
tilayer structure. From bottom to top, the model consisted of a soil base layer, a gravel
base layer, and an asphalt concrete surface layer. The thicknesses of the three layers
were hs = 0.18 m, hg = 0.04 m, and h, = 0.08 m, respectively. The centroidal eleva-
tions of the three layers from the model bottom were z;c = 0.09 m, zgc = 0.20 m, and
Zae = 0.26 m, respectively.

Representative elastic moduli were used only for the equivalent neutral axis calcu-
lation: E; = 80 MPa for the soil base layer, E; = 275 MPa for the gravel base layer,
and E; = 3000 MPa for the asphalt concrete surface layer. These values served as input
parameters for the equivalent-section calculation and were not obtained through material
parameter inversion. If absolute vertical displacement validation or numerical model cali-
bration is required in future work, the actual mechanical parameters of each layer should
be determined through material tests.

For a unit-width layered section, the elevation of the equivalent neutral axis from the
model bottom is calculated as:

B Eshs - zsc + Eghg - Zgc + Eghyg - Zac

zZ
" Eshs + Eghg + Eqhy

(6)

where z, is the distance from the equivalent neutral axis to the model bottom; E;, E¢ and E,
are the elastic moduli of the soil base layer, gravel base layer, and asphalt concrete surface
layer, respectively; hs, hg and h, are the thicknesses of the three layers; and zsc, zgc and z,c
are the centroidal elevations of the three layers from the model bottom.

Substitution of the above parameters gives z, = 0.2483 m. This position is close
to the asphalt concrete surface layer because the elastic modulus of the asphalt concrete
surface layer is much higher than those of the gravel base layer and soil base layer, and
because the asphalt concrete surface layer is located in the upper part of the structure. All
strain-curvature conversions in this study were performed based on this equivalent neutral
axis position.

For the fixed measured strain field used in this post-processing sensitivity test, a change
in the assumed modulus affects the reconstruction through the neutral-axis position and the
corresponding sensing-point distance. Because all sensing points on a given line share the
same elevation, the perturbation introduces a common positive scale factor within that line.
Under the adopted linear interpolation, integration, and endpoint-correction procedure,
this factor changes the reconstructed amplitude but not the normalized curve shape or peak
coordinate. This conclusion is conditional on the equivalent-section assumptions and does
not describe how the actual pavement strain field would change if the material moduli
varied. The £20% range is an illustrative symmetric perturbation used for local sensitivity
screening, rather than an experimentally determined modulus uncertainty or a confidence
bound for the reconstructed displacement.

3.5. Strain—Curvature Conversion

Under the assumptions of small-deformation bending and an approximately linear
strain distribution through the section thickness, the strain at an FBG sensing point can be
related to its distance from the equivalent neutral axis. For the i-th FBG sensing point,

ki = ¢;/d; (7)
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where x; is the equivalent curvature corresponding to the i-th sensing point, with a unit of
m~1; ¢; is the temperature-compensated strain at the sensing point; and d; is the distance
from the sensing point to the equivalent neutral axis and is given by d; = z; — z,. If the
strain is expressed in e, it must be converted into dimensionless strain before curvature
calculation, namely 1 pe = 107,

The FBG sensing points in the asphalt concrete surface layer were located at an
elevation of z; = 0.26 m from the model bottom, whereas those in the soil base layer
were located at z; = 0.13 m. Combined with z, = 0.2483 m, the distance from the
asphalt-layer sensing points to the equivalent neutral axis was d; = z; — z;, = 0.0117 m,
and the distance from the soil-base sensing points to the equivalent neutral axis was
ds = z5 —zy, = —0.1183 m.

Therefore, the curvature conversion for asphalt-layer sensing points is:

Ka = £4/0.0117 (8)
and the curvature conversion for soil-base sensing points is:
ks = €5/ (—0.1183) 9)

where x, and «;s are the equivalent curvatures corresponding to the asphalt-layer and
soil-base sensing points, respectively, and ¢, and &5 are the temperature-compensated
strains of the asphalt-layer and soil-base sensing points, respectively. Because the soil-
base sensing points are located below the equivalent neutral axis, ds is negative, and the
curvature sign is affected by the relative position of the sensing point with respect to the
equivalent neutral axis. In this study, downward relative vertical displacement is defined as
positive, and the same sign convention is maintained in the reconstructed relative vertical
displacement curves.

3.6. Curvature Integration and Linear Baseline Correction

Because the FBG sensing points were discretely distributed along each sensing line,
cubic spline interpolation was applied to the discrete curvature values x; according to the
sensing-point positions and their corresponding curvatures. This interpolation provided
an approximate curvature distribution x(x) within the sensing-line range, where x denotes
the coordinate along the sensing-line direction. Since the unit of curvature is m~!, the
coordinates used for curvature integration must be expressed in meters. If the original
sensing-point coordinates are given in centimeters, they should be converted into meters
before integration. The final relative vertical displacement results are output in millimeters.

The rotation angle along the sensing line can be obtained by integrating the interpo-
lated curvature function «(x) once:

6(x) = / x(x)dx + Cy (10)

where 6(x) is the rotation angle at position x along the sensing line, and Cj is an integration
constant. The displacement curve obtained from curvature integration is then calculated
by integrating the rotation angle:

w(x) = / 8(x)dx + C, (11)
where w(x) is the displacement curve obtained by integration and C; is an integration

constant. Curvature double integration introduces a rigid-body translation term and a
linear inclination term. In addition, the endpoints of an FBG sensing line are not equiv-
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alent to the structural boundaries of the model. Therefore, the directly integrated w(x)
should not be interpreted as the absolute vertical displacement measured by an external
displacement sensor.

To remove the linear reference difference between the two endpoints of a sensing
line, the line connecting the two endpoint values was taken as the linear baseline. For the
starting point x; and ending point x, of a sensing line, the linear baseline is defined as:

w(xy) —w(xq)

poa— c(x—xq) (12)

wy(x) = w(xy) +
The relative vertical displacement after linear baseline correction is:
we(x) = w(x) — wy(x) (13)

where w,(x) is the relative vertical displacement after linear baseline correction. After
correction using Equation (13), the relative values at the two endpoints of the sensing
line are zero, namely w.(x1) = 0 and w.(x,) = 0. In this study, downward relative
vertical displacement is defined as positive, and w,(x) is converted into millimeters for
subsequent analysis.

The reconstructed w,(x) represents the relative vertical displacement within the FBG
sensing-line range with respect to the line connecting the two endpoints. It is used to
compare vertical deformation trends and displacement concentration zones under different
load levels, loading modes, and structural layers.

3.7. Method Assumptions and Scope of Application

The proposed workflow transforms discrete wavelength responses recorded by quasi-
distributed FBG sensing lines into relative vertical displacement curves along the sensing
lines through temperature compensation, strain conversion, equivalent curvature conver-
sion, curvature integration, and linear baseline correction. This procedure enhances the
spatial representation capability of FBG data and extends the interpretation from point-
based strain responses to relative deformation trends along sensing lines.

Several assumptions and treatments should be noted when interpreting the recon-
structed curves. First, temperature compensation was performed using the temperature
of the pre-loading stable segment and that of each loading-case stable segment, rather
than through independent temperature compensation at each embedded FBG sensing
point. Second, representative elastic moduli were adopted for equivalent neutral axis
calculation, and the material parameters were not obtained through inverse identification.
Third, the strain—curvature conversion was based on small-deformation bending and an
approximately linear strain distribution through the section thickness; therefore, it mainly
characterizes the equivalent bending response along the sensing-line direction. Fourth,
curvature interpolation, double integration, and endpoint baseline correction can affect
both the amplitude and shape of the reconstructed relative vertical displacement curves.

Accordingly, the reconstructed result represents the relative vertical displacement
within the FBG sensing-line range with respect to the line connecting the two endpoints. It is
suitable for comparing vertical deformation distributions and concentration-zone variations
under different loading cases, rather than for deformation mapping outside the sensing-
line range or for measuring absolute vertical displacement with an external displacement
sensor. This interpretation is consistent with the subsequent analysis, which focuses on
temperature-compensated strain, high-response zones, and relative vertical displacement
concentration zones under different load levels, loading modes, and structural layers.

The assumptions affect different aspects of the output. The linear through-thickness
strain assumption and the equivalent neutral axis determine curvature scale; local interface
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slip, non-uniform strain transfer, or shear-dominated deformation would violate this
mapping. The sensitivity analysis in Table 4 shows that assumed-modulus perturbations
affect the surface-layer reconstruction amplitude more strongly because the surface gratings
are close to the calculated neutral axis. Cubic-spline interpolation can smooth or shift local
extrema, while double integration accumulates low-frequency bias. Endpoint baseline
correction removes rigid-body translation and linear inclination and therefore fixes the
reference shape, but it also prevents recovery of absolute displacement.

Table 4. One-at-a-time sensitivity of the equivalent neutral axis and reconstructed relative-
deformation amplitude to +20% elastic-modulus perturbations.

Case Zp/cm Id| Asphalt/cm [d| Soil/cm Changlzijrs‘;fhalt/% Challl{getlaa—tl;zill"/o

Baseline 24.829 1.171 11.829 0.00 0.00

Es —20% 25.003 0.997 12.003 +17.41 —1.45
Es +20% 24.659 1.341 11.659 —12.67 +1.46
Eg —20% 24.869 1.131 11.869 +3.57 —0.34
Eg +20% 24.789 1.211 11.789 —3.28 +0.34
E, —20% 24.570 1.430 11.570 —18.09 +2.23
Ea +20% 25.008 0.992 12.008 +18.09 —1.49

No LVDT, DIC, or other independent displacement measurement was acquired during
these tests; consequently, the reconstruction has not been experimentally validated as
absolute pavement displacement. The curves are used only as FBG-derived, line-wise
relative deformation measures for within-study comparison of amplitude, morphology,
and concentration zones. Spatial agreement between strain and reconstructed-displacement
zones is an internal consistency check, not independent validation. Absolute-displacement
claims require simultaneous external measurements and calibrated material and strain-
transfer parameters.

4. Results and Analysis
4.1. Temperature Variation and T-Sensor Response During Loading

Before analyzing the load-induced strain response, the ambient temperature variation
and the T-sensor wavelength response were examined to support temperature compensa-
tion and stability assessment. The ambient temperature data were used to determine Ty
and Tp for each loading case, while the T-sensor served as a surface reference grating for
checking temperature variation and slow reference wavelength drift. The T-sensor was not
treated as a structural response sensing point. The ambient temperature variation and the
corresponding T-sensor wavelength shift across the loading cases are shown in Figure 4.

During the loading tests, the ambient temperature ranged from 22.70 to 23.40 °C, with
a maximum temperature difference of 0.70 °C and an average value of 23.061 °C. The
stable-segment mean wavelength of the T-sensor ranged from 1539.101 to 1539.109 nm.
The maximum relative shift was 0.008297 nm, and the mean standard deviation of stable
segments was 0.000929 nm. These results indicate that the thermal environment and the
reference wavelength remained relatively stable during loading.

The following strain analysis is therefore based on temperature-compensated strain,
namely the load-induced strain response relative to the pre-loading stable state after re-
moval of the temperature contribution. Because the compensation was performed at the
loading-case level rather than through independent layer-by-layer and point-by-point tem-
perature compensation, low-amplitude response zones, especially in the soil base layer and
at sensing points far from the loading area, should be interpreted with appropriate caution.
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Figure 4. Relationship between ambient temperature variation and T-sensor wavelength shift
during loading: (a)ambient temperature matched with loading files and relative shift of the
T-sensor; (b) fitted relationship between relative wavelength shift of the T-sensor and ambient
temperature variation.

4.2. Longitudinal FBG Strain Responses and Layer-Dependent Differences Under Central
Single-Point Loading

The longitudinal FBG strain responses under central single-point stepwise loading
were analyzed to evaluate the load-level effect and layer-dependent response differences.
The loading position was (60 cm, 25 cm), and four representative load levels, 98 N, 294 N,
490 N, and 686 N, were selected. Figure 5 shows the temperature-compensated strain
responses of the asphalt-layer longitudinal sensing lines SAL1 and SAL2 and the soil-base
longitudinal sensing lines SSL1 and SSL2.

SAL1, which approximately passed through the central loading line, showed the
strongest longitudinal response in the asphalt concrete surface layer. A high-response zone
developed near 60-65 cm. The maximum positive strains were 212.64 pe at 60 cm under
98 N and 534.42 pe at 60 cm under 294 N. Under 490 N and 686 N, the peak position shifted
to 65 cm, with peak values of 1152.10 pe and 1459.39 pe, respectively. The responses at 60 cm
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remained high, reaching 1147.86 ue under 490 N and 1413.63 ue under 686 N. Negative
incremental strains within 75-85 cm indicate a sign reversal relative to the pre-loading
reference outside the principal loading zone. Their interpretation follows Section 3.2: larger,
spatially coherent negative values are consistent with a change in the local bending-related
response, whereas values close to zero may also be affected by temperature subtraction
and measurement noise.
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Figure 5. Temperature-compensated strain responses of longitudinal FBG sensing lines under central
single-point loading: (a) SAL1; (b) SAL2; (c) SSL1; (d) SSL2.

SAL2 also exhibited increasing strain amplitudes with increasing load, but its response
was lower because of its transverse offset from the central loading point. The maximum
positive strains were 59.44 pe at 62 cm under 98 N, 355.28 e at 57 cm under 294 N, 626.02 pe
at 57 cm under 490 N, and 793.13 e at 57 cm under 686 N. Its high-response zone was
mainly concentrated within 57-62 cm. The comparison between SAL1 and SAL2 indicates
that the asphalt-layer longitudinal strain response was governed by both load level and
sensing-line location.

The soil-base longitudinal sensing lines showed much lower amplitudes. For SSL1,
the peak response mainly occurred near 51.5 cm, with a maximum value of 250.59 ue
under 686 N. For SSL2, peak values occurred at 59.5 cm, and the maximum value was
140.87 pe under 686 N. Compared with SAL1 and SAL2, the lower response amplitudes
of SSL1 and SSL2 reflect load diffusion and attenuation during downward load transfer
through the multilayer pavement structure. Therefore, the longitudinal strain results
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reveal a clear layer-dependent difference: the asphalt concrete surface layer captured
concentrated load-level responses, whereas the soil base layer mainly recorded attenuated
low-amplitude responses.

4.3. Transverse FBG Strain Responses Under Different Loading Cases

Transverse FBG strain responses were analyzed under a total equivalent load of
approximately 490 N to evaluate transverse response redistribution induced by loading-
point arrangement. The central single-point loading position was (60 cm, 25 cm), the
symmetric two-point loading positions were (60 cm, 15 cm) and (60 cm, 35 cm), and the
asymmetric two-point loading positions were (40 cm, 15 cm) and (80 cm, 35 cm). Figure 6
compares the responses of SAT1, SAT2, and SST.

180 , . . 2100 . , . .
=3 —e— Central single-point (490 N) o~ ‘_% —e— Central single-point (490 N)
E’ —=— Symmetric two-point (490 N) ¢ ;’ —=— Symmetric two-point (490 N)
o —o— Asymmetric two-point (490 N) o 1800 o Asymmetric two-point (490 N) ]
'S 120 LSATI-6FBGs | 5 SAT2-6FBGs
= ¢ £ 1500 -
B B
— —
o 1200 .
= g 900 | .
S <}
: : N
[ ° - .
E ol . o o ° ° | 5 600 "
E e l/-/.
é — 8 300} P / . . .
g /.—_’_ Te—
5} (a) — 5} (b) - . o *
= -60 L I = 0 L — L I s
0 20 30 40 0 10 20 30 40
Transverse position (cm) Transverse position (cm)
75 . - . :
= | —@— Central single-point (490 N)
\w/ —=— Symmetric two-point (490 N)
o 60 o Asymmetric two-point (490 N) ]
‘S [SST-6FBGs
5 451 . T
)
£ 30 ¥ -
2 /
5}
Q.
g 15t .
Q
3 —
% 0k o« ® ° 4
s —
bl L]
g-15F .% .
g —
5} (©)
F‘ _30 1 1 1
0 10 20 30 40

Transverse position (cm)

Figure 6. Temperature-compensated strain responses of transverse FBG sensing lines under different
loading cases: (a) SAT1; (b) SAT2; (c) SST.

SAT1 showed a weak response under central single-point loading, with a strain range
of approximately —0.71-8.83 pe. Under symmetric two-point loading, the peak value
increased to 167.44 pe at 28 cm. Under asymmetric two-point loading, the peak value was
171.45 e, also at 28 cm. Thus, SAT1 was sensitive to the transition from single-point loading
to two-point loading, but the difference between symmetric and asymmetric two-point
loading was not pronounced on this sensing line.
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SAT2 displayed a stronger dependence on loading mode and sensing-line location.
Under central single-point loading, the peak value was 229.06 pe near 27.5 cm. Under
symmetric two-point loading, it increased to 657.32 pe near 32.5 cm. Under asymmetric
two-point loading, a high-response zone developed within 17.5-22.5 cm, and the peak value
reached approximately 1699.48 e at 22.5 cm. This high response was mainly associated
with the spatial relationship between SAT2 and the asymmetric loading point at (40 cm,
15 cm), which was close to the front sensing points of SAT2.

The contrast between SAT1 and SAT2 demonstrates the strong influence of sensing-line
location. Under asymmetric two-point loading, the peak value of SAT1 was approximately
171.45 pe, whereas that of SAT2 was approximately 1699.48 (e, nearly one order of mag-
nitude higher. Because the total equivalent load was the same, this difference should be
attributed mainly to the relative spatial relationship between the loading point and the
sensing line rather than to load magnitude.

SST, embedded in the soil base layer, showed much lower transverse responses than
SAT1 and SAT2. Under central single-point loading, its strain range was approximately
—1.25-6.02 pe. The peak value increased to 40.36 e at 23 cm under symmetric two-point
loading and to 61.68 pie at 23 cm under asymmetric two-point loading. These low-amplitude
responses indicate that the transverse loading effect was substantially attenuated after
load transfer to the soil base layer. Therefore, SST is more suitable for characterizing
amplitude attenuation and inter-case variation trends than for interpreting local loading-
point positions.

4.4. Relative Vertical Displacement Curves of Longitudinal Sensing Lines

The longitudinal relative vertical displacement curves were reconstructed from the
temperature-compensated strain responses through strain—curvature conversion, curvature
integration, and linear baseline correction. Downward vertical displacement is defined as
positive. Because linear baseline correction sets the relative values at the two endpoints of
each sensing line to zero, Figure 7 represents the relative vertical displacement within the
sensing-line range, rather than the absolute vertical displacement measured by an external
displacement sensor.

For SAL1, the maximum relative vertical displacement increased from 0.09883 mm
under 98 N to 1.079 mm under 686 N. The peak position shifted from 61.589 cm to 63.579 cm,
and the displacement concentration zone was mainly located within 60-65 cm. This range
is consistent with the high-strain response zone and the central loading coordinate of
x =60 cm. The slight shift in the peak toward 63-64 cm relative to the geometric load-
ing point can be attributed to curvature interpolation, double integration, and linear
baseline correction.

For SAL2, the maximum relative vertical displacement increased from 0.03391 mm to
0.583 mm, with peak positions concentrated near 57-59 cm. Because SAL2 had a transverse
offset of approximately 7 cm from the central loading point, its amplitude was markedly
lower than that of SAL1; under 686 N, the maximum relative vertical displacement of
SAL2 was approximately half that of SAL1. The relative vertical displacement peak of
SAL2 was still within the loading influence range and corresponded to its high-strain
response zone within 57-62 cm.

The soil-base longitudinal sensing lines exhibited low-amplitude relative vertical
displacement responses. For SSL1, the maximum value increased from 0.000448 mm under
98 N to 0.0118 mm under 686 N, with peak positions near 51-53 cm. For SSL2, the maximum
value increased from 0.003039 mm to 0.091087 mm, while the peak position shifted from
59.249 cm to 60.888 cm and remained generally near x = 60 cm. Although SSL2 showed
a clearer response than SSL1, its maximum amplitude remained below 0.1 mm. Overall,
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the longitudinal displacement results transformed the strain response differences into
relative deformation patterns, with higher amplitudes in the asphalt-layer sensing lines
and attenuated responses in the soil-base sensing lines.
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Figure 7. Relative vertical displacement curves of longitudinal sensing lines under central single-point
loading: (a) SAL1; (b) SAL2; (c) SSL1; (d) SSL2.

4.5. Relative Vertical Displacement Curves of Transverse Sensing Lines

The transverse FBG-derived relative vertical displacement curves were used to eval-
uate line-wise deformation patterns under different loading modes with the same total
equivalent load of approximately 490 N. Figure 8 shows the results for SAT1, SAT2, and SST.

For SAT1, the maximum relative vertical displacement under central single-point
loading was 0.003888 mm at 23 cm. Under symmetric two-point loading, the maximum
value increased to 0.055990 mm; under asymmetric two-point loading, it was 0.045787 mm.
In both two-point loading cases, the peak position was located at 23 cm. These results
indicate that two-point loading increased the relative vertical displacement amplitude
of SAT1, but the difference between symmetric and asymmetric two-point loading was
not pronounced.

SAT2 showed a much stronger transverse relative vertical displacement response.
Under central single-point loading, the maximum value was 0.119120 mm at 27.5 cm. Under
symmetric two-point loading, it increased to 0.310970 mm, with the peak remaining at
27.5 cm. Under asymmetric two-point loading, the maximum relative vertical displacement
reached 0.761 mm, and the peak shifted to 22.5 cm. Relatively high amplitudes were
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Figure 8. FBG-derived relative vertical displacement curves of transverse sensing lines under
different loading cases: (a) SAT1; (b) SAT2; (c) SST. The curves are equivalent bending-related relative
deformations and are not direct measurements of densification or shear flow.

The SAT2 displacement results are consistent with the transverse strain results in
Section 4.3: asymmetric loading caused the response to concentrate toward the side close
to the local loading point. The positions of maximum strain and maximum relative vertical
displacement did not completely coincide in all cases, which is expected because the rela-
tive vertical displacement curve was obtained after strain—curvature conversion, curvature
integration, and linear baseline correction. Compared with SAT1, whose maximum rela-
tive vertical displacement under two-point loading was approximately 0.046-0.056 mm,
SAT2 reached 0.761 mm under asymmetric two-point loading. This difference mainly
reflects the relative position between the loading point and the sensing line rather than the
total load.

For SST, the relative vertical displacement amplitude remained much lower than
those of SAT1 and SAT2. The maximum value was 0.000217 mm under central single-
point loading, 0.001023 mm under symmetric two-point loading, and 0.00160 mm under
asymmetric two-point loading. The peak positions under all three loading cases were
located at 23 cm, and the magnitudes remained within 107#~10~3 mm. Thus, SST mainly
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reflects amplitude attenuation and inter-case variation trends after load transfer to the
soil base layer. Its local peak position should not be used as a primary basis for precise
spatial interpretation.

Accordingly, Figure 8 should not be interpreted as direct evidence of either material
densification or shear flow. Demonstrating densification would require volumetric strain or
density measurements, whereas identifying shear flow would require shear-strain, interface-
slip, or full-field displacement measurements; none were acquired. The plotted curve is
reconstructed from axial FBG strain under an equivalent bending assumption. It may
contain the integrated effect of several physical mechanisms, but the present measurement
set cannot separate them.

4.6. Correspondence Between High-Strain Response Zones and FBG-Derived Relative Vertical
Displacement Concentration Zones

Temperature-compensated strain and relative vertical displacement provide two com-
plementary interpretations of the same FBG dataset. The former describes the local me-
chanical response near FBG sensing points, whereas the latter represents the reconstructed
relative deformation pattern along the sensing line after strain-curvature conversion, cur-
vature integration, and linear baseline correction.

Clear spatial correspondence was observed in the asphalt-layer sensing lines. For
SAL1 under 686 N, the maximum temperature-compensated strain was 1459.39 pe at
65 cm, while the maximum relative vertical displacement was 1.079 mm at 63.579 cm; both
were concentrated within 60-65 cm. For SAL2 under 686 N, the maximum temperature-
compensated strain was 793.13 pe at 57 cm, and the maximum relative vertical displacement
was 0.583 mm at 57.602 cm. Under asymmetric two-point loading, SAT2 showed the
most pronounced transverse correspondence: the maximum temperature-compensated
strain was approximately 1699.48 e, and the maximum relative vertical displacement was
0.761 mm, both occurring at 22.5 cm.

In contrast, the soil-base sensing lines mainly reflected low-amplitude responses after
load transfer. SSL1, SSL2, and SST recorded amplitude variations induced by increasing
load or changes in loading mode, but their relative vertical displacement magnitudes
were substantially lower than those of the asphalt-layer sensing lines. In particular, the
maximum relative vertical displacement of SST under asymmetric two-point loading
was only 0.00160 mm, indicating that the transverse loading effect was markedly atten-
uated after being transferred to the soil base layer. Overall, the correspondence between
high-strain response zones and relative vertical displacement concentration zones pro-
vides a baseline reference for analyzing response migration and amplitude changes under
abnormal conditions.

5. Discussion

5.1. Engineering Implications of Quasi-Distributed FBG Sensing for Multilayer
Pavement Monitoring
The results demonstrate the feasibility of using embedded quasi-distributed FBG
sensing lines to characterize internal responses in a multilayer pavement structure un-
der controlled loading conditions. Compared with surface observations, the embedded
sensing-line layout provides internal strain information along predefined longitudinal and
transverse paths, enabling the response characteristics of different structural layers and
sensing-line directions to be compared within the same scaled multilayer pavement model.
The longitudinal sensing lines were effective in capturing load-level effects and longi-
tudinal response concentration under central single-point stepwise loading. The stronger
responses of SAL1 compared with SAL2 show that the measured strain amplitude is
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closely related to the spatial relationship between the loading point and the sensing line.
The transverse sensing lines further revealed response redistribution caused by different
loading-point arrangements. In particular, SAT2 was sensitive to the eccentric loading
effect under asymmetric two-point loading, whereas SAT1 showed a weaker difference
between symmetric and asymmetric two-point loading. These results indicate that both
sensing-line direction and sensing-line location should be considered when interpreting
FBG monitoring data in pavement structures.

The comparison between the asphalt concrete surface layer and the soil base layer pro-
vides insight into layer-dependent load transfer. The asphalt-layer sensing lines recorded
higher response amplitudes and clearer response concentration, while the soil-base sens-
ing lines mainly reflected low-amplitude responses after load diffusion and attenuation
through the upper layers. This difference is consistent with the mechanical role of the
asphalt concrete surface layer as the upper load-bearing layer and the soil base layer as
the lower supporting layer. Therefore, embedded quasi-distributed FBG sensing lines
can extend pavement monitoring from surface condition observation to internal response
characterization along sensing paths.

Compared with previous pavement-monitoring studies based on local FBG
measurements [10,14] or distributed strain sensing [17], the present study provides syn-
chronized comparisons between longitudinal and transverse sensing lines embedded in
the upper and lower pavement layers. Its contribution lies in resolving layer-dependent
attenuation, directional differences, and loading-path migration within the same controlled
model, together with line-wise relative-deformation reconstruction from quasi-discrete
measurements. Because sensing configurations and strain-transfer conditions differ among
studies [21,23], the measured amplitudes and attenuation relationships identified here
are treated as model-specific intact-state baselines rather than universal values directly
applicable to field pavements.

The monitoring information obtained in this study is line-based rather than full-field.
The response interpretation depends on the location, direction, and embedding condition
of each sensing line. Thus, the results should be regarded as baseline responses under
controlled loading conditions, providing comparative data for future studies involving
abnormal conditions such as local voids, base weakening, and crack simulation.

5.2. Significance of Relative Vertical Displacement Reconstruction Along Sensing Lines

Temperature-compensated strain describes the local mechanical response near indi-
vidual FBG sensing points. However, local strain peaks alone cannot fully describe the
range and morphology of relative deformation concentration along a sensing line. By
converting temperature-compensated strain into equivalent curvature and then applying
curvature integration and linear baseline correction, the discrete strain responses were
further transformed into relative vertical displacement curves along the sensing lines.

The reconstructed relative vertical displacement provides an integrated representation
of relative deformation within the sensing-line range. The quantity w.(x) represents
the relative vertical displacement with respect to the line connecting the two endpoints
of the sensing line after linear baseline correction. It should therefore be interpreted
as an FBG-derived line-wise relative deformation measure along the FBG sensing line,
rather than the absolute vertical displacement measured by an external displacement
sensor. This distinction is important because curvature integration and endpoint correction
remove rigid-body translation and linear inclination components but do not provide an
independent measurement of absolute displacement.

The relative vertical displacement curves complement the temperature-compensated
strain results. High-strain response zones describe local mechanical concentration near
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FBG sensing points, whereas relative vertical displacement concentration zones describe
the spatial range of reconstructed relative deformation. In the asphalt concrete surface
layer, the spatial correspondence between these two response types indicates that the
reconstructed curves retained the main features of the loading influence zone. In the soil
base layer, the low-amplitude relative vertical displacement curves reflected attenuation
after downward load transfer and are more suitable for evaluating amplitude trends and
inter-case differences than for interpreting local peak positions.

From an engineering perspective, the FBG-derived line-wise relative vertical displace-
ment profiles provide a consistent basis for comparing spatial response migration and
amplitude variation across load levels, loading paths, and sensing-line locations. The
intact-state profiles established here may serve as reference baselines for future controlled
comparisons with abnormal or damaged states; they are not, by themselves, diagnostic
criteria or anomaly-detection thresholds.

5.3. Limitations and Future Work

Several limitations should be considered. First, the laboratory model was scaled geo-
metrically, but a complete similitude law for aggregate size, viscoelastic time-temperature
behavior, tire-contact footprint, layer stiffness ratios, interface behavior, and load magni-
tude was not imposed. The steel side plates also create boundary restraint that is stronger
and closer to the loading region than in a field pavement. Therefore, measured strain
and reconstructed-displacement amplitudes must not be extrapolated directly to full scale.
The transferable findings are limited to qualitative within-model trends such as layer
attenuation, load-level dependence, and response migration with loading position.

Second, the measurements are line-based rather than full-field. The layout was selected
for the prescribed loading comparisons and was not optimized by prior simulation. In
particular, the single SST line provides only one lower-layer transverse reference and
cannot establish the complete transverse soil-base field. Future layout design should be
supported by numerical influence-field analysis and additional transverse lines before
spatial localization is attempted.

Third, temperature compensation used the pre-loading and loading stable segments
rather than independent temperature measurements at every embedded grating. Residual
local thermal differences may therefore influence low-amplitude zones, especially in the
soil base and far from the load. Additional embedded reference gratings or multi-point
temperature measurements are needed for low-amplitude field applications.

Fourth, representative rather than experimentally measured elastic moduli were used
for neutral-axis calculation. Table 4 quantifies the resulting scale sensitivity, but it does not
replace material calibration. The reconstruction also depends on a linear through-thickness
strain field, equivalent bending, interpolation, double integration, and endpoint correction.
No independent LVDT or DIC measurement was available, so the resulting curves are not
validated absolute displacements and should be used only for relative comparisons within
the sensing-line range.

Future work will combine calibrated material properties, numerical modelling, si-
multaneous LVDT or DIC measurements, repeated loading, and full-scale or field-scale
tests. Local voids, base weakening, and pre-induced cracks will be introduced only in
those future experiments and compared with the intact baseline established here. Because
no abnormal-condition case was tested in the present study, no void- or crack-detection
capability is claimed.
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6. Conclusions

In this study, a scaled multilayer pavement model instrumented with embedded quasi-
distributed FBG sensing lines was tested under central single-point stepwise loading, sym-
metric two-point loading, and asymmetric two-point loading. Temperature-compensated
strain responses and relative vertical displacement curves along sensing lines were obtained
and analyzed. The following conclusions can be drawn.

(1) The ambient temperature ranged from 22.70 to 23.40 °C during loading, with a
maximum temperature difference of 0.70 °C. The maximum relative shift of the T-
sensor was 0.008297 nm, and the mean standard deviation of stable segments was
0.000929 nm. These results indicate that the temperature variation and reference wave-
length drift remained limited during the tests, supporting temperature compensation
and stability assessment.

(2) Under central single-point stepwise loading, the longitudinal sensing lines in the
asphalt concrete surface layer showed clear load-level effects. SAL1, which was
close to or passed through the central loading line, exhibited the strongest response
and reached 1459.39 pe under 686 N. SAL2 reached 793.13 pe under the same load
level. The soil-base sensing lines showed lower response amplitudes, reflecting load
diffusion and attenuation during downward load transfer.

(3 Under a total equivalent load of approximately 490 N, the transverse strain re-
sponses were strongly affected by loading-point arrangement and sensing-line lo-
cation. SAT2 showed the strongest response under asymmetric two-point loading,
with a maximum temperature-compensated strain of approximately 1699.48 pe. In
contrast, SAT1 and SST recorded much lower responses, indicating that eccentric
loading mainly affected the sensing line close to the local loading point and that the
response was markedly attenuated after transfer to the soil base layer.

(4) Relative vertical displacement curves were reconstructed through strain—curvature
conversion, curvature integration, and linear baseline correction. Under 686 N, the
maximum relative vertical displacement reached 1.079 mm for SAL1 and 0.583 mm
for SAL2. Under asymmetric two-point loading, SAT2 reached 0.761 mm. The relative
vertical displacement amplitudes of the soil-base sensing lines were substantially
lower, with SST reaching only 0.00160 mm under asymmetric two-point loading.

(5) High-strain response zones and FBG-derived relative vertical displacement concen-
tration zones showed spatial correspondence in the asphalt-layer sensing lines. For
example, the main response zone of SAL1 was concentrated within 60-65 cm, and
SAT2 showed both its maximum strain response and maximum reconstructed relative
displacement at 22.5 cm under asymmetric loading. This agreement supports the use
of the curves as within-study relative deformation measures, but it is not a substitute
for independent displacement validation. The present intact-condition results provide
a baseline for future abnormal-condition experiments; void, base-weakening, and
crack-detection capabilities were not tested or demonstrated here.
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