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Abstract

This paper investigates the impact of pavement temperature on deflection measurements from embedded geophones and
accelerometers under real-world heavy-vehicle traffic on the E16 motorway in Borlédnge, Sweden. Heavy-vehicle passages were
analyzed, covering a wide range of axle configurations, gross vehicle weights, speeds, and pavement temperatures from about 1 °C
to more than 24 °C. Processed vibration velocity and acceleration signals were used to derive load-normalized surface deflections,
which were related to near-surface pavement temperature using statistical and regression analyses. Linear and exponential
temperature—deflection models were calibrated to normalize deflections to a data-driven reference temperature of +8 °C. Both
models significantly reduced temperature-induced variability, with the exponential formulation providing the most reliable
correction, consistent with the nonlinear stiffness—temperature behavior of asphalt concrete. Temperature-corrected deflections
showed markedly improved agreement with multilayer elastic responses computed using ERAPave, with coefficients of
determination up to 0.86 and normalized RMSE values near 12—17%. The results demonstrate that embedded geophones and
accelerometers, when combined with appropriate temperature-normalization models, can provide accurate, traffic-speed, and year-
round pavement deflection monitoring in cold and seasonally variable climates.
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1. Introduction

Continuous measurement of pavement surface deflection under moving traffic is an important component of
pavement performance assessment and pavement response monitoring (PRM). Conventional techniques, including
Falling Weight Deflectometers (FWD), Heavy Weight Deflectometers (HWD), Traffic Speed Deflectometers (TSD),
and instrumented vehicles, provide valuable structural information but are constrained by high operational costs,
logistical requirements, and limited measurement frequency. These limitations restrict their applicability for
continuous monitoring on high-volume road networks. As a result, recent studies have investigated cost-effective
embedded sensors, such as geophones and accelerometers, for capturing pavement deflection under real traffic
conditions (Arbabpour Bidgoli and Erlingsson, 2025; Bahrani et al., 2020; Leiva-Padilla et al., 2025). While these
approaches enable continuous data collection with minimal traffic disruption, most reported applications remain
limited to mild climates and short monitoring periods. Consequently, the influence of environmental variability,
particularly pavement temperature, on sensor-derived deflection measurements is not yet fully investigated. In cold
and seasonally variable climates, temperature-driven changes in asphalt stiffness significantly affect pavement
response and the signals recorded by embedded sensors (Saliko et al., 2023). Addressing this gap, the present study
evaluates pavement deflection measurements from co-located geophones and accelerometers installed on the cold-
climate E16 motorway in Borldnge, Sweden, with a focus on quantifying temperature and seasonal effects and
assessing the suitability of embedded sensors for reliable, year-round pavement deflection monitoring.

2. Research background and gap

Deflection-based measurements from FWD, HWD, and TSD are well established for pavement evaluation, as
surface deflections provide key information on pavement stiffness and structural bearing capacity (Hamidi et al., 2023;
Katicha et al., 2022). For asphalt pavements, temperature correction of FWD deflections and back-calculated moduli
is standard practice, with empirical and semi-mechanistic models widely used to normalize measurements to a
reference temperature (Hu et al., 2022; Kim et al., 1995; Pais et al., 2018). Similar studies for TSD indicate that
pavement temperature often dominates speed effects, making robust temperature normalization essential for long-
term monitoring and design calibration (Hamidi et al., 2023; Katicha et al., 2022).

In parallel, PRM using embedded sensors has gained attention as a complement to periodic surveys. Instrumented
pavement sections equipped with strain gauges, pressure cells, fibre-optic sensors, and thermistors have been used to
study fatigue, rutting, and seasonal stiffness variations under real traffic (Barbieri and Lou, 2024; Karimi and Mallick,
2023). These systems provide continuous data but are highly sensitive to environmental effects, particularly
temperature and moisture, which can dominate apparent response changes if not properly accounted for (National
Academies of Sciences and Medicine, 2024).

More recently, embedded vibration sensors such as geophones and accelerometers have been proposed as a low-
cost alternative for deriving deflection responses under moving traffic (Arbabpour Bidgoli and Erlingsson, 2025;
Bahrani et al., 2020; Leiva-Padilla et al., 2025). While previous studies demonstrate reasonable agreement with elastic
models and FWD measurements, most applications have been short-term or conducted in mild climates. Systematic
evaluation of temperature effects and comparative performance of geophones and accelerometers under identical cold-
climate field conditions remains limited. This gap motivates the present study, which develops and evaluates
temperature correction models for embedded-sensor-based deflection monitoring for the cold-climate regions.

3. Methodology
3.1. Instrumentation and data collection
Field measurements were conducted on the E16 Motorway in Borlidnge, Sweden, using an integrated in-situ sensor

system embedded in the right wheel path. The sensor setup, which forms part of a broader site instrumentation,
includes geophones, accelerometers, and thermistors installed at different depths to monitor pavement response and
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temperature. Fig. 1 illustrates the sensor layout, while Table 1 summarizes the pavement layer properties, with stiffness
values derived from back-calculated FWD results reported by Salour and Erlingsson (2013).

At the measurement site, two sets of five GS-One LF geophones were embedded at a depth of 7.0 cm, and two sets
of three Silicon Designs 2210-002 accelerometers were installed at 2.5 cm, with a lateral offset of 15 cm to capture
the wheel-path response. Near-surface pavement temperature was monitored using thermocouples installed at depths
of 4, 8, and 14 cm, together with a nearby air-temperature probe; the pavement temperature (T') used in the analysis is
defined as the mean of the three thermocouple readings (°C). Geophones recorded vibration velocity and
accelerometers recorded acceleration, both sampled at 1000 Hz.

Two datasets were analyzed: eight heavy-vehicle passages recorded in November 2024 under cold conditions (air
temperature 2.1-5.5 °C) and eight passages recorded in May 2025 under warmer conditions (air temperature 9.8—
22.5 °C), providing a wide temperature range. Vehicle characteristics and axle loads were obtained from an upstream
weigh-in-motion (WIM) station, with right-side axle loads used due to the sensor placement. The selected cases cover
axle counts from 2 to 9, gross vehicle weights from 3.5 to 100 tons, and speeds between 76 and 93 km/h, while sharing
a consistent pavement structure.
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Fig. 1. Sensor setup installed on the E16 motorway in Borlédnge, Sweden.

Table 1. Pavement layer properties.

Layers Material Thickness (cm) E-Modulus (MPa) in E-Modulus (MPa) in Poisson’s ratio
May Nov. ()
1 Surface course 4.0 2500 9000 0.35
2 Binder course 5.5 2500 9000 0.35
3 Road base 6.5 2500 9000 0.35
4 Unbound base 8.0 350 400 0.35
5 Subbase 42.0 270 300 0.35
6 Protection layer ~ 45.0 250 250 0.35
7 Subgrade --- 120 120 0.35
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3.2. Data analysis

The raw velocity and acceleration signals recorded by the embedded sensors were converted into pavement
deflection measurements using a structured signal-processing workflow, following established methods (Arbabpour
Bidgoli and Erlingsson, 2025; Bahrani et al., 2020; Leiva-Padilla et al., 2025). Continuous sensor recordings were
preprocessed using bandpass filtering and sensor-specific transfer functions to account for mechanical and electrical
characteristics. Velocity and acceleration signals were then amplified and integrated to displacement and processed
using the Hilbert transform to extract surface deflections corresponding to individual axle passages. Here, “deflection”
refers to the vertical pavement displacement at the sensor location near the pavement surface.

Fig. 2 shows processed deflection envelopes for two representative six-axle vehicle cases recorded in November
2024 and May 2025 (gross weights ~ 500 kN, speeds ~ 85 km/h). The figure compares averaged geophone and
accelerometer responses and illustrates differences in deflection amplitude and shape under contrasting pavement
temperature conditions.
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Fig. 2. Deflection measurements for two representative six-axle vehicle cases: (a) geophone; (b) accelerometer measurements for Case 1 in
November 2024, and (c) geophone; (d) accelerometer measurements for Case 2 in May 2025.

After obtaining the deflection measurements through the signal-processing chain, the next step was to evaluate how
pavement surface temperatures influence these measurements. Correlation analysis (Pearson and Spearman) was
performed to quantify the relation between normalized deflection and pavement temperature, followed by a one-way
ANOVA applied to temperature bins (<10 °C, 10-18 °C, >18 °C) to test the null hypothesis of no significant
differences in deflection across thermal regimes. For each case, a load-normalized surface deflection (d,,y,) Was
computed by dividing the peak surface deflection by the corresponding right-side axle load (mm/kN). To model the
temperature dependence, both linear regression and nonlinear exponential models were employed. The linear
formulation,

dnurm = ﬁO + ﬁlT (1)

provides a straightforward statistical representation, whereas the exponential formulation,

dnurm = ﬁO . exp(ﬁlT) (2)
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was included because the asphalt layer exhibits fundamentally nonlinear temperature-dependent behavior and,
therefore, a nonlinear formulation may better capture the physical response of the material.

To enable consistent comparison across cases collected at different temperatures, a data-driven reference
temperature was defined. The annual mean near-surface pavement temperature at the project site, approximately +8 °C
based on thermistor measurements at depths of 4, 8, and 14 cm over a full year (June 2024 to May 2025), was used as
the reference temperature (T,.s = T). For each vehicle passage, the measured load-normalized deflection was adjusted
to this reference temperature using the model parameters from equations (1) and (2), thereby removing the model-
predicted temperature effect and yielding temperature-normalized deflection values. The linear temperature-correction
expression is

dcorr = dnorm - ﬁl (T - Tref) (3)

while the exponential correction is given by

deorr = Doy - €xp (By (T, —T)) )

where, d, .. 1s the peak load-normalized surface deflection (mm/kN), d.,, is the temperature-corrected load-
normalized surface deflection (mm/kN), T is the case-specific near-surface temperature averaged over depths of 4, 8,
and 14 cm (°C), T,.ris the reference temperature (°C) and S, and f3; are the regression model parameters.

To evaluate the accuracy of the temperature-correction models, temperature-normalized deflections were compared
with deflections computed using the Multilayer Elastic Response Analysis of Pavements (ERAPave) software
(Erlingsson and Ahmed, 2013). Fig. 3 illustrates this comparison for two representative cases. ERAPave was selected
as the reference model because traffic-speed loading produces very short load durations, under which the pavement
response is predominantly elastic and well represented by an elastic multilayer formulation.

The short load duration was interpreted using an effective loading time based on vehicle speed, corresponding to a
high and approximately constant effective frequency across all cases. Accordingly, asphalt-layer stiffness and
unbound-layer moduli were adjusted for temperature and moisture following Salour and Erlingsson (2013), with the
adjustment considered valid for comparable loading conditions (average speed ~ 85 km/h and effective loading length
~ 0.20 m). Frequency-related effects were therefore treated as secondary and assumed to be comparable between
cases. Note that frequency is not an explicit ERAPave input and is used only to justify that traffic-speed loading is
short and comparable across cases.
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Fig. 3. Deflection comparison between ERAPave calculation and sensor-based measurements: (a) Case 1 in November 2024; (b) Case 2 in May
2025 (agreement is based on deflections corresponding to the near-surface sensor location).
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4. Results
4.1. Temperature effects on deflection

Statistical analyses were performed to quantify the influence of seasonal temperature variation on pavement
deflections measured by embedded geophones and accelerometers. As summarized in Table 2, both sensor types
showed statistically significant relationships between normalized deflection and pavement temperature. Pearson and
Spearman correlations indicated consistently strong negative associations (Pearson: r = —0.83 to —0.85; Spearman:
p =—0.79 to —0.88; p < 0.001). Because downward deflections are defined as negative, increasing temperature
corresponds to larger deflection magnitudes, reflecting reduced pavement stiffness at elevated temperatures.

Temperature effects were further confirmed by one-way ANOVA across three temperature ranges (<10 °C, 10-18
°C, >18 °C), which revealed significant differences for both accelerometers (F(2,85) = 95.93, n? = 0.69) and
geophones (F(2,85) = 87.77, n? = 0.67). Deflections increased systematically with temperature for both sensor
types, and seasonal comparisons showed the same trend. Overall, these results demonstrate that pavement temperature
is the dominant environmental factor affecting embedded-sensor deflection measurements, underscoring the need for
temperature correction in continuous pavement deflection monitoring.

Table 2. Summary of correlation and ANOVA results for temperature effects on normalized deflection.

Mean near-surface pavement temperature

Pearson (r)  Spearman (p) ANOVA (F-value)  Sign. (P-value) Effect size 7?) N
Normalized  Geophones -0.83 -0.79 87.77 <0.001 0.67 88
deflection A celerometers  -0.85 -0.88 95.93 <0.001 0.69 88

4.2. Temperature—deflection modelling

Normalized deflections from sensors were analyzed against near-surface pavement temperature using linear and
exponential regression models to quantify temperature sensitivity and develop correction functions. Linear models
were fitted to signed deflections, while exponential models were applied to absolute magnitudes. The resulting model
parameters (8, and B;), coefficients of determination (R?), and 95 % confidence intervals (CI) are presented in
Table 3. Both formulations provided robust fits (R? = 0.68 — 0.76), with statistically significant temperature
coefficients whose confidence intervals excluded zero. The negative linear and positive exponential coefficients
confirm increasing deflection magnitude with temperature. After correction, residual deflection—temperature slopes
were effectively zero, indicating successful removal of thermal trends. All deflections were subsequently normalized
to a reference temperature of +8 °C for comparison with elastic multilayer calculations.

Table 3. Results of temperature-corrected deflection models for geophone and accelerometer measurements.

Geophones Accelerometers

Bo [95 % CI] By [95 % CI] R? Bo [95 % CI] By [95 % CI] R?
Linear regression —7.00-10 -4.16-10°¢ 0.689 -6.99-10 —5.65-10¢ 0.725

[-7.92:1075, - [-4.76:107¢, — [-8.15:1075, — [-6.40-107¢, —

6.08:107°] 3.56:107] 5.85:107%] 4.91-107¢]
Exponential 7.07-10° 3.61-102 0.685 7.19-10 4.36-1072 0.757
model* s > s —2

[6.52:107, [3.09-102, [6.64-107, [3.84:102,

7.66:107°] 4.14x1072] 7.81:107°] 4.89x1072]

*Note: R? for the exponential model is computed in log-space for log|dpoem|-
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4.3. Agreement and accuracy

The temperature-normalized deflections were compared with ERAPave-calculated peak deflections to evaluate
how temperature correction affects agreement between field measurements and mechanistic predictions. Agreement
was assessed using the coefficient of determination (R?) and error metrics including the mean absolute error (MAE),
root mean square error (RMSE), and normalized RMSE (NRMSE), based on peak deflections at the near-surface
sensor location. ERAPave analyses incorporated seasonally adjusted asphalt-layer stiffness, with traffic-speed loading
interpreted as short-duration and comparable across cases.

Three conditions were examined for each sensor type: no temperature correction, linear correction, and exponential
correction. Fig. 4 presents the corresponding comparisons, and Table 4 summarizes the accuracy metrics. For
geophones, uncorrected deflections showed reasonable baseline agreement with ERAPave, with an R? value of 0.75
(Fig. 4a). Linear correction slightly reduced agreement (Fig. 4b), indicating that a purely linear formulation does not
fully capture the nonlinear temperature dependence of asphalt stiffness. Exponential correction produced the strongest
agreement, with an R? value of 0.86 (Fig. 4c), confirming that deflection amplitude scales multiplicatively with
temperature. Accelerometer-based deflections exhibited the same overall trend, with slightly lower baseline agreement
but similarly improved agreement after exponential temperature correction.

The error metrics in Table 4 reinforce these trends. For geophones, NRMSE decreased from 37.7 % (uncorrected)
to 18.3% with linear correction and 12.2 % with exponential correction. For accelerometers, NRMSE decreased from
51.5% to 25.1 % and 16.7 %, respectively, with similar reductions observed in MAE and RMSE. These results
demonstrate that temperature normalization, particularly using the exponential model, substantially improves the
accuracy and consistency of embedded-sensor deflection measurements relative to elastic multilayer calculations.
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Table 4. Accuracy metrics for sensor-measured deflections with and without temperature correction.

Geophone Accelerometers

MAE (mm) RMSE (mm) NRMSE (%) MAE(mm) RMSE (mm) NRMSE (%)

No correction 0.15 0.23 37.72 0.21 0.32 51.49
Linear correction 0.09 0.11 18.31 0.13 0.15 25.14
Exponential correction 0.06 0.08 12.20 0.08 0.10 16.72

5. Discussion

This study demonstrates that embedded geophones and accelerometers can successfully measure pavement
deflections under moving heavy vehicles, but their outputs are strongly influenced by pavement temperature.
Statistical analyses show that temperature explained most of the variation in normalized deflections, with warmer
pavement producing larger responses due to the softening of asphalt layers. This confirms that temperature is the
dominant environmental factor affecting embedded-sensor measurements in cold and seasonally variable climates.

The temperature—deflection modelling further clarifies this relationship. Both linear and exponential models
provided stable representations of temperature effects, with the exponential form performing best across the full range
of operating temperatures. This improved performance is consistent with the inherently nonlinear temperature
sensitivity of asphalt stiffness (National Academies of Sciences and Medicine, 2024). After applying the exponential
correction, residual temperature trends were effectively eliminated, and the corrected deflections aligned more closely
with elastic multilayer calculations from ERAPave. Because the vehicle loads acted at high speeds, the pavement
responded primarily elastically, making ERAPave an appropriate mechanistic reference.

From a physical and signal-processing perspective, the results show that temperature affects the mechanical
response of the pavement, not the electrical sensitivity of the sensors. Asphalt modulus, damping, and pulse shape all
vary with temperature, while sensor amplification factors remain constant and must not be altered to compensate for
environmental changes. These findings suggest clear directions for future developments, including analyzing
temperature-dependent curvature outside the peak deflection region and examining dominant-frequency shifts as
potential indicators of thermal softening. Such insights may support the creation of adaptive filtering and temperature-
aware signal-processing frameworks for next-generation monitoring systems.

6. Conclusion

This study investigated how pavement temperature affects deflection measurements obtained from embedded
geophones and accelerometers installed on the E16 motorway in Borlinge, Sweden, a cold-climate region. The
analysis included heavy vehicles with axle counts from 2 to 9, gross vehicle weights between 3.5 and 100 tons, and
speeds ranging from 76 to 93 km/h, under near-surface pavement temperatures from about 1 °C to over 24 °C. Across
all operating conditions, pavement temperature was found to exert a strong and systematic influence on measured
deflections, demonstrating the need for explicit temperature correction in continuous pavement deflection monitoring.

To address this effect, linear and exponential temperature—deflection models were developed to normalize sensor-
based deflections to a reference temperature. Both models reduced temperature-driven variability, while the
exponential formulation provided the most consistent performance, reflecting the nonlinear temperature sensitivity of
asphalt stiffness. The exponential model achieved R? values of 0.86 for geophone measurements and 0.78 for
accelerometer measurements and improved agreement with ERAPave elastic multilayer calculations, reducing
normalized RMSE to 12.2 % and 16.7 %, respectively. After correction, the embedded-sensor deflections exhibited
stable and physically interpretable responses suitable for year-round monitoring under real traffic conditions.
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Overall, this study provides one of the first field-validated assessments of how mean near-surface pavement
temperature influences pavement deflections measured by permanently embedded, low-cost geophones and
accelerometers under real heavy-vehicle loading in a cold-climate region. The findings establish a practical framework
for environmental normalization of embedded-sensor data and support the development of climate-responsive
pavement deflection monitoring systems for long-term performance assessment. Future work should extend the
monitoring period, consider additional environmental variables such as moisture, and explore integration with
viscoelastic or temperature-dependent mechanistic models to further improve accuracy and interpretability.
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