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Abstract

To overcome the limitations of conventional methods, this study developed a novel aerial-
ground collaborative framework for multi-dimensional quality assessment of asphalt
pavement. The quality inspection of asphalt pavement in the whole construction process is
realized. Multiple non-destructive testing (NDT) techniques were integrated, including
drone-based infrared thermography, ground-penetrating radar (GPR), and a nuclear-free
density gauge. Results showed a strong correlation (R2 > 0.95) between the radar-derived
dielectric constant and core samples, enabling rapid, full-coverage characterization. The
density gauge achieved less than 3% error. Furthermore, a compactness prediction model
based on the dielectric constant and an air void content evaluation model based on tem-
perature parameters are further constructed. This system enables aerial screening, point
verification, and ground diagnosis, significantly enhancing inspection efficiency and com-
prehensiveness.

Keywords: asphalt pavement; construction quality monitoring; UAV-based infrared ther-
mography; 3D ground-penetrating radar (GPR); non-nuclear density meter;
non-destructive monitoring

1. Introduction
Despite China’s rapid development of the world’s largest expressway network, ensur-

ing the long-term service quality of asphalt pavements remains a significant challenge. The
prevailing quality inspection methodology predominantly relies on discrete, destructive,
and offline techniques, such as core sampling and manual spot measurements [1]. These
conventional approaches are inherently incapable of supporting real-time, multi-parametric
quality monitoring during construction, leading to fragmented data, potential structural
damage from coring, and an incomplete picture of overall construction quality [2]. Con-
sequently, a paradigm shift towards a rapid, non-destructive, and integrated evaluation
framework is urgently required for comprehensive lifecycle quality management.

To overcome the limitations of purely destructive methods, a suite of ground-based
non-destructive testing (NDT) techniques has been developed and investigated. These
methods can be broadly categorized into two groups based on their measurement princi-
ples:

Electromagnetic Property-based Methods: Techniques such as Ground-Penetrating
Radar (GPR) and Non-Nuclear Density Gauges (NDG) infer key pavement properties like
density and air voids by analyzing the material’s electromagnetic response. For instance,
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GPR has been used to establish prediction models for dielectric constant and air void
content [3,4], while NDGs offer a safer and more efficient alternative to nuclear gauges for
point-wise density estimation [5,6].

Other Physical Property-based Methods: This category includes tools like the Near-
Infrared Depth Gauge and infrared thermography, which have shown varying degrees of
correlation with pavement density [3].

While these ground-based NDT methods represent a significant advancement, they
possess inherent limitations. GPR surveys are often constrained by operational logistics,
leading to limited spatial continuity and coverage [7]. More critically, devices like NDGs
provide only discrete point measurements, resulting in data sparsity that is inadequate for
capturing the spatial variability of quality across the entire pavement [8]. Thus, while valu-
able for localized assessment, ground-based methods struggle to provide a comprehensive,
high-resolution evaluation of construction quality.

The advent of Unmanned Aerial Vehicles (UAVs) has opened new frontiers for aerial
remote sensing in infrastructure inspection. UAVs offer unparalleled mobility and the
capability for large-area, non-contact data acquisition, significantly enhancing operational
safety and efficiency [9,10]. A prominent application is UAV-based Infrared Thermography
(UAV-IR),which has been successfully deployed for assessing the compaction uniformity of
asphalt pavements by analyzing the surface temperature field [11,12]. The integration of
machine learning further expands the potential for automated analysis [9].

However, aerial inspection techniques are not without their constraints. The accuracy
of UAV-IR is highly dependent on environmental conditions, such as ambient temperature,
solar radiation, and wind, requiring strict stability conditions for reliable data [11]. Further-
more, challenges like UAV platform vibrations, optimal sensor-to-target distance, and the
inability to perform direct physical measurements limit the standalone reliability of these
methods for quantitative property prediction [10].

Recognizing the complementary strengths and weaknesses of ground and aerial
methods, recent research has begun to explore integrated approaches. For example, some
studies have suggested combining UAVs with other sensing modalities to compensate for
individual limitations [10,13]. The core idea is to leverage the high-resolution, quantitative
but spatially discrete data from ground-based NDT with the extensive, continuous but
indirect coverage from aerial sensing.

However, current technical approaches still exhibit notable limitations. There remains
a gap in a tightly coupled aerial-ground collaborative framework that moves beyond
simple data fusion to establish quantitative, predictive relationships between the data
domains. Specifically, a system that can translate efficient aerial data into critical ground-
truth parameters for real-time, full-coverage quality inspection is still lacking [14].

Therefore, building upon the characteristics of various NDT technologies, this study
proposes an integrated Aerial-Ground Collaborative framework for asphalt pavement
quality inspection. The core contributions are:

By synergistically integrating ground-based 3D Ground Penetrating Radar (GPR) and
Non-Nuclear Density Gauge (NDG) with aerial Unmanned Aerial Vehicle-based Infrared
Thermography (UAV-IR), this study establishes a comprehensive framework for asphalt
pavement quality assessment. The ground-based module enables robust prediction of key
parameters including dielectric constant and air void content through systematic calibration
and modeling. Simultaneously, the aerial module captures spatiotemporal temperature
fields during paving operations with high efficiency and coverage. The core innovation lies
in developing dual-parameter prediction models that establish quantitative correlations be-
tween aerial thermal data and ground-truth measurements, effectively translating infrared
temperature variations into engineering insights for compaction quality. This integrated
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approach forms a closed-loop inspection system that evaluates compaction uniformity
through non-destructive means, achieving multidimensional quality monitoring through-
out the construction process. The proposed system demonstrates significant advantages
over conventional methods by substantially improving detection accuracy from 82% to
96%, reducing inspection time by approximately 65%, and achieving full-area coverage
compared to traditional spot-checking approaches, thereby effectively addressing critical
gaps in current pavement quality control practices.

2. Methods
2.1. UAV-Based Infrared Thermography

In this study, the temperature field during asphalt pavement construction was mon-
itored using a DJI Matrice 300 RTK unmanned aerial vehicle (UAV) equipped with
a Zenmuse H20T infrared thermal camera. This UAV is designed and manufactured by
Shenzhen DJI Innovation Technology Co., Ltd., and its headquarters is located in Shenzhen,
Guangdong Province, China. The Zenmuse H20T is manufactured by SZ DJI Technology
Co., Ltd., with its headquarters located in Shenzhen, Guangdong Province, China. The
processed thermal imagery provides a resolution of 1280 × 1024 pixels and a temperature
measurement accuracy of ±2 ◦C. The integrated professional analysis software supports
real-time visualization of the temperature field, enabling rapid identification of tempera-
ture anomalies with an inspection efficiency of 20,000 m2/h. This technology allows for
non-contact, large-area monitoring (with a single measurement swath of up to 10 m) and
offers excellent spatial continuity of temperature data, accurately reflecting temperature
distribution gradients. Furthermore, the inspection process does not interfere with nor-
mal construction operations, making it particularly suitable for real-time quality control
during asphalt paving and compaction [15]. Results demonstrate that the temperature
data acquired by the system exhibit a correlation coefficient of 0.98 with actual pavement
temperatures, providing reliable technical support for construction quality control. At
the same time, compared with other traditional detection approaches, UAV infrared tech-
nology has the advantages of fast, wide detection range and high safety. The basic principle
is illustrated in Figure 1.

Figure 1. Basic principle diagram of infrared thermal imager temperature measurement.

2.2. Non-Nuclear Density Gauge

The annular antenna at the base of the non-nuclear density gauge emits electromag-
netic waves. As these waves propagate through the asphalt mixture, variations in the
material’s dielectric properties alter the wave propagation parameters, such as velocity
and direction. These alterations are detected by the receiving antenna. By analyzing the
signal differences and incorporating parameters like the composite resistivity and dielectric
constant of the material, the density of the asphalt concrete is calculated using built-in
algorithms. The core principle of this technology lies in quantifying the changes in electric
field intensity induced by the dielectric material through its dielectric constant, thereby
enabling non-destructive density measurement. This method avoids the destructive nature
of traditional core sampling and provides an efficient and convenient technical means for
quality control in pavement construction [16]. The PQI380 is a new-generation non-nuclear
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asphalt density tester manufactured by TransTech Systems, New York, NY, USA, designed
for rapid measurement of asphalt pavement density and compaction level, making it
suitable for on-site construction quality control. The display is shown in Figure 2.

 
Figure 2. PQI380 type coreless densitometer measurement.

2.3. Ground Penetrating Radar (GPR) Technology

The reflection amplitude of electromagnetic waves at structural layer interfaces is
influenced by the material properties. By treating the surface layer as a homogeneous
medium and applying electromagnetic mixing theory, the dielectric constant of the pave-
ment structural layer can be estimated. Based on the dielectric properties of the constituent
materials, the dielectric constant of the mixture is calculated. Utilizing the computed di-
electric constant and the time difference between the peaks and amplitudes of the reflected
waves, the pavement thickness and internal structural characteristics can be determined, as
illustrated in Figure 3. The specific calculation formula is provided in Equation (1).

Figure 3. Basic working principle of 3D ground-penetrating radar.

h1 =

√
(vt1)

2 − l2

2
(1)

In the equation, h1 represents the depth (m); l denotes the distance between the
transmitting and receiving antennas (m); v is the wave velocity in the medium (s/m); and
t stands for the two-way travel time (s).
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In general, for air-coupled antennas, the distance between the transmitting and re-
ceiving antennas is very small and can be considered as co-located. Since this distance is
significantly smaller than the depth of the target defect, the calculation formula for asphalt
pavement thickness can be simplified as:

h2 =

√
(vt2)2

2
(2)

During the detection process, a three-dimensional ground-penetrating radar (3D GPR)
system equipped with air-coupled antennas was employed. The 3D ground penetrating
radar supplier ‘Jinan Euro-American Geodetic Instrument Technology Co., Ltd.’ is a
branch of ‘Euro-American Geodetic Instrument China Co., Ltd.’ in Jinan, Shandong.
The company is an important partner of the internationally renowned three-dimensional
ground penetrating radar brand ‘3D-Radar’ in China, and has long been committed to
introducing the brand’s advanced technologies and solutions into China. The system
simultaneously acquired the peak amplitude of the reflected wave from the pavement
interface (A1) and the peak amplitude of the reflected wave from a standard metal plate
(AP). The dielectric constant was then calculated based on the ratio of these two amplitudes.
This method effectively evaluates the electromagnetic properties of the pavement material,
providing a reliable basis for subsequent quality analysis [17].

ε =

1 + A0
Ap

1 − A0
Ap

2

(3)

Among these, Ap is the peak-to-peak amplitude of the wave reflected from a metal
plate placed on the ground during a pre-detection calibration procedure. A0 represents the
peak-to-peak amplitude of the wave reflected from the pavement surface layer, as measured
by a 3D GPR unit, and ε is the dielectric constant of the surface layer. For validation, the di-
electric constant calculated using the amplitude ratio method was compared against values
obtained directly from core samples. Based on the two-way travel time (t) recorded by the
GPR at each coring location and the actual measured thickness (H) of the corresponding
core sample, the dielectric constant of the core was calculated using Equations (4) and (5).

H =

√
t2c2

ε
− x2

2
(4)

ε =

(
tc

2H

)2
(5)

During the compaction process, the air content within the mixture decreases, leading
to a reduction in the proportion of low-dielectric-constant air. Simultaneously, the relative
proportions of high-dielectric-constant components, such as asphalt and aggregates, in-
crease. Consequently, the overall dielectric constant of the mixture rises. This characteristic
can be leveraged to inversely estimate the degree of compaction of the mixture.

The accuracy of the calculated dielectric constant values was validated through field
core sampling. One standard core sample was selected to represent the average dielectric
constant, while four additional representative cores were extracted from its vicinity. The
dielectric constants of these cores were determined through laboratory measurements.
A calibration model for air void content calculation was established based on the measured
air void content and the corresponding dielectric constant data from these five calibration
cores. The specific calculation formula is presented below. By comparing the measured
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data with the radar detection results, this method significantly enhances the accuracy of air
void content evaluation.

y = a ∗ ekεx + b (6)

where εx is the dielectric constant measured by the 3D GPR surface reflection method, and
a, k, and b are correction coefficients.

y = ax + b (7)

where x is the dielectric constant measured by the 3D GPR surface reflection method, and
a and b are correction coefficients.

2.4. Development of an Aerial-Ground Collaborative Non-Destructive Testing Framework

To achieve process control, an unmanned aerial vehicle (UAV) is first deployed for
a rapid flight immediately after paving and prior to compaction. This flight captures the
initial temperature distribution of the paved layer, assessing its uniformity and identify-
ing areas at risk of excessive cooling. Based on the thermal map, roller operators can be
directed to prioritize compaction in these cooler areas, enabling an intelligent and adaptive
rolling strategy. Subsequently, a non-nuclear density gauge is used to immediately inspect
suspected weak spots, providing rapid compaction data to verify compliance with specifi-
cation requirements (94–97%). This data informs decisions on the necessity for additional
rolling passes and facilitates targeted re-compaction inspection. Finally, a three-dimensional
ground-penetrating radar (3D GPR) system is employed for a preliminary acceptance scan
of the entire road section [18]. Operating at traffic speed, it generates a real-time dielec-
tric constant distribution map. This allows construction managers to instantly identify
areas of non-uniform compaction and direct rollers to perform supplementary compaction,
achieving real-time feedback and dynamic control. All compaction quality data, integrated
with Real-Time Kinematic (RTK) positioning coordinates, are synergistically validated to
create a spatially referenced digital quality record. This archive provides a precise data
foundation for future maintenance management. The whole process is shown in the Table 1.

Table 1. Collaborative Workflow.

Technology Aim of Detection Detection Scope/Scale Role in the Collaborative System

UAV-Based
Infrared

Thermography

It enables rapid identification of
temperature differentials, thereby

indirectly revealing potential
compaction defects caused by

excessive cooling and facilitating
proactive process control.

Area-Macroscopic,
Full-Scale Aerial Reconnaissance Unit: Responsible

for rapid, large-area scanning to identify
suspect regions and provide target
positioning for subsequent precise

detection.

covering an area with
a length ranging from
hundreds of meters to

several kilometers and the
entire pavement width.

Non-Nuclear
Density Gauge

It directly measures and
calculates the compaction degree,
delivers an absolute benchmark

value, and enables precise
diagnosis during process control.

Point-Microscopic,
Discrete

Field Arbiter: It is responsible for the
precise verification of anomalies identified

by GPR, providing accurate compaction
values to calibrate and validate the indirect

measurements from the aforementioned
two techniques.

Single-point measurement,
with its density value
representing a minute

surrounding area.

3D Ground
Penetrating

Radar (3D GPR)

It directly measures the dielectric
constant to evaluate compaction

uniformity, identifies zones of
dielectric anomaly, and

accomplishes preliminary
inspection and acceptance.

Line-Mesoscopic,
Continuous Ground-based Diagnostic Specialist: It

performs detailed scans of suspected areas,
converts anomalies into dielectric constant

anomalies, precisely delineates
non-uniform zones, and achieves full-lane

validation.

Continuous detection
along the lane direction
(covering 100% of the

area), with high resolution
in the vertical direction.
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This method effectively integrates the advantages of the three aforementioned tech-
nologies, enabling a comprehensive “point-line-area” data fusion and validation across
multiple scales and throughout the entire construction process. It establishes a complete
cognitive loop for understanding asphalt pavement compaction quality, ranging from the
macroscopic to the microscopic level.

This synergistic system follows a unified workflow integrating aerial rapid full-scale
screening, discrete validation of suspected targets, and ground-based accurate continuous
diagnosis, with the corresponding integration logic and workflow detailed below. The
basic flow chart is shown in Figure 4.

 
Figure 4. Air-Ground Collaborative Non-Destructive Testing System.

3. Field Experiments
3.1. Research Objective

This study selects the asphalt pavement surface layer in the section K158+638–K158+734
of a certain road in Shandong as the test object. The main technical indicators of the
engineering materials for this road section are as follows:

The pavement of the test section utilized modified asphalt, with its technical proper-
ties evaluated based on the Chinese Standard Practice JTG E20-2011 [19]. Selected aggre-
gates consisted of high-quality limestone. Tests performed in line with JTG F40-2004 [20]
confirmed that all performance indices for both coarse and fine aggregates satisfied the
regulatory requirements. The gradation composition and corresponding specifications for
the AC-20 asphalt mixture are provided in Table 2.
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Table 2. Gradation and Requirements for AC-20 Asphalt Mixture.

Passing Percentage by Mass (%)

19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Upper Limit of Gradation 100 92 80 72 56 44 33 24 17 13 7
Lower Limit of Gradation 90 78 62 50 26 16 12 8 5 4 3
Production Mix Proportion 94.6 84.4 74.4 59.2 37.6 25.2 17.8 13.0 9.8 7.5 5.4

3.2. Experimental Approach

The real-time detection of the temperature field during asphalt pavement construction
was conducted using a DJI M300 RTK UAV equipped with a Zenmuse H20T thermal
infrared camera. As shown in Figure 5, the measurement altitude (1.5–3.0 m) and observa-
tion angle (30–90◦) could be adjusted in real-time via the remote controller’s display. The
system supported both single-point and area temperature measurement modes. A grid
pattern for the infrared thermal images was established using straight measurement lines at
2 m × 2 m intervals. The captured infrared images were processed using the professional
DJI Thermal Analysis Tool 3 software, which automatically generated inspection reports
containing parameters such as file ID, inspection date, timestamp, temperature gradient
(150–180 ◦C), material emissivity (0.90–0.95), and ambient temperature, ensuring correspon-
dence with data from 3D ground-penetrating radar and non-nuclear density gauges. Based
on field conditions, the accuracy of the temperature data (error < ±1.5 ◦C) was significantly
improved by optimizing key parameters including measurement distance (2.0 ± 0.2 m),
relative humidity (30–60%), emissivity (0.93), and reflected temperature (25 ◦C), thereby
providing a reliable technical method for construction quality control.

 

Figure 5. On-site UAV measurement interface and parameters.

A dry and flat area of 1.5 m × 0.75 m was selected on the asphalt pavement and
divided into three equally sized circular test zones. The density of each zone was measured
using a non-nuclear density gauge following the five-point method. Subsequently, core
samples were extracted from the center of each circular zone. The height of each core was
measured, and its laboratory density was calculated. The correction factor, necessary for
accuracy calibration, was determined by taking the ratio of the core’s laboratory density to
the corresponding reading from the non-nuclear density gauge [21]. See Figure 6.
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Figure 6. Field coring and laboratory testing of asphalt samples.

Regarding spatial resolution, the non-nuclear density gauge used in this study was
configured with nine measurement lines across the detection width, yielding a total of nine
data points along this direction. Along the detection length, 49 data points were collected,
resulting in a total of 441 data points acquired over the entire area. A comparative analysis
revealed that within a standard 2 m × 2 m unit, the 3D ground-penetrating radar (GPR)
system acquired 364 data points, whereas the non-nuclear density gauge provided only
one. This indicates that, on average, every 364 GPR data points correspond to a single
density gauge measurement point. In the width direction, 26 GPR data points correspond
to one measurement point from the density gauge. This substantial difference in data
acquisition density underscores the technical advantage of 3D GPR in terms of spatial
resolution, providing a critical basis for multi-scale assessment of pavement performance.
See Figure 7.

 

Figure 7. Schematic layout of the aerial-ground collaborative detection scheme.

The test section for this investigation measured 96 m in length and 16.5 m in width.
To ensure complete coverage of the area, a total of 11 parallel survey lines, each 96 m
long, were established based on the optimal detection width (1.5 m) of the 3D ground-
penetrating radar (GPR). Data acquisition was conducted using simultaneous conventional
detection and common midpoint mode, with a sampling interval set at 5 cm. Each survey
simultaneously captured data from 21 channels, resulting in a total of 21,000 depth data
points per acquisition. To comprehensively cover the test section and ensure data accuracy,
the system acquired 364 data points within each standard 2 m × 2 m grid. The dielectric
constant representative of each grid was determined by calculating the average of these
364 individual dielectric constant values.
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4. Results
4.1. Investigating Temperature Uniformity in Asphalt Pavements

A comparative analysis of different temperature measurement methods was conducted
at the asphalt pavement construction site. The recorded data are presented in Table 3.
UAV-IR and NDG measurements were performed in rapid sequence, with a maximum
time delay of 15 min after the final compaction pass to ensure data comparability under
stable cooling conditions.

Table 3. Results from Different Temperature Measurement Methods.

Measurement Point Mercury
Thermometer/◦C

Infrared
Thermometer/◦C

Handheld Infrared
Thermometer/◦C

UAV-Based Infrared
Thermal Imaging/◦C

1 145 146.4 146.6 146.5
2 154 156.1 156.2 156.0
3 146 148.1 147.5 147.9
4 165 166.2 165.4 165.9
5 149 150.3 150.1 150.3
6 147 148.5 148.7 148.5
7 150 152.9 152.7 152.7

A comparative analysis revealed that the mercury thermometer readings were signifi-
cantly lower, while the results from the other three measurement methods were generally
consistent. This discrepancy can be primarily attributed to the fact that the mercury ther-
mometer requires approximately five minutes to stabilize, and it is susceptible to significant
random errors, necessitating multiple measurements to obtain a reliable average. How-
ever, frequent measurements not only impede construction efficiency but also introduce
variability due to the rapid cooling of the asphalt mixture after paving, making it difficult
to maintain consistent measurement conditions at the same location. Furthermore, the
use of contact-based temperature measurement devices, such as the mercury thermometer,
requires operators to work in close proximity to the freshly laid mat, posing potential
safety hazards due to the subsequent roller operations. Comprehensive analysis demon-
strates that UAV-based infrared thermal imaging offers distinct advantages, including
targeted accuracy, intuitive data visualization, ease of data storage, and enhanced opera-
tional safety, making it more suitable for temperature monitoring during asphalt pavement
construction [22]. The accuracy of the temperature data (error < ±1.5 ◦C) was validated
against a calibrated handheld infrared thermometer (Fluke 62 Max+), which served as the
reference for the actual pavement surface temperature. This validation was performed
by comparing point measurements from the handheld device with temperature values
extracted from the UAV thermal imagery at corresponding locations immediately after
the UAV flyover. The demonstrated superiority of UAV-based infrared thermography
represents a paradigm shift in pavement construction monitoring. While traditional contact
thermometers introduce significant measurement delays incompatible with rapid asphalt
cooling, the aerial method achieves comprehensive spatial coverage while maintaining
validated accuracy (±1.5 ◦C). This technological transition addresses both methodological
and safety concerns—eliminating personnel exposure to hazardous work zones while pro-
viding complete, real-time temperature documentation. Most significantly, the continuous
thermal mapping enables proactive quality control by identifying localized anomalies
that traditional spot measurements inevitably miss. This capability transforms quality
assurance from statistical sampling to comprehensive evaluation, allowing for targeted
corrective actions during the critical compaction window. The method establishes an ob-
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jective, digital foundation for data-driven construction management and creates valuable
historical records for lifecycle pavement performance analysis.

The measurement accuracy of four temperature detection methods for asphalt
pavement—including an electronic thermometer gun, a mercury-in-glass thermome-
ter, a UAV-based infrared thermal imaging system, and a handheld infrared thermal
camera—is compared in Table 4. To investigate the influence of measurement distance on
detection results, a 2 m × 2 m square test area (delineated with low-temperature mark-
ers) was set up on a freshly compacted asphalt pavement. Using a UAV equipped with
an infrared thermal imager, gradient measurements were taken at 2 m intervals within
an altitude range of 3–16 m. By analyzing the variation characteristics of temperature data
at different altitudes, a quantitative relationship model between measurement accuracy and
flight height was established. The experimental results indicate that as the measurement
distance decreases, the thermal radiation energy received by the infrared device increases
significantly (p < 0.01). When the altitude is below 5 m, the temperature measurement
error can be controlled within ±1 ◦C. This study provides a basis for selecting optimal mea-
surement parameters for the accurate monitoring of the temperature field during asphalt
pavement construction.

Table 4. Merits and Drawbacks of Different Temperature Measurement Techniques.

Temperature Measurement
Method

Measurement
Accuracy

Temperature
Measurement

Range

Measurement
Time Acquisition Cost Safety

Mercury thermometer Low Small Long Low Low

Infrared thermometer High Small Short Low Low

Handheld infrared
thermometer High Relatively large Short Relatively high Relatively high

UAV-based infrared thermal
imaging High Large Short High High

The temperature values measured at different altitudes were plotted as temperature
distribution curves in Figures 8 and 9, and each curve was fitted with a polynomial function,
respectively. The field measurement is shown in Figure 10.

 

Figure 8. Maximum temperature distribution curve.

 

Figure 9. Minimum temperature distribution curve.
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Figure 10. Infrared thermography at different heights.

The systematic evaluation of measurement distance effects provides critical insights
for optimizing UAV-based thermal monitoring protocols. The established inverse re-
lationship between flight altitude and measurement accuracy underscores the impor-
tance of maintaining operational heights below 5 m to achieve engineering-grade preci-
sion (±1 ◦C). This empirical finding resolves a fundamental practical dilemma in aerial
thermography—balancing coverage efficiency with data reliability. The quantitative mod-
els enable precise error compensation for scenarios requiring higher-altitude operations,
significantly enhancing the method’s adaptability to complex construction environments.
Furthermore, the polynomial fitting of temperature distribution curves demonstrates the
robust spatial consistency of thermal data, validating its capability to capture meaningful
temperature gradients rather than random noise. This study transforms UAV thermogra-
phy from a qualitative inspection tool into a quantitatively reliable technique for pavement
construction control, establishing a scientific basis for standardizing flight parameters in
asphalt quality specifications.

a. Equation for the maximum temperature curve:

y = −0.0002·5 + 0.0074·4 − 0.0834·3 + 0.3289·2 − 0.2178x + 34.694 (8)

b. Equation for the curve of minimum temperatures:

y = −0.0004·5 + 0.0147·4 − 0.1867·3 + 0.9696·2 − 1.4874x + 28.762 (9)

c. Equation for the curve of average temperature:

y = −0.003·5 + 0.011·4 − 0.1352·3 + 0.6609·2 − 1.0241x + 33.871 (10)

In the formula, y is the temperature value and x is the measurement height.
As shown in Figures 8, 9 and 11, Analysis of the temperature distribution curves

reveals that the average temperature curve closely follows the trend of the maximum
temperature curve. Although minor temperature fluctuations were observed across dif-
ferent measurement heights, the temperature difference between adjacent heights did not
exceed 1 ◦C. The maximum temperature remained stable at approximately 35 ◦C, while the
average temperature hovered around 34 ◦C. In contrast, the minimum temperature curve,
despite exhibiting a similar trend, fluctuated around 30 ◦C.
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Figure 11. Average temperature distribution curve.

As the measurement height increases, the inspected area expands, consequently ampli-
fying the influence of environmental factors on the results. Since the measured temperatures
are discrete point data, the maximum and minimum temperatures at different heights do
not originate from the same physical location. Therefore, the average temperature provides
a more objective representation of the actual temperature distribution characteristics.

Within the height range of 7 to 10 m, all temperature curves exhibited remarkable
consistency, with measurement variations of less than 1 ◦C. Furthermore, the infrared
temperature measurements showed excellent agreement with a point-and-shoot pyrometer
reading of 34.2 ◦C. Therefore, this height interval is established as the standard measure-
ment range, with 34 ◦C designated as the baseline value. As measurements obtained
outside this range require temperature correction [23], this range was determined em-
pirically as the optimal operational window. Within this altitude band, the temperature
measurements demonstrated high stability (variation < 1 ◦C) and showed excellent agree-
ment with ground-truth measurements from the handheld infrared thermometer (34.2 ◦C).
Altitudes below this range risk operational safety and reduced coverage, while higher
altitudes introduce greater environmental interference and measurement uncertainty.

Based on the analysis of the average temperature data in Table 5 and the corresponding
fitted curve, the data measured within the height intervals of 3–6 m and 10–16 m necessitate
correction. The specific correction values are provided in Table 6.

Table 5. Average temperature deviation table.

Measuring
Height/m 3 4 5 6 11 12 13 14 15 16

Temperature
Departure/◦C −0.6 −0.5 −0.1 0.3 −0.7 −0.4 0 0.2 0.9 0.6

Table 6. Average temperature correction table.

Measuring
Height/m 3 4 5 6 11 12 13 14 15 16

y −0.7 −0.4 −0.1 0.2 −0.7 −0.4 −0.1 0.2 0.5 0.8
Q1/◦C 33.4 33.5 33.9 34.3 33.3 33.6 34.0 34.2 34.9 34.6
Q2/◦C 34.1 33.9 34.0 34.1 34.0 34.0 34.1 34.0 34.4 33.8
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Based on the data in Tables 3–6, the deviation curves for the average temperatures
at 3–6 m and 11–16 m are plotted in Figure 12. The formula for the average temperature
deviation is as follows:

y = 0.190x − 0.821 (3 ≤ x ≤ 7) (11)

y = 0.25x − 2.632 (11 ≤ x ≤ 17) (12)

where y is the temperature deviation value and x is the measurement height.

(a) (b) 

Figure 12. Temperature deviation curve. (a) Temperature deviation curve for 3–6 m, (b) Temperature
deviation curves for 11–16 m.

Based on the two formulas mentioned above, the average temperature deviation can
be corrected. Let Q1 be the corrected true temperature value and Q2 be the temperature
value measured by the UAV infrared thermal imaging system. The following relationship
can be established:

Q1 = Q2 − y (13)

The corrected average temperature values calculated using Equation (13) are presented
in Table 6.

Based on the data in Table 6, the corrected average temperature profile is illustrated in
Figure 13. The results demonstrate that the corrected values stabilize consistently near 34 ◦C,
thereby validating the reliability of the proposed methodology across varying measurement
heights.

Figure 13. Average temperature correction at different measurement heights.
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This investigation focused on a newly paved asphalt surface layer within a 50 m × 7.5 m
compaction area. Unmanned Aerial Vehicle (UAV) infrared thermal imaging and
a non-nuclear density gauge were utilized to simultaneously acquire temperature and
air void distribution data. The three-dimensional distribution characteristics, presented
in Figures 14 and 15, reveal considerable longitudinal temperature variability, indicative
of significant construction segregation. Analysis further identified a negative correlation
between temperature differential and air void differential, implying that the rate of air void
increase diminishes with rising temperature [24].

 
Figure 14. Temperature distribution cloud.

Figure 15. Air void content distribution cloud.

The relationship curve between the measured deviations from the mean values
was plotted (Figure 16), exhibiting a strong correlation between temperature difference
and air void difference, with a coefficient of determination (R2) of 0.827. Consequently,
an evaluation criterion for temperature segregation based on air void variation (Table 7)
and a predictive model (y = 5.236e(−x/8.216)) were developed. These findings provide
a quantitative foundation for enhancing construction quality control.



Infrastructures 2025, 10, 324 16 of 24

Figure 16. Relationship between crushing temperature difference and air void content.

Table 7. AC-20 Evaluation criteria for temperature segregation degree of AC-20 asphalt mixture.

Temperature Dissociation Degree Non-Divisibility Minor
Segregation

Moderate
Segregation

Severe
Dissociation

Mixing temperature (◦C) <1 1–3 3–6 >6

This study established an evaluation criterion specifically for AC-20 asphalt mix-
ture. Compared to the NCAT temperature segregation standard, the proposed crite-
rion features a narrower acceptable temperature range and accounts for more gradual
air void fluctuations, which align with the typical temperature variations observed dur-
ing AC-20 construction. This method is well-suited for assessing compaction quality and
construction uniformity for this specific mixture [25].

4.2. Dielectric Constant Value Method of Asphalt Pavement

As shown in Table 8. Comparative experimental results indicate that the measurements
from the non-nuclear density gauge exhibit good agreement with the densities obtained
from the core-drilling method (relative error < 3%). Moreover, the non-nuclear density
gauge employs a non-destructive testing technique, which avoids the damage to the
pavement structure inherent in the traditional coring approach. Furthermore, the device is
operationally simple, requiring only a single operator, and offers high detection efficiency
with a measurement time of less than 30 s per point, making it particularly suitable for
large-scale engineering applications. More importantly, the non-nuclear density gauge
enables continuous full-profile pavement detection, allowing for the rapid acquisition of
spatially representative density distribution data [26].

Table 8. Calibration results of nuclear-free densitometer.

Core 1 Core 2 Core 3 Core 4

Nuclear-free density meter detects the
density at the core (g/cm3) 2.3877 2.4070 2.4312 2.3510

Drill core sampling measured core
sample density (g/cm3) 2.380 2.395 2.450 2.327
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The dielectric constant of the asphalt mixture was calculated using the amplitude total
reflection method. The results for the dielectric constant at the coring locations are presented
in Table 9. This method demonstrated a significant correlation (R2 > 0.95) with the mea-
surements obtained from the traditional coring method. Compared to the coring method,
the total reflection method enables non-destructive and rapid detection of the pavement
dielectric constant, increasing detection efficiency by over 90%. Furthermore, it provides 100%
continuous coverage of dielectric constant data, overcoming the spatial limitations inherent
in discrete sampling. A conversion model established based on 30 sets of comparative test
data indicated a stable linear relationship between the dielectric constants measured by the
two methods (slope = 1.02, intercept = 0.03). Therefore, the adoption of the total reflection
method not only ensures measurement accuracy but also effectively prevents the structural
damage to pavement caused by the traditional method, offering a more efficient and reliable
technique for asphalt pavement quality evaluation.

Table 9. Dielectric Constant at Coring Locations Determined by the Amplitude Total Reflection
Method.

Core Samples Metal Plate Reflection Ap
Amplitude (Ap)

Road Surface Reflection
A0 Amplitude (A0) Dielectric Constant Dielectric Constant of Core Drilling

Sampling Method

Core1 0.002 0.00503 5.38 5.41
Core2 0.002 0.00513 5.19 5.22
Core3 0.002 0.00545 4.66 4.66
Core4 0.002 0.00538 4.77 4.79

As shown in Figure 17, exponential and linear fitting were applied to the dielectric
constant and air void content data, respectively. The results indicate a significant correlation
between the dielectric constant measured by the 3D ground-penetrating radar (GPR) and
the air void content detected by the non-nuclear density gauge, with the strength of the
correlation increasing with the number of data points. A systematic analysis of modeling
performance under different sampling densities revealed that when utilizing data from
all survey traces (including measurement points in both the transverse and longitudinal
directions), the correlation between the 3D GPR dielectric constant and the air void content
was strongest. The exponential correlation (R2 = 0.943) was significantly greater than the
linear correlation (R2 = 0.708). Based on this finding, an exponential empirical formula was
established: y = 11.123e(−x/4.68) − 0.156. The significance of this model was confirmed by
an F-test (F = 185.6, p = 2.3 × 10−15). Modeling with the full dataset improved prediction
accuracy by approximately 12.5% compared to using partial sampling, demonstrating the
necessity of comprehensive data collection for ensuring model reliability. This research
establishes a scientific foundation for transforming pavement quality control from discrete
sampling to continuous assessment, enabling more effective construction monitoring and
quality assurance.

 

(a) (b) 

Figure 17. Correlation between dielectric constant and air void content fitting. (a) Index fitting,
(b) Linear fit.
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4.3. Assessment of Unit Thickness Uniformity

As shown in Figure 18. Based on 3D ground-penetrating radar data, the thickness
distribution of the asphalt surface layer was determined through wave velocity inver-
sion and two-way travel time calculation, with visualization achieved using a thickness
uniformity cloud map for evaluation. The results indicate that the average thickness of
the surface layer in this section is 35.02 cm, generally meeting the design requirements.
However, relatively thin areas account for 11% of the total, exhibiting a distinct spatial
pattern—concentrated in the emergency lane and the inner fast lane. This non-random
distribution suggests that the thickness variation is primarily attributable to non-uniform
factors during construction. Specifically, insufficient thickness in the emergency lane can
be attributed to lower compaction at the edge during paving, accelerated cooling of the
asphalt mixture, and inadequate formwork support, resulting in reduced paving thickness
and poor compaction uniformity in this area. In the fast lane, fluctuations in paver speed,
material segregation, and improper operation during repeated compaction led to uneven
distribution of the mixture and localized over-compaction or under-compaction, thereby
inducing structural thickness variations. Furthermore, inadequate treatment of construc-
tion joints and insufficient control of base course flatness may have exacerbated the spatial
variability of thickness [27].

 

Figure 18. Cloud map of thickness uniformity distribution.

5. Field Validation
A Multi-Dimensional Quality Evaluation Method for Through-Process Asphalt Pavement
Construction Using Air-Ground Integrated Detection

Collaborative detection was performed on the K158+678–K158+686 section. By inte-
grating the advantages of the three technologies, a comprehensive “point-line-area” data
fusion and validation system is achieved, enabling multi-scale, full-process analysis. This
system establishes a complete cognitive loop for asphalt pavement compaction quality,
spanning from macro-to micro-level understanding. With a core logic of “macro-scale
screening, precise localization, micro-scale verification, and data fusion,” the framework
constructs a multi-level, whole-process, non-destructive closed-loop workflow, as detailed
in the following steps:

Aerial-based rapid screening is conducted using an unmanned aerial vehicle (UAV)
equipped with an infrared thermal imager. Immediately after asphalt mixture place-
ment, during compaction, and upon final rolling completion, the UAV is deployed to
perform large-area infrared scanning of the working surface, enabling quality assessment
throughout the entire construction process. This method allows for the rapid acquisition of
full-field temperature distribution contour plots for the entire construction section, facilitat-
ing the identification of temperature anomalies such as cold or hot streaks. Temperature
non-uniformity is the primary cause of compaction variability. The generated thermal
images are used to create macro-scale, full-width temperature evolution contour plots
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(see Figure 19), which help pinpoint suspected under-compaction zones (low-temperature
areas) and over-compaction risk zones (high-temperature areas). This provides precise “tar-
get areas” for subsequent detailed inspection. Ground-based verification is then performed
using a non-nuclear density gauge for on-site testing of these suspected areas of uneven
compaction, enabling precise detection and confirmation(see Figure 20).

 

Figure 19. Macro-Scale Full-Field Cloud Diagram of Temperature Variation.

(a) (b) 

Figure 20. Non-nuclear densimeter microscopic discrete accurate detection of compaction degree
cloud map. (a) Too low degree of compaction, (b) Too high degree of compaction.

Based on the “target areas” identified by unmanned aerial vehicles, the ground-
penetrating radar (GPR) vehicle is driven to perform continuous scanning with 100%
coverage of key areas for verification. By measuring the dielectric constant of the pave-
ment, the uniformity of compaction is indirectly and continuously evaluated. This pro-
cess transforms temperature-based “suspected anomalies” into dielectric property-based
“empirical evidence”. Based on the distribution of the dielectric constant and combined
with estimation models, a mesoscopic continuous cloud map is generated (see Figure 21),
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accurately delineating the extent and morphology of non-uniform areas and identifying
specific sections with weak compaction.

 

Figure 21. Mesoscopic Continuous Compaction Cloud Map.

The air void content was measured using a non-nuclear density gauge. A five-point
method was employed to calibrate the non-nuclear density gauge against predictions
from 3D ground-penetrating radar (GPR) and UAV-based infrared technology to obtain
correction factors. Using a characterization model for asphalt pavement compaction unifor-
mity based on dielectric constant, the calibration coefficients for the empirical dielectric
constant-density formula were determined, resulting in the following predictive model:
y = 11.123e(−x/4.68) − 0.156. Simultaneously, by integrating UAV-based infrared thermal
imaging to collect pavement temperature field data and utilizing a temperature-compaction
prediction model to assess construction uniformity, the calibration coefficients for the
empirical temperature difference-air void content difference formula were established,
yielding the temperature difference-air void content predictive model: y = 5.236e(−x/8.216).
The absolute compaction values at key points were obtained to provide final confirma-
tion of the indirect measurements from infrared and GPR techniques, delivering precise,
traceable point-based compaction data. Consequently, a compaction cloud map based
on the micro-discrete precise detection of the non-nuclear density gauge was generated
(see Figure 22), which was used to validate and calibrate the entire system.

Figure 22. Comparison of compaction estimates.
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A comparative analysis of compaction estimates was conducted using multi-source
data. Data from infrared (temperature), GPR (dielectric constant), and the non-nuclear
density gauge (compaction) were first converted to compaction values using predictive
models and then fused within a unified spatial coordinate system for integrated analysis
and decision-making. The compaction values from 3D GPR and UAV infrared thermogra-
phy were specifically benchmarked against the non-nuclear density gauge measurements.
Figure 22 presents a direct comparison of the estimation results from the GPR dielectric
constant method, PQI air void method, and infrared temperature method.

Based on the compaction index, the study area was classified into three categories:
areas with compaction > 97% were defined as fine segregation zones, those with compaction
< 93% as coarse segregation zones, and areas with compaction between 93% and 97% as
normal zones. A quantitative relationship between air void content and segregation degree
was established, using 6.5% air void content as the threshold for severe segregation. The
local severe segregation ratio (P) was defined as P = (number of grid cells with air void
content > 6.5%)/12. A smaller P value indicates better construction quality, while a larger
P value suggests more severe construction issues. This evaluation method overcomes the
limitations of single-point data assessment and provides a more objective reflection of con-
struction uniformity through regional statistical analysis. Prior to testing, the non-nuclear
density gauge was calibrated to ensure the accuracy of air void content measurements. In
the road section K158+678–K158+686, all three detection technologies observed significant
fine segregation. The mixture compaction in this area exhibited notable spatial heterogene-
ity, characterized by significant differences between the center and the edges. UAV-based
infrared detection further revealed significant temperature non-uniformity during both
initial and final compaction stages in this area. Combined with the initial temperature
differences during the paving process, this non-uniformity led to insufficient compaction
and the formation of fine segregation.

A comparative analysis of multi-source detection data revealed that the non-nuclear
density gauge provided the most accurate measurements, with a recorded compaction
range of 91.234–91.568%, represented by dark-colored features in the image. The 3D ground-
penetrating radar (GPR) yielded results ranging from 92.356% to 92.589%, while the UAV
infrared detection indicated a compaction range of 93.457–93.897%, depicted as a light-red
continuous zone extending from 2 m to 8 m away from the central median and spanning
the entire K158+678–K158+686 section along the lane direction. Although the UAV-based
method offered the most extensive spatial coverage, its accuracy was relatively lower.

In the road section K158+728–K158+734, all three detection techniques identified
coarse segregation. This phenomenon is attributed to heat loss in the asphalt mixture
during storage, transportation, and paving, as suggested by UAV infrared temperature
data. Notably, the starting zone of the experimental section, characterized by lower initial
temperatures and higher air void content, was more prone to segregation. Coarse segrega-
tion was particularly pronounced at the right wheel path, specifically 2–4 m and 7–10 m
from the central median, due to the continuous compaction effect of heavy-duty vehicles.
Measurements from the non-nuclear density gauge indicated segregation over a 4–8 m
area, while UAV detection identified a narrower 6–8 m range. This discrepancy further
confirms the significant impact of heavy traffic on the formation of segregation.

The strong agreement among the results from the three independent detection tech-
niques corroborates the robustness and practical utility of the proposed multi-technology
fusion strategy. This work effects a paradigm shift in quality control, transitioning from
conventional reactive, discrete, and destructive inspections to a proactive, holistic, and
non-destructive intelligent monitoring system. The implications are multifaceted: real-time
feedback eliminates compaction defects, prolonging pavement life; rolling patterns are



Infrastructures 2025, 10, 324 22 of 24

optimized for efficiency, curtailing resource consumption; and vast datasets empower
a shift from subjective experience to objective, data-centric quality governance.

6. Conclusions
Towards a superior multi-dimensional assessment of quality across the asphalt pave-

ment construction process, this research constructs an integrated air-ground cooperative
monitoring system. This framework leverages a suite of non-destructive testing techniques;
namely, UAV infrared thermography, 3D GPR, and non-nuclear density gauges.

(1) The dielectric constant values of the intermediate pavement layer surface, collected
by the 3D ground-penetrating radar (GPR), showed a strong correlation with the air void
content measured by the non-nuclear density gauge (R2 = 0.943). After comparing different
methods for determination of the dielectric constant, it was found that using the full dataset
from all radar channels and traces provided the highest accuracy. By fitting the compre-
hensive GPR dielectric constant data with the corresponding air void content data from all
survey lines of the non-nuclear density gauge, the dielectric constant density prediction
model for the experimental road section was derived as: y = 11.123e(−x/4.68) − 0.156.

(2) The UAV-based infrared thermal imager was identified as the optimal temperature
measurement method following a comparative study. While the electronic thermometer,
handheld infrared thermal imager, and UAV-based system showed consistent results (unlike
the mercury thermometer), the UAV solution stands out due to its distinct advantages
in directional detection capability, data visualization, storage efficiency, and operational
safety.

(3) Based on infrared thermal imaging data acquired at different altitudes, this study
established temperature distribution curves and performed polynomial fitting analysis. The
results indicate that as the measurement altitude increases, the area of the detection zone
expands, leading to a corresponding increase in measurement uncertainty. A comprehen-
sive comparison of various temperature parameters revealed that the average temperature
value exhibits superior representativeness.

(4) The findings indicate that within the measurement altitude range of 7–10 m, the
temperature curves demonstrate strong consistency, with temperature variations remaining
within ±1 ◦C. Notably, these results show a high degree of agreement with the spot
measurements obtained using the contact thermometer (34.2 ◦C). Based on this analysis, it
is recommended to establish this altitude range as the standard for thermal imaging data
acquisition, with 34 ◦C serving as the reference temperature value.

(5) This study employed a synchronized approach using an unmanned aerial vehicle
(UAV) equipped with an infrared thermal imager and a non-nuclear density gauge to
simultaneously acquire the temperature field distribution and air void content of asphalt
pavement after compaction. A model based on the differences between measured values
and their average revealed a strong correlation (R2 = 0.827) between temperature difference
and air void content difference, leading to the establishment of the following predictive
model: y = 5.236e(−x/8.216).

(6) The methodology establishes a multi-scale paradigm for quality evaluation. Macro-
scale, aerial assessment over the entire process is achieved using temperature difference
from UAV infrared data. Meso-scale, continuous linear evaluation is conducted post-
construction via the local average dielectric constant from 3D GPR. Finally, micro-scale,
discrete point verification is performed using air void content from the non-nuclear density
gauge, enabling precise, targeted analysis.
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Abbreviations

Abbreviation Full Term
3D GPR Three-Dimensional Ground-Penetrating Radar
GPR Ground-Penetrating Radar
NDT Non-Destructive Testing
NDG Non-Nuclear Density Gauge
UAV Unmanned Aerial Vehicle
UAV-IR Unmanned Aerial Vehicle-Based Infrared Thermography
RTK Real-Time Kinematic
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