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ABSTRACT
Addressing the demands for digital governance and sustainable development of transportation assets, the precise monitoring 
and assessment of asphalt pavement structural health, coupled with predictive maintenance decision-making, represents a 
critical breakthrough in road engineering operations and maintenance. This study systematically reveals the enabling 
mechanisms and application boundaries of machine learning technologies in pavement health monitoring: theoretically 
coupling data-driven paradigms with the nonlinear deterioration characteristics of pavements demonstrates the scientific 
inevitability of machine learning in achieving precise condition prediction and intelligent assessment. It deconstructs the 
ontological limitations of traditional monitoring systems in integrating heterogeneous data, modeling pathological succession, 
and linking maintenance decisions. This analysis proposes a machine learning implementation pathway integrating multi-source 
sensing, intelligent diagnosis, and closed-loop decision-making, providing theoretical guidance and a technical framework for 
intelligent infrastructure management.
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1　Introduction

Asphalt flexible pavements have become the dominant structural form for high-grade roads due to their exceptional 
ride comfort and lifecycle maintainability. However, under the combined effects of traffic dynamic loads, environmental 
temperature and humidity fields, and material aging, this material inevitably undergoes an irreversible degradation 
process characterized by cumulative micro-damage and macro-deterioration progression. Traditional monitoring systems, 
relying on discrete periodic manual inspections and point-based detection using predefined physical models, reveal 
significant shortcomings. These include delayed responses to sudden damage due to real-time limitations, insufficient 
diagnostic depth hindering identification of hidden pathologies, and prediction model distortions leading to deviations 
in degradation trajectories. The field of road engineering is undergoing a paradigm shift from surface defect detection to 
analyzing structural performance evolution mechanisms. Machine learning technologies achieve revolutionary 
breakthroughs by establishing inverse mapping models between multi-source heterogeneous data and deep structural 
states, decoding material damage accumulation equations and degradation kinetic functions. This pioneers a new 
engineering physics-driven approach for constructing intelligent maintenance decision-making paradigms based on 
performance evolution prediction.

2　Theoretical logic of machine learning-enabled asphalt pavement health monitoring

2.1　Elucidating the data-driven paradigm and core advantages of machine learning in structural health 
monitoring

As a core branch of artificial intelligence, machine learning has sparked a profound paradigm shift in structural health 
monitoring—transitioning from traditional physics-based modeling to a data-driven approach. Conventional monitoring 
data analysis heavily relies on pre-established physical models grounded in mechanical principles or empirical formulas. 
However, such models often struggle to capture complex real-world conditions due to excessive simplification. The core 
philosophy of machine learning is fundamentally different. It enables algorithmic models to automatically learn directly 
from vast amounts of real monitoring data, uncovering underlying patterns and relationships without requiring complex 
predefined physical equations. This approach's advantages are twofold: its powerful nonlinear fitting capability. 
Algorithms like neural networks and support vector machines can approximate arbitrarily complex nonlinear 
relationships with exceptional precision, ideally suited to the intricate realities of structural performance degradation. 
Second, outstanding pattern recognition and feature extraction capabilities. Deep learning models, particularly 
convolutional neural networks, can automatically extract deep-level features most sensitive to structural state changes 
from raw monitoring signals or images, significantly enhancing the accuracy and robustness of damage identification: 
third, outstanding generalization and predictive capabilities. Once trained on historical data, the model can rapidly and 
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accurately assess the current state and forecast future trends for new, unseen data.

2.2　Complexity and nonlinear characteristics of asphalt pavement structural performance evolution

Asphalt pavement's structural performance evolution represents a quintessentially complex nonlinear dynamic 
process. This complexity manifests primarily in the multi-source and coupled nature of influencing factors. Pavement 
structures simultaneously endure randomly varying traffic loads and dynamically fluctuating environmental factors. These 
elements do not simply accumulate but interact through intricate nonlinear coupling mechanisms. Second, complexity 
arises from material properties' time-varying and nonlinear nature [1]. Asphalt mixtures are inherently viscoelastic 
materials whose mechanical responses depend highly on temperature and loading rates. Over an extended service life, 
their properties undergo irreversible changes due to aging and other factors. Finally, complexity manifests in the 
randomness and path dependence of damage accumulation. The initiation and propagation of microcracks, along with 
the accumulation of fatigue damage in materials, exhibit pronounced random characteristics. Moreover, the current 
structural state results from the cumulative loading history and environmental exposure. These inherent complexities and 
nonlinearities collectively make it extremely challenging to accurately describe and predict pavement performance 
evolution using traditional linear, deterministic physical models.

2.3　 Machine learning: a scientific approach to precise pavement condition prediction and intelligent 
assessment

With the complex nonlinear characteristics of asphalt pavement performance evolution, machine learning offers a 
scientific approach capable of effectively addressing this challenge. Its underlying logic lies in its data-driven nature, 
which enables it to bypass the theoretical obstacles of constructing precise physical models. Instead, it directly learns and 
captures these complex nonlinear patterns from monitoring data reflecting the structure's actual response. Traditional 
deterioration models often require extensive simplifications and assumptions regarding load spectra, temperature fields, 
material constitutive relationships, etc. In contrast, machine learning models can directly incorporate these factors as 
input variables, with pavement performance metrics as output variables. Through training, the algorithms autonomously 
construct a highly nonlinear end-to-end mapping relationship from multi-source inputs to performance outputs. The 
patterns embodied in this data-trained model align far more closely with engineering reality than any simplified physical 
model. Therefore, applying machine learning algorithms to deeply mine and model massive monitoring data 
encompassing the pavement's entire lifecycle represents the most promising scientific approach to achieving precise 
prediction and intelligent assessment of pavement structural condition.

3　Practical challenges in traditional pavement health monitoring systems

3.1　Limitations of traditional monitoring methods in multi-source heterogeneous data fusion and feature 
extraction

Traditional pavement monitoring systems face inherent limitations in multi-source heterogeneous data fusion and 
feature extraction. While capable of acquiring multi-modal data streams such as visible light images, laser point clouds, 
and displacement sensors, these systems remain constrained by isolated analytical paradigms. They merely identify crack 
geometries through image recognition and derive smoothness metrics from point clouds, thereby severing the damage 
correlation mechanisms under the coupled effects of traffic loads and environmental fields. A deeper constraint stems 
from feature extraction methodologies, which rely entirely on manually designed superficial feature operators. Examples 
include edge detection filters based on fixed thresholds or empirical spectral envelope coefficients [2]. This manually 
driven approach consumes professional resources and yields features that capture only superficial degradation signals. It 
severely lacks sensitivity to deep-level physical variables such as the dynamic variation rate of material dielectric 
constants or the anomaly index of interlayer viscoelastic responses.

3.2　 Traditional deterioration models struggle to characterize the nonlinear evolution of pavement 
structural performance accurately

In pavement performance prediction, traditional approaches primarily rely on empirical statistical regression or semi-
empirical/semi-theoretical mechanical models, such as the empirical performance prediction equations found in many 
national design specifications. The fundamental challenge with these models lies in their inherently rigid and overly 
simplified nature [3]. Once their mathematical forms are established, they struggle to adapt to variations across regions, 
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materials, and traffic conditions, exhibiting poor generalization capabilities. To achieve analytical solutions or 
computational simplicity, they necessitate significant simplifying assumptions regarding the complex nonlinear evolution 
of pavement performance. While oversimplification may yield acceptable short-term predictions, it often fails to meet the 
accuracy requirements for medium-to-long-term performance forecasting—which demands precise consideration of 
nonlinear interactions among multiple factors—for refined maintenance decision-making.

3.3　 lack of intelligent linkage between monitoring results and maintenance decisions leads to passivity 
and lag in maintenance

The final challenge in traditional monitoring and maintenance management lies in the profound disconnect between 
monitoring results and maintenance decisions, lacking an intelligent, data-driven direct link. The typical process involves 
the monitoring department submitting a report containing pavement condition indicators. At the same time, 
maintenance decision-makers primarily rely on their experience, established maintenance standards, and limited budgets 
to determine which sections to treat, when to act, and what maintenance measures to implement. This decision-making 
process is highly subjective and struggles to achieve holistic optimization. More critically, it represents a classic reactive 
model. Maintenance procedures are only initiated when monitoring indicators exceed thresholds or damage has 
progressed to a severe stage. This lagging maintenance approach not only incurs high costs but often yields 
unsatisfactory repair outcomes, missing the optimal window for low-cost preventive maintenance during the early stages 
of structural damage.

4　Application pathways of machine learning in asphalt pavement health monitoring

4.1　Developing deep feature extraction methods for asphalt pavement condition based on multi-sensor 
data fusion

To overcome the limitations of traditional feature extraction, the primary application pathway involves leveraging 
machine learning technologies, intense learning, to develop a method capable of automatically extracting deep, high-
information-content state features from raw multi-sensor data. A multimodal deep neural network model can be 
designed, with distinct sub-networks processing different input data types—such as a convolutional neural network 
branch for pavement image data and a recurrent neural network branch for time-series vibration or strain signals. At 
deeper network layers, these features extracted from diverse data sources undergo effective fusion [4]. Through end-to-
end training, the model autonomously learns which combinations of fused features are most critical for representing the 
comprehensive health status of the pavement. This approach maximizes the extraction of synergistic information across 
multiple data sources. The resulting deep features exhibit robustness and sensitivity to early, subtle damage, surpassing 
manually designed shallow features.

4.2　 Building dynamic prediction and evaluation models for pavement structural performance using 
advanced machine learning algorithms

To address the inherent limitations of traditional deterioration models, the core approach lies in deploying temporal 
modeling engines such as Long Short-Term Memory (LSTM) networks, Gated Recurrent Units (GRU), or Transformers. This 
enables the construction of intelligent prediction frameworks capable of dynamically capturing the nonlinear evolution 
patterns of pavement structural performance. This model inputs a multi-channel dynamic feature matrix, integrating 
historical performance degradation trajectories, traffic axle load time-series spectra, environmental temperature field 
fluctuation sequences, and maintenance intervention records. Its output architecture aims to map key structural response 
field functions over future cycles. Through adversarial training on massive historical monitoring data, such deep neural 
networks can self-organize within a gray-box paradigm to learn the highly nonlinear, strongly coupled mechanisms 
between multidimensional environmental factors and performance degradation processes. Building upon this, a 
confidence interval calculation module driven by ensemble learning generates risk assessment surfaces, elevating 
traditional point prediction to a decision reliability quantification system that accounts for parameter uncertainty.

4.3　Developing an intelligent maintenance decision support system based on predictive analytics

The ultimate application path involves developing an intelligent maintenance decision support system based on the 
previously constructed performance prediction model to bridge the gap between monitoring and decision-making. This 
system can first simulate future performance scenarios for all road segments within the network using the predictive 
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model, visually identifying which sections face the highest risk of performance degradation under a no-maintenance 
scenario [5]. Building upon this foundation, the system integrates a decision-making module based on reinforcement 
learning or optimization algorithms. This module automatically and intelligently generates optimal annual maintenance 
plans under given budget constraints, targeting either the lowest total lifecycle cost or the highest overall service level for 
the road network. Specifically, it provides clear recommendations on the timing, specific road sections, and maintenance 
measures to maximize comprehensive benefits. This will transform pavement maintenance management from a reactive, 
experience-based approach of closing the barn door after the horse has bolted to a proactive, data-driven strategy of 
preparing for the future.

5　Conclusion

Guided and driven by the "Transportation Powerhouse" policy, and with the accelerated iteration of new technologies 
such as artificial intelligence and big data, asphalt pavement structural health monitoring and maintenance management 
are at a historic juncture of profound transformation from traditional experience-based models to modern intelligent 
approaches. The inherent complexity and nonlinearity of performance evolution present insurmountable obstacles for 
traditional technical systems. The introduction of machine learning technology, with its powerful data-driven learning 
capabilities and nonlinear modeling advantages, offers a revolutionary scientific approach to solving this series of 
challenges. Future applied research will represent a systematic innovation deeply integrating data, algorithms, and 
engineering knowledge.
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