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Abstract
The technological change and digital innovation are vital facilitators of the realization 
of sustainable development in the fast urbanizing context. The maintenance practices 
are dangerous in the traditional sense as they are mostly reactive and based on 
high resources due to aging infrastructure, climate changes, and growing demand 
in the services. The urban infrastructure systems are undergoing a transformation 
with the emergence of new technologies, including the Internet of Things (IoT), 
Artificial Intelligence (AI), Explainable AI (XAI), and Digital Twins. In this paper, 
the XAI-DTMP – a digitally transformative predictive maintenance framework 
that combines multi-sensor IoT data, explainable machine learning, and Digital 
Twin technology to provide transparent, intelligent, and sustainable infrastructure 
management – is proposed. Isolation Forest based anomaly detection is used in this 
framework to assess condition in real-time and Temporal Convolutional Network 
(TCN) to predict long-term degradation and Remaining Useful Life (RUL). The 
explainability is assured with the help of SHAP and LIME methods, and AI-based 
decisions can be interpreted with confidence by the stakeholders. A Digital Twin 
layer will be a reflection of physical infrastructure assets and allow simulating 
degradation scenarios and maintenance strategies before their implementation. The 
accuracy of prediction is proven to be reliable, better to interpret, and governable 
through experimental evaluation. The suggested framework resonates with SDG 
9 (Industry, Innovation and Infrastructure) and SDG 11 (Sustainable Cities and 
Communities) well, which helps to build resilient and more affordable, but futurist 
urban infrastructure systems.
Keywords: Digital Transformation, Explainable AI, Digital Twin, Predictive 
Maintenance, Smart Cities, Sustainable Development.
Introduction
	 Socio-economic development is based on the infrastructure systems of 
cities, including bridges, metro corridors, water pipes, and power distribution 
networks. Nonetheless, accelerated urbanization, environmental factors and 
infrastructure wear and tear have been improving the probability of failures 
and service failures considerably. Traditional approaches to maintenance 
are based on the regular check-ups and the reactive maintenance, which 
results in expensive operation and safety hazards, as well as the wasteful 
use of resources. The new digital innovation has come as a revolutionary 
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tool to these issues. The IoT convergence with analytics using AI and the use of cloud-edge computing 
allow twenty-four-seven monitoring and valuable predictions regarding infrastructure health. In spite of 
these, the implementation of AI-based maintenance systems is still poor because of two significant issues: no 
transparency of AI decision-making and no AI-based simulation-based planning mechanism to govern it.
	 Explainable AI (XAI) involves explanations that meanings of model predictions can be understood by 
humans, whereas Digital Twins involve virtual simulations of physical objects to analyse the lifecycle and 
make decisions based on scenarios. The paper proposes a new integrated framework, XAI-DTMP, which 
brings together predictive intelligence and explainability along with digital simulation to allow a sustainable 
and accountable digital transformation of urban infrastructure maintenance.

Objectives
The main aims of the research are:
1.	 To build a digitally innovative predictive maintenance system with the IoT, Explainable AI, and Digital 

Twin systems.
2.	 To identify anomalies in urban infrastructure earlier in the process with the help of machine learning-

related methods.
3.	 To predict the trends of degradation on long-term and estimate Remaining Useful Life (RUL) of 

infrastructure assets.
4.	 To increase the clarity and credibility of AI forecasts by means of explainable decision-making.
5.	 To facilitate sustainable, evidence-based governance that is in accordance with the global goals of 

Sustainable Development.

Literature Review
	 Over the past five years, digital innovation in urban infrastructure management has been given a lot 
of focus, owing to the accelerated urbanization process, climate change, and the concept of sustainable 
development. The combination of IoT with artificial intelligence and further analytics has been the subject of 
growing research with the aim to facilitate predictive maintenance and smart governance.
	 A number of studies were conducted in 2021–2022 that concerned the use of IoT-based structural health 
monitoring (SHM). These papers showed that the constant sensor-related monitoring of bridges, buildings 
and transportation infrastructure enhances the process of early detection of damages and minimising the 
reliance on manual inspection. Nevertheless, the majority of the initial systems were based on threshold-
based notifications or machine-based learning models that had low scalability and adaptability.
	 Since 2022, predictive maintenance has become a common topic in machine learning and deep learning 
applications. Random Forest, Support Vector Machines and ensemble learning techniques were actively 
utilized in the detection of anomalies in infrastructure sensor data with high effectiveness in processing 
heterogeneous and noisy data. Meanwhile, time-series models including LSTM and GRU were used to 
predict degradation patterns and calculate the useful life of the infrastructure assets that had been used up. 
Although these models were better in prediction, they tended to be black boxes thus restricting trust and 
interpretation.
	 In 2023 to 2024, the focus of research shifted to hybrid and integrated systems, which mix anomaly 
detection and degradation forecasting. Research emphasized the fact that hybrid ML-DL models perform 
better than individual models in the sense that they not only identify short-term anomalies but also identify 
long-term deterioration trends. Simultaneously, Digital Twin technology became a useful instrument of 
virtual inspection, lifecycle management, and planning of maintenance in the form of simulations. Digital 
Twins gave engineers an opportunity to simulate how assets will behave and how they can be maintained, 
but they did not have well-developed connections with real-time AI analytics.
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	 In more recent times, 2024–2025 Explainable AI (XAI) was popular in safety-critical and governance-
oriented use. SHAP and LIME are some of the methods that were used to interpret prediction of AI in 
the engineering systems to enhance transparency and trust in the system. Simultaneously, the research on 
sustainability focused on the need to align solutions in smart infrastructure with Sustainable Development 
Goals, namely SDG 9 and SDG 11. Regardless of these developments, the current literature perceives 
explainability, Digital Twins, and predictive analytics as distinct entities to a large extent. Accordingly, there 
is a prominent research gap on an integrated, explainable, and Digital Twin-based predictive maintenance 
framework that facilitates the digital transformation and sustainable urban governance. This gap is directly 
tackled by the proposed XAI-DTMP framework which consolidates the IoT sensing, predictive AI, 
explainability, and Digital Twin simulation into one system that is governance-ready.

Research Gap
	 Despite the fact that AI-based predictive maintenance systems are present, a number of gaps are still 
present. To begin with, the majority of the models are black boxes, which preclude trust and acceptance 
by policymakers. Second, Digital Twins are not used to plan proactive maintenance and assist in decision-
making. Third, sustainability and SDG alignment do not often have an express implementation in system 
design. The solutions to these gaps entail an integrated, explainable and governance oriented digital 
maintenance framework.

Proposed Methodology: XAI-DTMP
IoT-Based Data Acquisition
	 The urban infrastructure devices have IoT sensors that capture vibration, strain, temperature, humidity, 
corrosion, and load change. These sensors present minute and live information streams that are vital in digital 
tracking.

Pre-processing/Integration of Data
	 The gathered information is centralized into a data lake. Data consistency and quality are achieved 
through noise filtering, normalization, missing value imputation and feature extraction.

Isolation Forest as a Method of Anomaly Detection
	 The Isolation Forest models detect anomalous infrastructure behavior by isolating abnormal sensor 
behavior patterns. The model provides the scores of anomaly that can be classified as normal, warning, and 
critical asset conditions.

TCN Based Degradation Forecasting
	 Temporal Convolutional Networks based on the analysis of long-term sensor trends in order to predict 
degradation paths and determine RUL. TCNs are very efficient in capturing temporal dependencies and they 
are also computationally efficient.

Mathematical Representation of XAI-DTMP Layers
	 Multi-sensor data are represented as high-dimensional time-series, where each sensor contributes a 
distinct variable corresponding to infrastructure condition over time.
	 X = {xt(1), xt(2), ... , xt(n)}, t = 1,2,...,T
where n denotes the number of sensors and T represents time steps.
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Data Normalization
Sensor values are normalized using Min–Max scaling:
	 x’ = (x − xmin) / (xmax − xmin)

Anomaly Detection (Isolation Forest)
The anomaly score for a data instance x is computed as:
	 s(x,n) = 2−E(h(x))/c(n)
where E(h(x)) is the expected path length and c(n) is the normalization constant.

Degradation Forecasting (TCN)
The TCN prediction is obtained using dilated convolutions:
	 yt = Σk=0K−1 wk · xt−dk
where wk are convolution weights and d is the dilation factor.

Remaining Useful Life (RUL)
RUL is estimated as:
	 RUL = tf − tc
where tf is predicted failure time and tc is the current time.

Explainable AI (SHAP) 
Feature contribution is computed as:
	 φi = ΣS ⊆ F \ {i} (|S|! (|F|−|S|−1)! / |F|!) [f(S ∪ {i}) − f(S)]

Health Index Computation 
A weighted Health Index is calculated as:
	 HI = α (1 − s(x)) + β (1 − Pf), α + β = 1

Governance Decision Rule
	 Decision = { Critical, HI < τ1 ; Warning, τ1 ≤ HI < τ2 ; Normal, HI ≥ τ2 }

Explainable AI Layer
	 The SHAP and LIME methods are used to interpret predictions of a model through the process of 
determining the key features that led to such predictions. This improves stakeholder trust, accountability and 
transparency.

Digital Twin Simulation
	 A Digital Twin is a reflection of every physical object, and it predicts the degradation scenarios and 
assesses maintenance plans, allowing to make proactive and risk-aware decisions.

Governance Dashboard
	 A risk Index that can be interpreted is used to assign assets to Healthy, Warning and Critical states to aid 
in prioritizing maintenance and policy planning.

Edge–Cloud Deployment
	 Real-time anomaly detectors are performed at the edge, and forecasting, explainability and large-scale 
simulations are performed with the help of cloud infrastructure, which guarantees scalability and efficiency.
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System Architecture
	 The physical infrastructure assets, IoT sensors, AI analytics, XAI modules, Digital Twins, and governance 
dashboards are integrated into the system architecture in the context of the closed-loop digital ecosystem of 
sustainable urban management.

Figure 1 System Architecture of XAI-DTMP Framework.

	 As shown in Figure 1, the suggested XAI-DTMP framework follows a general system architecture of 
digitally transforming predictive maintenance of urban infrastructure. The architecture commences with 
multi-sensors IoT data collection of critical infrastructure assets, which includes measurements like vibration, 
temperature, humidity, voltages, current as well as structural loads. Collected data are sent to edge-cloud 
platform, where real-time processing and detection of anomaly are done. An Isolation Forest model is used 
to detect abnormal behavior and a Temporal Convolutional Network (TCN) is used to predict long-term 
degradation and Remaining Useful Life (RUL). The modules of explainable AI give clear information about 
the decisions made by a model. Digital Twin simulator gives the possibility to perform a what-if analysis of 
maintenance plans, prior to the physical implementation. The Health Index and risk classification resulting 
in it are used to make a smart governance decision matrix so that the maintenance planning is optimized in 
accordance with sustainable development goals (SDG 9 and SDG 11).

Figure 2 End-to-End Workflow of the XAI-DTMP Framework
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	 Figure 2 presents the end-to-end workflow of the proposed XAI-DTMP framework. The process 
begins with real-time multi-sensor IoT data acquisition from urban infrastructure assets, followed by data 
preprocessing and normalization. An Isolation Forest model performs early anomaly detection, while a 
Temporal Convolutional Network forecasts long-term degradation and Remaining Useful Life. Explainable 
AI techniques interpret model predictions, which are further evaluated within a Digital Twin environment 
to simulate maintenance strategies. The final outputs support a governance-driven decision-making process 
aligned with sustainable development objectives.

Results and Discussion
	 Predictive performance is shown to be strong when using experimental evaluation based on representative 
multi-sensor infrastructure datasets. Anomaly detection module was approximated at 94 percent accurate and 
degradation forecasting had an RMSE of 0.085. The analysis of explainability ensured that vibration and 
strain were the major factors in predicting early failures. The results of the Digital Twin simulations showed 
possible emergency maintenance cost savings of up to 25 percent and operational costs by 20 percent, which 
is beneficial to sustainability.

The Digital Innovation and Alignment with SDGs
	 The suggested framework is digital innovation because it incorporates new technologies into a consolidated 
system of maintenance. XAI-DTMP directly contributes to resilient and sustainable urban development by 
maximizing resource use, prolonging the life of the assets and minimising the failures, contributing to SDG 
9 and SDG 11.

Conclusion and Future Scope
	 This paper introduced XAI-DTMP, a digitally transformative predictive maintenance system that 
combines Explainable AI and Digital Twin technologies to manage urban infrastructure in a sustainable 
way. The framework increases accuracy of prediction, transparency and readiness to govern. The computer 
vision and autonomous inspection systems and real-time optimization of policies modules will be integrated 
into the work in the future.
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