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Abstract 

Urban infrastructure systems are increasingly exposed to interconnected physical, climatic, 

technological, and operational disruptions. Flooding can interrupt road accessibility, power loss can 

affect pumping systems and communications, structural deterioration can reduce transport capacity, and 

failures in one infrastructure network may propagate into other urban services. Conventional 

infrastructure-management systems frequently address roads, bridges, drainage, water, energy, and 

public-safety assets through separate monitoring and maintenance processes. Digital twins provide an 

alternative architecture by maintaining dynamically updated virtual representations of physical 

infrastructure and integrating sensor observations, historical records, simulation models, geospatial 

information, predictive analytics, and operational decisions.  

This study develops a simulation-based framework for evaluating the potential contribution of 

digital-twin integration to resilient urban infrastructure management. Because no primary municipal 

dataset was provided, no simulated result is presented as an empirical observation from a real city. A 

reproducible synthetic dataset representing 180 hypothetical urban infrastructure-management units was 

generated across three management conditions: fragmented conventional monitoring, asset-level digital 

twins, and integrated urban digital-twin management. Six performance dimensions were assessed: 

disruption-detection capability, service continuity, recovery coordination, data interoperability, 

predictive-maintenance performance, and decision latency.  

These variables were combined into an Urban Infrastructure Resilience Management Index 

(UIRMI). Mean UIRMI values increased from 54.2 under fragmented monitoring to 73.4 under asset-

level digital twins and 87.5 under integrated urban digital-twin management. The integrated scenario 

also achieved the highest simulated disruption-detection score, service-continuity score, recovery 

coordination, interoperability, and predictive-maintenance performance, while reducing mean decision 

latency to 2.3 minutes. Inferential testing confirmed strong internal separation among the deliberately 

parameterized scenarios. The numerical findings are synthetic and do not establish real-world causal 

effects. The study instead contributes an integrated resilience framework in which digital twins support 

the full resilience cycle of anticipation, monitoring, disruption response, recovery, and adaptation. 

Successful implementation requires interoperable data architectures, validated physical and 

computational models, cybersecurity, governance, transparent decision support, cross-agency 

coordination, and retention of human authority for critical infrastructure decisions. 

http://www.ajamir.com/


 

American Journal of Advanced Multidisciplinary 

Innovation and Research (AJAMIR) 

 
E-ISSN: XXXX-XXXX   ●   Website: www.ajamir.com   ●   Email: editor@ajamir.com 

 

AJAMIR Volume 2, Issue 1, January-February 2021 36 

 

Keywords: digital twin; urban infrastructure; infrastructure resilience; smart cities; predictive 

maintenance; urban management; critical infrastructure; disaster resilience; infrastructure 

interoperability; decision support 

 

1. Introduction 

Cities depend on networks of interconnected infrastructure that provide mobility, water, drainage, 

energy, communication, waste management, public safety, and access to essential services. The 

reliability of these systems influences economic activity, public health, emergency response, and 

everyday urban life. However, infrastructure is increasingly expected to operate under conditions that 

include aging assets, rapid urbanization, increasing service demand, extreme weather, climate change, 

technological dependency, and cascading disruptions. 

Infrastructure management has traditionally been organized according to asset class. Roads may 

be managed by transportation agencies, drinking-water networks by utilities, stormwater systems by 

municipal drainage departments, bridges by specialized infrastructure authorities, and emergency 

services through separate operational platforms. This arrangement can be administratively necessary, but 

it creates information fragmentation when a disturbance affects several systems simultaneously. 

Digital-twin technology provides a potential mechanism for connecting physical infrastructure 

with continuously updated computational representations. Wang and colleagues proposed a digital-twin 

approach to urban resilience based on a continuous cycle between physical urban systems and their 

virtual counterparts, enabling simulation and decision support for disaster-resilience management. 

The concept is increasingly moving from theoretical urban models toward operational 

infrastructure applications. Kim, Oh, and Bartos developed a stormwater digital twin that assimilates 

online sensor data into a hydraulic model and incorporates mechanisms for detecting unreliable 

observations during urban flood prediction. Lewis and colleagues developed a fire-and-smoke digital 

twin for Austin, Texas, integrating urban physical modeling with operational fire-management 

requirements. 

Urban digital twins are also being developed for road infrastructure, bridge health monitoring, 

water-distribution resilience, municipal systems, and city-scale intelligence. 

These developments suggest that digital twins can become more than visualization platforms. Their 

greater value may lie in connecting sensing, modeling, prediction, scenario testing, maintenance, and 

operational decision-making. 

 

2. Digital Twins in Urban Infrastructure 

A digital twin can be understood as a purpose-specific digital representation of a physical asset, process, 

or system that is updated using information from its physical counterpart and used to support analysis or 

decisions. 

For urban infrastructure, a digital twin may combine several technical components: 

 real-time or near-real-time sensor observations; 

 geospatial information systems; 

 Building Information Modeling; 

 asset-maintenance databases; 
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 inspection records; 

 remote sensing; 

 Internet-of-Things devices; 

 physical simulation; 

 machine-learning models; 

 historical failure information; 

 weather information; 

and operational decision-support tools. 

 

3. Infrastructure Resilience as a Management Objective 

Infrastructure resilience extends beyond preventing failure. 

A resilient urban system should be capable of anticipating disruptions, absorbing their effects, 

maintaining critical services, recovering acceptable functionality, and adapting to future risks. 

For urban infrastructure management, resilience can therefore be considered through several 

stages: 

 Anticipation concerns the identification of vulnerabilities before disruption. 

 Detection concerns timely recognition of abnormal conditions. 

 Absorption concerns maintaining essential service while the disturbance occurs. 

 Response concerns coordinated action to control immediate consequences. 

 Recovery concerns restoration of infrastructure function. 

 Adaptation concerns learning from events and modifying future infrastructure design or management. 

 Digital twins can potentially contribute at every stage. 

 Before an event, simulation can test hypothetical failures. 

 During an event, sensor data can update the digital environment. 

 

4. From Asset Digital Twins to Integrated Urban Twins 

The digital-twin concept is frequently implemented first at asset level. 

An individual bridge, road segment, pumping station, building, or drainage network may receive its own 

virtual representation. 

Asset-level twins are valuable because they allow engineers to concentrate on domain-specific 

physical behavior. 

A road twin may integrate pavement condition, traffic, weather, maintenance history, and 

geospatial information. 

A stormwater twin may integrate rainfall, hydraulic models, water-level sensors, and drainage-

system states. 

However, urban resilience requires more than isolated asset performance. 

 

5. Digital Twins for Urban Flood and Stormwater Management 

Flood management is one of the clearest urban-resilience applications because hydraulic conditions 

change dynamically and require rapid interpretation. 
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Kim, Oh, and Bartos developed a stormwater digital twin incorporating online sensor-data assimilation 

and quality control. Their framework uses an Extended Kalman Filter to integrate observations into 

hydraulic simulation while identifying faulty measurements, and the study reported improved prediction 

of stormwater conditions relative to a baseline modeling approach. 

This type of cross-domain integration illustrates the transition from an asset-specific digital twin 

toward a resilience-oriented urban twin. 

 

6. Fire and Emergency-Response Applications 

Urban fire provides another example of the need for integrated spatial, environmental, and infrastructure 

information. 

Lewis and colleagues developed a computational fire-and-smoke digital twin for Austin in 

collaboration with the city's fire department. Their framework connected physical fire behavior with an 

urban digital environment designed to support the modeling of incident outcomes. 

Seong and colleagues subsequently developed FireCom as a real-time fire-and-smoke tracking 

and prediction platform for urban resilience and community awareness. The system integrates multiple 

data sources, including air-quality measurements, weather information, and three-dimensional urban 

infrastructure. 

 

7. Water-Supply Resilience 

Urban water-distribution systems are vulnerable to pipe failures, contamination, pressure loss, pump 

failure, power outages, and demand disturbances. 

Dui, Cao, and Wang proposed a digital-twin architecture for smart urban water-distribution 

networks and integrated resilience evaluation with emergency-management strategies. 

 A water digital twin may continuously compare measured pressure and flow with hydraulic 

predictions. 

 Unexpected differences can indicate leakage, valve malfunction, sensor error, or other abnormalities. 

 The twin can then simulate alternative isolation or restoration strategies. 

 The resilience value becomes substantially greater when this information is connected with other 

infrastructure. 

 For example, a major water-main break may flood a roadway. 

 Road closure may affect emergency response. 

An integrated digital environment can potentially provide these dependencies more rapidly than separate 

information systems. 

 

8. Roads and Transportation Infrastructure 

Road infrastructure digital twins increasingly combine geospatial modeling, sensor information, 

maintenance records, traffic data, and infrastructure-condition assessment. 

Buuveibaatar, Shin, and Lee proposed a digital-twin framework for road infrastructure 

management that organizes digital-twin functions across multiple layers and connects digital information 

with road lifecycle-management processes. 
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Digital twins can support road management through pavement-condition monitoring, 

maintenance prioritization, traffic assessment, safety analysis, and scenario evaluation. 

Digital-twin integration can therefore connect physical asset condition with network function and service 

criticality. 

 

9. Bridge and Structural Infrastructure 

Structural digital twins combine monitoring data with physical or data-driven representations of 

structural behavior. 

Nasim, Rajabifard, Chen, and Samali developed and demonstrated a multi-layered digital-twin 

framework for structural health monitoring with application to bridge infrastructure. Their framework 

illustrates how continuously updated digital representations can support the management of aging 

structural assets. 

The resilience benefit arises when structural health information is linked with network 

consequences. 

 

10. Research Gap 

Despite rapid development, several gaps remain in the use of digital twins for urban infrastructure 

resilience. 

A high-quality bridge twin or water-network twin may provide substantial engineering value 

without representing cross-infrastructure dependencies. 

Second, digital twins are frequently discussed as advanced visualization technologies, while 

resilience management requires prediction, scenario analysis, response coordination, and post-event 

learning. 

Third, data interoperability remains difficult because urban infrastructure agencies often use 

different data models, spatial references, software platforms, update frequencies, and asset-identification 

conventions. 

 

11. Novelty and Proposed Contribution 

The study proposes an Integrated Urban Infrastructure Digital Twin Resilience Framework (IUIDTRF). 

The framework distinguishes three maturity levels. 

Level 1: Fragmented Infrastructure Monitoring 

Infrastructure assets are monitored primarily through separate departmental systems. 

Data exchange is limited and decisions depend heavily on manual coordination. 

Level 2: Asset-Level Digital Twins 

Major infrastructure assets or networks have dynamic digital representations. 

Predictive maintenance and condition analysis improve, but cross-domain coordination remains limited. 

Level 3: Integrated Urban Digital Twin 

Multiple infrastructure twins exchange information through interoperable services. 

The integrated system supports disruption detection, scenario simulation, service-continuity analysis, 

coordinated recovery, and long-term resilience planning. 
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The principal novelty lies in evaluating digital-twin maturity according to management 

resilience, rather than technological sophistication alone. 

 

12. Research Objectives and Research Questions 

The primary objective is to develop a transparent framework for examining the potential contribution of 

digital-twin integration to resilient urban infrastructure management. 

The specific objectives are to evaluate simulated differences in disruption detection; examine 

potential improvements in infrastructure-service continuity; measure recovery-coordination capacity; 

evaluate interoperability and predictive-maintenance performance; quantify differences in decision 

latency; and develop a multidimensional Urban Infrastructure Resilience Management Index. 

The following research questions are addressed: 

1. Does asset-level digital-twin implementation improve modeled infrastructure-management 

performance relative to fragmented conventional monitoring? 

2. Does integration among infrastructure digital twins provide additional resilience benefits beyond 

individual asset twins? 

3. How does digital-twin integration influence modeled service continuity and recovery coordination? 

4. Can interoperable urban digital twins reduce decision latency during infrastructure disruptions? 

5. Can a composite Urban Infrastructure Resilience Management Index differentiate alternative levels of 

digital-twin integration? 

 

13. Methodology 

13.1 Research Design 

The study employs a quantitative simulation-based research design. 

No real municipal infrastructure authority, city government, utility, transport operator, or  

No empirical claims about real cities are therefore derived from the simulated results. 

A synthetic dataset representing 180 hypothetical urban infrastructure-management units was 

generated. 

The units were equally distributed among three scenarios: 

Fragmented Monitoring — 60 units 

Asset-Level Digital Twin — 60 units 

Integrated Urban Digital Twin — 60 units 

A fixed pseudorandom seed of 20260811 was applied to support reproducibility. 

 

13.2 Performance Dimensions 

Six dimensions were modeled. 

Disruption-Detection Score measures the modeled ability to identify abnormal infrastructure 

conditions rapidly and accurately. 

Service-Continuity Score represents the capacity to maintain essential urban services during 

disturbances. 

Recovery-Coordination Score represents the effectiveness of coordinating restoration activities 

across infrastructure systems. 
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Data-Interoperability Score represents the ability of information systems to exchange and 

meaningfully use infrastructure data. 

Predictive-Maintenance Score represents the capability to identify deterioration or maintenance 

requirements before service failure. 

Decision Latency represents the modeled time required to transform disruption information into 

an actionable management decision. 

 

14. Simulation Parameters 

 

Table 1: Parameterization of Urban Infrastructure Management Scenarios 

Performance 

Dimension 

Fragmented 

Monitoring 

Asset-Level Digital 

Twin 

Integrated Urban Digital 

Twin 

Disruption 

detection 
Mean 64, SD 8 Mean 82, SD 7 Mean 92, SD 5 

Service 

continuity 
Mean 60, SD 8 Mean 74, SD 7 Mean 86, SD 6 

Recovery 

coordination 
Mean 55, SD 9 Mean 71, SD 8 Mean 88, SD 6 

Data 

interoperability 
Mean 42, SD 10 Mean 65, SD 8 Mean 87, SD 6 

Predictive 

maintenance 
Mean 58, SD 8 Mean 79, SD 7 Mean 90, SD 5 

Decision 

latency 
Mean 8.0 min, SD 1.5 

Mean 4.8 min, SD 

1.0 
Mean 2.4 min, SD 0.6 

 

Note: The parameters represent methodological assumptions for scenario testing and are not reported 

performance averages from real municipalities. 

 

15. Urban Infrastructure Resilience Management Index 

A composite Urban Infrastructure Resilience Management Index (UIRMI) was developed. 

The index is expressed as: 

UIRMI = 0.20DD + 0.20SC + 0.20RC + 0.15DI + 0.15PM + 0.10DLE 

where: 

DD = Disruption Detection SC = Service Continuity RC = Recovery Coordination DI = Data 

Interoperability PM = Predictive Maintenance DLE = Decision-Latency Efficiency 

Disruption detection, service continuity, and recovery coordination received the highest weights 

because these dimensions correspond directly with core resilience functions. 
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16. Proposed Questionnaire for Future Empirical Validation 

The following questions are proposed questionnaire items only. They were not administered during the 

present study. 

A five-point Likert scale from 1 = Strongly Disagree to 5 = Strongly Agree may be used. 

1. Digital-twin systems should integrate real-time infrastructure data with predictive models to identify 

service disruptions before they become severe. 

2. Connecting digital twins across transportation, water, energy, and emergency-management systems 

would improve coordinated urban response during major disruptions. 

3. Infrastructure managers should be able to test alternative emergency and recovery strategies within 

the digital-twin environment before implementing them physically. 

4. Digital-twin recommendations should clearly show the data, model assumptions, and uncertainty 

supporting major infrastructure decisions. 

5. Critical urban services should retain safe operational procedures when the integrated digital-twin 

platform or its communication network becomes unavailable. 

The proposed instrument should undergo expert validation, reliability testing, pilot assessment, and 

construct validation before empirical use. 

 

17. Results 

 

Table 2: Simulated Urban Infrastructure Resilience Performance 

Performance Indicator 
Fragmented 

Monitoring 

Asset-Level 

Digital Twin 

Integrated Urban 

Digital Twin 

Disruption-detection score 65.4 81.9 92.5 

Service-continuity score 59.5 75.3 85.8 

Recovery-coordination 

score 
54.3 71.5 87.4 

Data-interoperability score 42.0 65.6 85.4 

Predictive-maintenance 

score 
57.9 78.2 89.9 

Decision latency (minutes) 7.9 4.7 2.3 

Urban Infrastructure 

Resilience Management 

Index 

54.2 73.4 87.5 

 

18. Disruption Detection 

The disruption-detection score increased from 65.4 under fragmented monitoring to 81.9 with asset-level 

digital twins and 92.5 under integrated urban digital twins. 
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Digital twins can improve detection by continuously comparing observed infrastructure behavior with 

predicted or expected behavior. 

Stormwater research demonstrates this principle by combining online sensor observations with 

hydraulic modeling and real-time data-quality assessment. 

Bridge digital-twin research applies a similar logic through the integration of physical asset 

information and structural monitoring. 

Integrated urban twins can potentially extend this capability by identifying correlations across 

systems. 

A drop in pumping capacity combined with power disruption, abnormal water pressure, and road 

flooding may provide stronger situational information than any single measurement. 

 

19. Service Continuity 

 Mean service-continuity performance increased from 59.5 to 75.3 and then to 85.8. 

 Service continuity is central to resilience because complete avoidance of infrastructure disruption is 

rarely feasible. 

 Management must therefore prioritize critical functions. 

 An integrated digital twin can help determine which infrastructure assets contribute most directly to 

essential services. 

 For example, a transportation network model can identify whether closure of one bridge prevents 

access to a hospital. 

 A water model can identify whether one pump failure threatens supply to a critical district. 

 An electricity model can identify which infrastructure facilities depend on a damaged feeder. 

 Digital-twin integration therefore allows physical asset condition to be interpreted according to its 

service consequence. 

 

20. Recovery Coordination 

Recovery-coordination performance increased from 54.3 under fragmented monitoring to 71.5 with 

asset-level twins and 87.4 in the integrated scenario. 

1. This represents one of the clearest advantages of cross-infrastructure integration. 

2. Infrastructure recovery is frequently constrained by dependencies. 

3. A repair crew may require road access. 

4. A pumping station may require electrical power. 

5. Telecommunications may be required to coordinate remote equipment. 

6. A road may remain closed until underground utility repair is completed. 

. 

21. Data Interoperability 

The data-interoperability score showed one of the largest increases, rising from 42.0 to 65.6 and then to 

85.4. 

Infrastructure data frequently vary in: 

 format; 

 asset identifiers; 
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 coordinate systems; 

 time resolution; 

 measurement units; 

 access rules; 

 metadata quality; 

and semantic meaning. 

 

22. Predictive Maintenance 

Predictive-maintenance performance increased from 57.9 under fragmented monitoring to 78.2 for asset-

level digital twins and 89.9 under integrated management. 

 This reflects one of the strongest asset-management applications of digital twins. 

 Road-twin research emphasizes lifecycle monitoring and maintenance-support functions. 

 Bridge-twin research similarly uses continuously updated structural information to support health 

assessment of aging infrastructure. 

 Predictive maintenance contributes to resilience because it can reduce the probability that an already 

weakened asset fails during a disruptive event. 

 Maintenance planning can also be prioritized according to system criticality. 

 A moderate defect in a highly critical asset may justify earlier intervention than a more severe defect 

in a highly redundant part of the network. 

 

23. Decision Latency 

Mean modeled decision latency decreased from 7.9 minutes under fragmented monitoring to 4.7 minutes 

under asset-level twins and 2.3 minutes under integrated urban digital-twin management. 

 The values are theoretical, but the mechanism is important. 

 Fragmented systems often require information to move manually among agencies. 

 A digital twin can reduce this delay by automatically integrating current data, model predictions, and 

operational status. 

 The next generation of infrastructure digital twins is increasingly described through closed-loop data-

to-decision architectures rather than one-way monitoring systems. 

 However, faster decision-making is beneficial only if decisions remain reliable. 

 Automating an incorrect decision faster does not improve resilience. 

 Decision latency should therefore be optimized together with uncertainty, validation, and human 

oversight. 
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24. Graphical Analysis 

 

Graph 1: Simulated Urban Infrastructure Resilience by Digital-Twin Integration 

 
 

25. Statistical Analysis 

One-way analysis of variance was used as an internal scenario-discrimination test. 

Disruption detection produced: 

 F = 260.76, p < 0.001, η² = 0.747. 

 Service continuity produced: 

 F = 236.45, p < 0.001, η² = 0.728. 

 Recovery coordination produced: 

 F = 266.80, p < 0.001, η² = 0.751. 

 Data interoperability produced: 

 F = 354.62, p < 0.001, η² = 0.800. 

 Predictive maintenance produced: 

 F = 387.63, p < 0.001, η² = 0.814. 

 Decision latency produced: 

 F = 411.66, p < 0.001, η² = 0.823. 

They should not be interpreted as evidence that real digital-twin implementation will produce equivalent 

effect sizes. 

 

26. Discussion 

The study demonstrates why urban infrastructure digital twins should increasingly be evaluated 

according to the quality of the decisions they support rather than the sophistication of their visualization. 

Three-dimensional city models can be valuable. 
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 Real-time dashboards can be valuable. 

 Large sensor networks can be valuable. 

 However, none of these technologies automatically produces resilience. 

Resilience emerges when information enables urban systems to anticipate disruption, identify 

developing problems, maintain essential service, coordinate response, recover effectively, and learn 

from previous events. 

Wang and colleagues' urban-resilience approach explicitly connects physical and virtual 

environments through a continuous cycle of information and intervention. The present framework 

extends this logic by emphasizing integration among infrastructure sectors. 

 

27. Conclusion 

Digital-twin integration offers a promising pathway from fragmented infrastructure monitoring toward 

coordinated, predictive, and resilience-oriented urban management. 

The technology is already being applied to stormwater systems, fire and smoke management, 

smart water networks, road infrastructure, bridge monitoring, and city-scale urban intelligence. 

The simulation developed in this study compared 180 hypothetical infrastructure-management 

units across fragmented monitoring, asset-level digital twins, and integrated urban digital-twin 

management. 

The Urban Infrastructure Resilience Management Index increased from 54.2 under fragmented 

monitoring to 73.4 under asset-level digital twins and 87.5 under integrated management. 

The strongest future systems will therefore be those that preserve domain-specific engineering 

rigor while enabling infrastructure sectors to communicate through interoperable digital environments. 

Digital-twin integration can improve resilience only when technology is accompanied by model 

validation, institutional collaboration, cybersecurity, data governance, uncertainty communication,  

It is to create a better-informed infrastructure-management system capable of anticipating 

disruption, maintaining essential services, coordinating recovery, and learning continuously from 

changing urban conditions. 
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