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Abstract 

 

The current manuscript delves into the application of HDM-4, a robust computer software designed 

for the Highway Development and Maintenance Management System. Developed by the World Bank, 

this decision-making tool is instrumental in assessing the engineering and economic viability of 

investments in road projects on a global scale. The upgraded HDM-4, now in its Windows version, 

surpasses its predecessor, HDM-III, incorporating numerous features that enhance its adaptability to 

diverse environmental and engineering contexts worldwide. 

This paper elucidates the integration of the World Bank's HDM-4 model at the strategic level, with a 

specific focus on its application in the urban road network of Noida city, located near New Delhi, the 

capital of India. The analysis spans 21 sections, covering a total road length of 60 km. The strategic 

analysis conducted through HDM-4 proves invaluable as a tailored economic evaluation tool, offering 

insights into budget requirements and network conditions. Moreover, it provides a foundation for 

effectively managing urban roads, grounded in sound engineering principles. 
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1 Introduction 

 

The Highway Development and Management System (HDM-4) stands as a pivotal tool for guiding 

decisions in the complex landscape of road investments. Offering a thorough analysis of the 

engineering and economic viability of road projects, this computer software, developed by the World 

Bank, plays a crucial role in evaluating the challenges posed by the increasing demands of travel and 

the economic pressures accompanying the development of highways, particularly under the build-

operate-transfer (BOT) scheme. 

This study delves into a critical examination of the existing shortcomings in the investment decision 

process for highway networks. It not only identifies these deficiencies but also proposes tangible 

measures aimed at enhancing the effectiveness of the decision-making process. The study places a 

spotlight on the importance of Pavement Life-Cycle Cost Analysis (LCCA) in empowering pavement 

designers to strike a judicious balance between the initial construction costs and the anticipated future 

costs of a project. 

Surface texture, recognized for its significant role in tire-road interaction and its impact on road safety, 

undergoes thorough exploration. The study dissects its various components, including microtexture, 

macrotexture, megatexture, and roughness, offering a nuanced understanding of their implications. 

The intricate process of constructing highway runways is scrutinized, with a specific focus on the 

decisive role of clearance conditions in site selection and the increasing demand for technological 

advancements in this aspect. 

In the context of financial constraints and the imperative to maximize existing infrastructure, 

managing the consequences of escalating traffic growth emerges as a critical challenge. The study 

examines the adhesion phenomenon at the microtexture level, shedding light on the molecular 
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interaction forces between tires and surfaces. Furthermore, it underscores the unique challenges 

associated with highway maintenance work, emphasizing the safety concerns linked to factors such 

as large traffic volumes, high speeds, heavy pavement loads, and the potential hazards posed by 

adverse weather conditions. 

The research underscores the profound significance of HDM-4 in facilitating timely and cost-effective 

decisions for maintaining urban road networks. It becomes particularly relevant against the backdrop 

of the escalating production in the construction sector and the evolving dynamics of financing road 

and highway construction projects. 

Finally, the study goes beyond presenting an analysis of calibration and calibration coefficients. It 

takes a forward-looking approach by proposing a comprehensive strategy for future calibrations and 

conducts a comparative examination of measurement results between cracking initiation on urban 

roads and highways. This multifaceted approach adds depth to the understanding of calibration needs 

for the future, offering valuable insights for ongoing research and decision-making processes in the 

realm of road infrastructure. 

 

2 Study Importance 

 

The performance of pavement surfaces plays a pivotal role in shaping the functionality of roads, 

exerting a profound impact on factors such as user safety, operational costs for vehicles, and 

environmental sustainability (Vaiana et al., 2012). 

The global landscape has witnessed a surge in the private provision of public highways through the 

build-operate-transfer (BOT) scheme, garnering attention in numerous academic journals that have 

delved into various facets of BOT highway projects (Meng & Lu, 2013). 

Given the strategic importance of transportation in a country's economic development and the 

substantial investments it demands, a meticulous economic evaluation of these investments becomes 

paramount. Consequently, there is a pressing need to scrutinize and potentially refine existing methods 

for scientifically assessing the economic efficiency of road construction (Tomek & Vitásek, 2016). 

The HDM Circle has embarked on comprehensive surveys, including the Road Condition Survey, 

Roughness Survey, and Traffic Survey, covering the entire road network annually since 1995 (Kim et 

al., n.d.). This initiative has endowed the Roads and Highways Department (RHD) with a wealth of 

data. The establishment of a central databank at the headquarters ensures secure storage, with 

accessibility facilitated through a Local Area Network (LAN). Plans are underway to transition the 

LAN to a more expansive Wide Area Network (WAN), enabling users from local districts to 

seamlessly tap into this extensive database (Vaiana et al., 2012). 

This concerted effort not only underscores the commitment to maintaining a robust road infrastructure 

but also highlights the significance of data-driven decision-making in the realm of transportation 

management. The evolution from local to wide-area accessibility signifies a forward-looking 

approach, fostering collaboration and knowledge-sharing for the continual enhancement of road 

networks. 

 
Fig 1: HDM-4 software System Architecture 
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3 Research Objectives 
 

I Verify and evaluate cases to enhance the effectiveness and accuracy of highway safety production, 

contributing significantly to the acceleration of the highway maintenance safety management 

system. 

II Employ an exploratory research method, combining literature review and industry survey, to design 

a questionnaire and gather valuable insights for refining highway safety practice. 

III Establish a theoretical foundation for precisely determining the position, altitude, and 

superelevation value of obstacles in the highway runway clearance zone. 

IV Design four distinct dense graded wearing courses using varied aggregates (limestone, basalt, and 

expanded clay) and measure surface performances through Skid Tester, Sand Patch Test, and Laser 

Profilometer. 

V Contribute to the development of urban areas by presenting research results that define the 

calibration coefficient of the crack formation model in HDM4, emphasizing the significance of this 

theme. 

 

4 Review of Literature 

 

Vaiana R. and colleagues conducted a comprehensive analysis of in-situ micro and macrotexture 

measurement tests, spanning four monitoring campaigns. The project, conducted in collaboration with 

the Road Network Division of the Provincial Administration of Cosenza, aimed to enhance the 

understanding of texture variations. 

 

Radan Tomek and Stanislav Vitásek identified significant inefficiencies in the current decision-

making process for road network investments. While various methodologies exist for investment 

decisions based on location, the study highlighted the widespread use of the HDM-4 software tool for 

the economic assessment of projects. 

U. Shah Yogesh et al. delved into the HDM-4 strategic analysis, emphasizing its role as a customized 

economic evaluation tool. The study discussed its applications in forecasting budget requirements, 

assessing network conditions, and managing urban roads based on sound engineering principles. 

 

U. Hanebutte and team developed a sophisticated computer model simulating highway traffic with 

varying degrees of automation. The model, incorporating an Automated Intelligent Cruise Control 

and an Expert Driver Model, aimed to provide a high-fidelity representation of vehicle maneuvering 

in multilane highway traffic systems. 

 

G. Riente de Andrade et al. proposed a model for free-flow speed (FFS) estimation on Brazilian 

expressways, utilizing observable field characteristics such as posted speed limits, bendiness, land 

use, highway type, lane count, and access point density. 

Slobodan Ognjenovic et al. achieved satisfactory results with a calibrated coefficient, comparing it 

with a non-calibrated model concerning the predicted and measured time of crack initiation. The study 

emphasized the importance of data dissipation in refining predictive models. 

 

Vaiana R. et al. conducted field measurements that revealed no discernible difference in crack 

initiation between state highways and major urban streets. The calibration coefficient obtained was 

deemed applicable for both the primary city network of Skopje and state highways. 

Jianyou Zhao et al. ensured the objectivity and accuracy of weight coefficients by employing the 

analytic hierarchy process (AHP) to select evaluation indicators. The study aimed to establish a 

comprehensive evaluation framework for highway maintenance safety protection. 
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R. Shah et al. synthesized findings from literature, highlighting a reduction in highway maintenance 

budgets leading to a shift towards reactive maintenance in the UK. The study emphasized the need 

for a balance between reactive and planned, preventative maintenance for optimal taxpayer value. 

 

5 Utilization of HDM-4 

 

The application of HDM-4 encompasses four primary dimensions: Project Analysis, Program 

Analysis, Strategic Analysis, and Research, Policy, and Regulation Analysis. 

 

5.1 Project Analysis 

Project analysis within HDM-4 facilitates an exhaustive evaluation of the physical, functional, and 

economic viability of specific project alternatives by comparing them against a baseline scenario (i.e., 

taking no action). Key considerations include: 

 

5.1.1 Pavement Structural Performance 

The structural integrity of a road is paramount for withstanding traffic loads. HDM-4 incorporates an 

analytical model capable of calculating the pavement's structural strength based on the traffic it bears. 

 

5.1.2 Life Cycle Prediction of Deterioration, Maintenance Effects & Costs 

HDM-4 predicts the deterioration of road structures and surfaces over each year of the analysis period 

for a given traffic load. It can factor in user-specified maintenance options, calculating associated 

costs and effects. For instance, if an overlay is mandated when roughness reaches a certain level, 

HDM-4 will project the roughness increase annually and automatically apply the overlay when the 

threshold is reached. 

 

5.1.3 Road User Costs and Benefits 

Road user costs, including Vehicle Operating Costs (VOC), Travel Time Cost (TTC), and Accident 

Cost (AC), are a significant aspect. By comparing scenarios with no maintenance (do nothing) to those 

with specific interventions (do something, like an overlay), HDM-4 highlights the substantial 

reduction in road user costs through effective maintenance. 

 

5.1.4 Economic Comparison of Project Alternatives 

Considering diverse maintenance strategies, HDM-4 calculates economic indicators such as Net 

Present Value (NPV) and Internal Rate of Return (IRR) for each option over the projected analysis 

period. The most economically advantageous maintenance strategy is determined by maximizing the 

economic return. 

 

This comprehensive approach to project analysis provides decision-makers with a thorough 

understanding of the implications and benefits associated with different maintenance and construction 

alternatives, ensuring informed and economically sound decision-making in the realm of highway 

management. 

 

5.2 Program Analysis 

Program Analysis, as designated, involves the meticulous examination of the annual maintenance 

program or a multi-year rolling program. Integrated into HDM-4, the program analysis tool facilitates 

a streamlined evaluation of the entire road network, aiming to pinpoint road sections eligible for 

maintenance within a specified budget period. In cases of budgetary constraints, the selection of 

candidate roads is guided by the economic criterion of maximizing the Net Present Value (NPV) in 

relation to costs. Conducting program analysis offers a range of valuable outcomes: 
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5.2.1 Identification of Candidate Road Sections for Maintenance 

Program analysis serves to identify specific road sections suitable for maintenance interventions. By 

assessing various factors, including current condition, traffic patterns, and maintenance history, the 

tool helps prioritize sections in need of attention. 

 

5.2.2 Determination of Alternative Improvements 

In addition to identifying maintenance candidates, the analysis explores alternative improvement 

strategies. This involves evaluating different interventions, considering factors such as resurfacing, 

rehabilitation, or other enhancements based on the specific needs of each road section. 

 

5.2.3 Optimization of the Program under Budget Constraints 

Given budgetary limitations, program analysis aids in optimizing the maintenance program. The tool 

considers various scenarios, assessing the most effective allocation of resources to achieve the greatest 

impact within the constraints of available funds. 

 

5.2.4 Advanced Functionality 

Beyond these fundamental aspects, the program analysis tool in HDM-4 leverages advanced 

functionalities, including: 

 

5.2.5 Cost-Benefit Analysis 

Conducting a sophisticated cost-benefit analysis, the tool weighs the economic benefits against the 

costs associated with different maintenance and improvement strategies. This ensures that the selected 

program not only meets budget constraints but also maximizes the overall economic return. 

 

5.2.6 Sensitivity Analysis 

To enhance decision-making robustness, the program analysis incorporates sensitivity analysis. This 

allows stakeholders to assess the impact of varying parameters and uncertainties, providing a more 

nuanced understanding of potential outcomes. 

 

5.2.7 Dynamic Adjustments 

Recognizing the dynamic nature of road conditions and budget constraints, the program analysis tool 

allows for real-time adjustments. This adaptability ensures that the maintenance program remains 

responsive to changing circumstances and emerging priorities. 

By embracing these advanced features, the program analysis within HDM-4 becomes a 

comprehensive decision-making tool for optimizing road maintenance programs, aligning 

interventions with economic considerations, and enhancing the overall efficiency of resource 

utilization. 

 

5.3 Strategic Analysis 

The strategic analysis unfolds as a meticulous examination tailored for the chosen urban road network. 

Its primary objective is to maximize the Net Present Value (NPV) or minimize costs, striving to 

achieve a targeted International Roughness Index (IRI). The designated IRI serves as a threshold, 

delineating the maximum acceptable roughness for the network. The project timeline initiates from 

the year 2014, encompassing an economic analysis spanning a design period of 10 years, with a 

discount rate of 12%. The analytical framework adheres to Maintenance and Rehabilitation (M&R) 

standards, consistent with those applied in Life-Cycle Cost Analysis (LCCA). 
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5.4 Key Aspects of Strategic Analysis 

5.4.1 NPV Maximization Strategy 

In pursuit of NPV maximization, the analysis entails the generation of an unconstrained work program 

through the HDM-4 tool. This comprehensive program addresses sections within the urban road 

network, aiming to optimize NPV outcomes. 

 

5.4.2 Performance Metrics 

The assessment under strategic analysis provides insights into the Average International Roughness 

Index (IRI) for the urban road network. This metric serves as a vital indicator of road surface quality, 

contributing to the overarching goal of enhancing network performance. 

 

5.5 Research, Policy, and Regulation Analysis 

The dimension of Research, Policy, and Regulation Analysis delves into critical considerations that 

significantly impact road infrastructure planning and management. This includes: 

 

5.5.1 Funding Policies for Competing Needs 

Exploration of funding policies to address competing needs within the transportation infrastructure 

domain. A notable example involves balancing investments between feeder roads and main roads, 

considering their distinct roles and significance. 

 

5.5.2 Road User Charges and Road Funds 

Examination of road user charges as a mechanism for establishing road funds. This involves assessing 

the impact of user charges on revenue generation, aiming to sustainably fund road maintenance and 

development. 

 

5.5.3 Impact of Axle Load Limits 

Evaluation of the implications of axle load limits on road infrastructure. This encompasses 

understanding the effects of different load limits on pavement integrity and longevity. 

 

5.5.4 Pavement Design Evaluation 

A critical analysis of pavement design methodologies, ensuring alignment with industry standards and 

advancements. This involves evaluating the appropriateness and effectiveness of existing pavement 

design practices. 

 

5.5.5 Pavement Maintenance and Rehabilitation Standards 

Exploration of standards governing pavement maintenance and rehabilitation. This facet encompasses 

the identification and assessment of established standards to guide effective infrastructure 

management. 
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5.5.6 Advanced Considerations 

The strategic analysis not only addresses current conditions but also incorporates forward-looking 

elements, including: 

 

5.5.7 Technological Advancements 

Incorporating insights from emerging technologies and innovations that have the potential to reshape 

road infrastructure management. This forward-looking approach ensures adaptability to evolving 

industry trends. 

 

5.5.8 Regulatory Compliance 

Ensuring alignment with evolving regulatory frameworks and compliance requirements. This 

involves staying abreast of regulatory changes that may impact road infrastructure planning and 

implementation. 

By embracing these advanced considerations, the strategic analysis emerges as a comprehensive tool 

for optimizing economic outcomes, enhancing road network performance, and navigating the 

complex landscape of research, policy, and regulation within the realm of urban road infrastructure. 

 

6 Priority of HDM-4 Software 

 

Determining the optimal maintenance strategy and accurately forecasting the budgetary needs for a 

designated road network hinges on the specific criteria embraced by a planner. The selection of these 

criteria can significantly influence the outcomes and overall effectiveness of the maintenance planning 

process. Two predominant criteria that hold paramount importance in the context of HDM-4 Software 

are: 

 

6.1 Maximizing Net Present Value (NPV) 

One pivotal criterion in the decision-making process revolves around maximizing the Net Present 

Value (NPV). This involves evaluating different maintenance alternatives and selecting the one that 

yields the highest NPV. The NPV serves as a crucial economic indicator, offering insights into the 

long-term financial viability of maintenance options. By prioritizing NPV maximization, planners aim 

to optimize the economic returns on maintenance investments. 

 

6.2 Maintaining an Acceptable Road Network Condition 

Alternatively, planners may adopt a criterion focused on keeping the average road network in an 

acceptable condition. This approach emphasizes the importance of sustaining a predefined level of 

road quality and performance. The acceptable condition is often defined based on parameters such as 

pavement smoothness, structural integrity, and user safety. Prioritizing the maintenance alternatives 

that contribute to meeting or exceeding these predefined conditions is essential for enhancing overall 

road network functionality. 

 

6.3 Comprehensive Analyses for Informed Decision-Making 

While these criteria provide valuable benchmarks, the complexity of road infrastructure management 

necessitates more extensive analyses. Planning for the sustained effectiveness of a road network 

requires a forward-looking perspective and a thorough understanding of potential developments. To 

achieve this, it is imperative to conduct comprehensive analyses that span a significant timeframe, 

ideally encompassing at least 10 years. 

 

6.4 Calibration of Level 3 According to HDM 

In addition to the immediate considerations, the prioritization of HDM-4 Software involves the 

development and calibration of models that align with Level 3 according to the HDM framework. 

Level 3 calibration enhances the sophistication and accuracy of the models employed in decision-
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making. This calibration process involves refining and fine-tuning the models to ensure that they 

accurately represent the real-world conditions and complexities of the road network. 

 

6.5 Incorporating Future Model Development 

Acknowledging the dynamic nature of road infrastructure, there is a recognized need for continuous 

model development. This involves anticipating future changes, advancements, and challenges that 

may impact road networks. By actively engaging in ongoing model development, planners can adapt 

to evolving circumstances, ensuring that the decision-making process remains robust and informed. 

In conclusion, the priority of HDM-4 Software extends beyond immediate considerations to 

encompass a strategic and forward-looking approach. By aligning with criteria such as NPV 

maximization and maintaining acceptable road network conditions, coupled with comprehensive 

analyses and ongoing model development, planners can navigate the intricacies of road maintenance 

planning with greater precision and foresight. 

 

7 Discussion and conclusion 

 

The domain of pavement management stands as a critical arena in the realm of transportation 

infrastructure, where the nuanced interplay of various factors significantly impacts road surface 

performance. This discussion unfolds as an exploration into the intricate dynamics governing this 

domain, shedding light on key aspects that influence the effectiveness of road pavement management 

and maintenance operations. 

At the heart of this exploration lies the pivotal role played by the assessment of pavement surface 

performance. Delving deep into the analysis, the study focuses on discerning factors that wield 

considerable influence over texture deterioration. These factors include the properties of aggregates 

and binders, the configuration of road geometry, and the intricacies of traffic dynamics (Vaiana et al.). 

A critical examination of the current landscape reveals notable inefficiencies in investment decision 

processes concerning road networks. Despite a multitude of methodologies tailored to location-

specific considerations, the HDM-4 software emerges as the linchpin for economic project 

assessment. Renowned for its complexity and adaptability, this software proves its mettle through an 

in-depth case study, underscoring its suitability in addressing inefficiencies (Meng and Lu). 

The HDM-4 software distinguishes itself through its seamless integration of crucial information 

gleaned from related databases. Empowering users with automated features such as pavement 

structure selection and Maintenance and Rehabilitation (M&R) sequence selection, the software 

facilitates a nuanced comparison of realistic pavement design alternatives. This integration serves as 

a testament to the software's efficacy in streamlining decision-making processes (Tomek and Vitásek). 

Effective maintenance planning necessitates a strategic alignment with predefined criteria. Planners 

are confronted with the choice of maximizing Net Present Value (NPV) or ensuring that the overall 

road network maintains an acceptable condition. This criteria-driven approach becomes instrumental 

in steering decision-making processes, ensuring that maintenance strategies align with overarching 

goals (Kim et al.) 

In the realm of field measurements, an intriguing revelation surfaces – no discernible difference in 

crack initiation between state highways and major urban streets. This discovery unlocks a crucial 

insight: the obtained calibration coefficient (cia) extends its applicability beyond the primary city 

network of Skopje to encompass state highways. This insight underscores the broader implications of 

calibration coefficients in ensuring the accuracy of predictive models [8]. 

In conclusion, this exploration encapsulates the multifaceted nature of pavement management. The 

intricate interplay of factors, ranging from material properties to economic considerations, 

underscores the complexity inherent in maintaining effective road infrastructure. The HDM-4 

software emerges as a cornerstone in addressing inefficiencies, integrating essential data, and 

facilitating informed decision-making. The study's findings contribute valuable insights into the 

nuanced dynamics of maintenance planning and calibration coefficients, offering a holistic 
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perspective for effective road infrastructure management. As we navigate the complexities of 

pavement management, it becomes evident that a comprehensive and adaptable approach is essential 

for steering the course of transportation infrastructure into a sustainable and resilient future. 
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