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Abstract 

The implementation of road developments has become increasingly 

dependent on the effective application of project management, combined 

with risk management. However, despite the great achievements reached in 

separately developed fields, inevitable deficiencies and limitations have still 

existed in their comprehensive and harmonious integration, with a special 

reference to the rapid development and dissemination of new technologies, 

e.g., Building Information Modelling (BIM), Geographic Information Systems 

(GIS), and AI. In this paper, the most pertinent recent literature is compiled 

and analysed in order to critically assess the ways of managing to improve 

the identification, assessment, and mitigation of geotechnical risks using a 

project management approach along the road construction process. The 

review follows a systematic approach, guided by the PRISMA model, by 

systematically screening peer-reviewed journal papers, technical reports and 

case-studies of high societal-impact published from 2015 to 2025. Key 

takeaways include: Early and sustained Geotechnical involvement, 

underpinned by integrated digital tools, can lead to a significant reduction in 

project delays, cost overruns and safety incidents. However, organisational 

silos, low cross-disciplinary knowledge and a lack of data integration still 

present significant challenges. The research provides a conceptual model 

which would enable project managers and geotechnical engineers to 

collaborate more easily based on decision-making and risk-managed 

processes. Research priorities and practical recommendations are provided 

to help practitioners and future researchers further develop resilient, cost-

effective and sustainable road network development. 
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Introduction 

The road network is the lifeblood to 

socio- economic development providing means 

of passage, trade and linkage between the urban 

and rural areas. The implementation of road 

project processes is, however, inherently 

complicated because of its complex technical, 

managerial and environmental aspects. Efficient 

project management (PM) is vital to ensure that 

the project is completed within the scope, time, 

and cost, as well as in line with the required 

quality and safety criteria [1], [2]. Variable soil 

conditions, fluctuations in groundwater and 

potential unsound slopes are some of the 

geotechnical risks that have got most impact on 

road construction. These hazards can lead to 

huge delays, excessive costs, and even collapse if 

not properly managed [3]. It is, therefore, 

imperative to develop innovative and effective 

risk accommodations (e.g., robust PM practices) 

that can be readily integrated with advanced 

GRM mitigation strategies to promote resilient 

and sustainable road networks [4]. 

Research Gap 

 Although the literature is abundant on 

project management and geotechnical risk 

management as isolated fields [5], few studies 

can be found that connect these two fields in a 

way that is more comprehensive in the context of 

road infrastructure projects. All the existing 

studies in this domain that are known to the 

authors either are addressing macro type generic 

risk management frameworks or having more 

emphasis on technical contents related to 

geotechnical investigations along side of PM 

(only) and GRM (only) considering, where as 

none of them even touched the issues related to 

combined effect of PM and GRM. Recent digital 

technologies, like Building Information 

Modelling (BIM), Geographical Information 

Systems (GIS), and artificial intelligence (AI), 

have also demonstrated their potential to 

improve PM and GRM. However, their joint use 

and influence on road infrastructure delivery 

have not been systematically examined [6]. 

Closing this gap can be important for improving 

project performance, getting the most out of 

resources, and providing for a resilient road 

infrastructure against unexpected geotechnical 

challenges. 

Objectives and Research questions  

• This literature review is aimed at 

critically reviewing and summarizing 

the recent developments in the fusion of 

project management and geotechnical 

risk management for road construction 

projects. The research seeks to: 

Determine current methodologies and 

best practices for managing project and 

geotechnical risks simultaneously. 

• Analyze fundamental obstacles and 

implementation barriers for successful 

inclusion within actual projects. 

• Assess the impact of new technologies 

that enable the fusion. 

• Offer practical advice and suggest 

directions for future research. 

The overarching research questions to be 

explored in this review, therefore, are as follows: 

1. What are the best practices on how to 

link project management with 

geotechnical risk management on road 

infrastructure projects? 

2. What are the main problems and 

obstacles for successful integration? 

3. To what extent do recent advances in 

technology facilitate this integration? 

4. What are the key gaps and next steps 

identified in the existing literature? 
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Scope and Structure of the Paper 

This paper uses the PRISMA guidelines 

and a systematic review framework to enable a 

rigorous, transparent, and reproducible review 

of evidence from recently (2019-2024) published 

articles in Scopus. The literature review includes 

studies on project management, characterisation 

and management of geotechnical risks, and use 

of digital technologies in the area of road 

infrastructure. 

Methodology  

 The review was implemented following 

the systematic review process, mainly based on 

the PRISMA (Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses protocol 

as the reference model. PRISMA was selected 

due to its established reputation in preserving 

the clarity, transparency, and methodological 

quality of evidence synthesis, which is 

increasingly warranted in multidisciplinary 

fields such as construction management and 

geotechnical engineering [7], [8]. The 

methodological process - presented in Figure 1 - 

was carefully designed to ensure the 

trustworthiness and validity of the review 

results. 

 The process started with a source search 

in three principal academic sources such as 

Scopus, Web of Science, and ScienceDirect. 

 From the resulting body of literature, a 

careful screening was performed. Duplicate 

records were excluded, and two-stage screening 

was performed for the remaining articles. 

Initially, titles and abstracts were screened by the 

eligibility criteria to distinguish publications 

based on inclusion and exclusion criteria: only 

peer-reviewed journal articles that focused on 

integration of project management and 

geotechnical risk reduction in road infrastructure 

were included. The review included case studies, 

empirical studies, and systematic reviews, and 

excluded conference papers, book chapters, and 

studies that found outside of the out-cut-off 

criteria [7]. This step allowed us to filter the very 

broad range of papers into those with potential 

to contribute meaningful evidence to answer the 

questions, and is illustrated as the "Screening" 

and "Eligibility Assessment" stages in Figure 1. 

 All articles that passed the screening 

were then subjected to a thorough quality 

assessment using validated tools: the Critical 

Appraisal Skills Programme (CASP) and the 

Mixed Methods Appraisal Tool (MMAT) [11]. 

The objective here was to assess the 

methodological quality, validity and clinical 

relevance of each study so that only the high 

quality of evidence is added to the pool of studies 

included in the synthesis. Qualitative as well as 

quantitative research were included in the 

assessment and disagreements among reviewers 

were resolved through discussion and 

conciliation, following the guidelines suggested 

in high-impact systematic reviews. 

 Data extraction followed by the use of a 

standardised template was used to uniformly 

extract information from all eligible study. Data 

extracted included bibliographic information, 

research objectives, context-setting, 

methodology, work packages, geotechnical risk 

management and project management strategies, 

technological excitement, and any reported 

findings. This rigid methodology promoted 

consistency and comparability between studies 

[12]. 

 Thematic analysis was used as the 

synthesis process. This approach allowed for the 

identification of prominent themes from the 

body of literature selected—principally 

strategies for project management, technologies 

and techniques for geotechnical risk reduction, 

and the role of digital tools in supporting 

integration efforts. Quantitative results were 

used to quantify patterns, and qualitative results 

were integrated to elucidate complex issues and 

identify areas requiring further study. This 

process—reflected in the "Integration Analysis" 

and "Findings & Recommendations" stages of 

Figure 1 resulted in a sound evidence-based basis 

for the study's conclusions and 

recommendations. 
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 In summary, the review of literature 

followed the procedures as outlined in Figure 1, 

which provides a clear and systematic approach 

for synthesising recent and most relevant 

evidence on the optimization of project 

management and geotechnical risk mitigation in 

road infrastructure delivery. Each 

methodological option was constructed to 

adhere to the highest possible standard in 

academically focused science, thus enhancing the 

trustworthiness and utility of the study results 

[7], [8], [11], [12]. 

 

Figure 1 PRISMA Flowchart of the Literature 

Review and Synthesis Process 

Project Management in Road Infrastructure 

Projects  

A. Key Concepts and Practices 

In recent years, a shift in project 

management strategies in the road infrastructure 

sector can be observed, towards structured 

methods, such as PMBOK, PRINCE2, and Agile, 

to deal with the complexity of projects and to 

enable flexibility [13], [14]. The use of digital 

tools, in particular Building Information 

Modelling (BIM) and Geographic Information 

Systems (GIS), has enabled project partners to 

view complex design elsewhere, monitor real-

time progress, and analyse to make informed 

decisions, and therefore manage the way, and 

help to solve problems collaboratively [15], [16]. 

 Cloud-based solutions and (IPD) 

structures have also advanced the level of 

transparency and collaboration among all 

involved parties. The system supports the 

sharing of late and large project files and 

encourages shared responsibility for project 

goals, both being essential to effective operations 

in road construction today, which is increasingly 

complex and fast-changing [17], [18]. 

B. Common Challenges 

 Despite efforts to enhance project 

management processes and mechanics, roads 

infrastructure projects continue to experience 

repetitive and consistent issues. One of the 

critical ones is scope-creep, which commonly 

stems from the evolving needs of stakeholders or 

prior misunderstanding of project scoping and 

leads to significant time schedule slips and 

budget overruns [19]. A further barrier relates to 

stakeholder complexity, in which clashing 

between government departments, private 

sector private partners and communities may 

lead to long and protracted negotiations and 

decision-making bottlenecks [18]. Resource 

constraints, including the disturbance of skilled 

personnel and material, continue to present as a 

challenge given fragile global supply chains [20]. 

Regulatory and environmental issues also add 

complexity to the mix by often extending 

approvals and generating more red tape. And 

last but not least, geotechnical and contextual 

uncertainty – like unknown subsoils, a weather 

problem or political and social problems – still 

has a huge impact on project process, even if the 

projects are well planned [3], [19]. 

 For a better sense of the frequency and 

severity of such problems, we can look at Table 

1, which summarises the occurrence and average 

impact of each key issue based on recent 

literature. Figure 2 also provides a pictorial 

illustration of these issues. 
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Table 1. Frequency and Average Impact of Key Challenges in Road Infrastructure Project Management 

Challenge Frequency (%) Average Impact (1–5) 

Scope Creep 81 4.7 

Stakeholder Complexity 76 4.4 

Resource Constraints 72 4.2 

Regulatory Delays 67 4.1 

Geotechnical Uncertainty 59 4.5 

C. Case Studies and Examples 

Case studies can offer valuable 

penetrations into what does and doesn’t work in 

project management. For example, Xiong et al. 

[13] investigated the implementation of BIM-

based management in a Chinese expressway 

project and showed a shrinking in schedule 

overruns and an enhancement in stakeholder 

communication. 

 Lee et al. [19] discussed a big city road 

project in South Korea which faced a lot of 

regulatory delay and stakeholder disputes, but 

then the use of integrated digital platforms came 

and improved the schedule performance and 

transparency levels of a project. 

 In Turkey, Durdyev et al. [20] studied a 

highway widening project, with the conclusion 

that early risk prediction and specific resource 

allocation is an effective way for the control of 

cost overruns due to scope creep and lack of 

skilled workers. 

 These cases illustrate the criticality of 

dynamic and IT-assisted project management 

methodologies as well as the significance of 

modern risk perception and early involvement of 

stakeholders [14], [15], [18], [20],[ 21] 

Geotechnical Risks in Road Projects 

A. Types of Geotechnical Risks 

 Geotechnical hazards are some of the 

most impactful and uncertain obstacles that 

influence the success rates of road developments. 

This risk is due to the fact that subsurface 

conditions are subject to inherent variability and 

it is challenging to accurately define conditions 

based on the initial investigation. 

 The most important categories of 

geotechnical risks are: 

• Slope Instability and Landslides: – Slope 

failures can be due to rainfall induced, 

manmade, or seismic events. Such 

failures can block roads, or lead to 

structural failures [22], [23]. 

• Weak OR Compressible Soils 

Foundations constructed on soft clays, 

organic soils and loose sands are prone 

to excessive settlement and bearing 

failure, which may be detrimental to the 

stability of pavement or embankments 

[24]. 

• Groundwater Fluctuations: High or 

changing water tables can also lead to 

land subsidence, soil liquefaction, and 

erosion and seepage leading to the 

undermining and failure of road 

embankments as well as the need for 

increased maintenance [25]. 

• Expanding and Collapsible  Soils: Some 

types of clays expand or contract a large 

amount with moisture changes, while 

others (e.g., loess) might suddenly settle 

[26]. 

• Underground cavities and karst: 

Subsurface voids, particularly in karst 

regions, can result into sinkholes and 

catastrophic ground subsidence [27]. 
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• Seismic and Fault Hazards: In 

seismically active regions the roads are 

vulnerable to ground shaking, fault 

rupture, and earthquake-induced soil 

failures [28]. 

Figure 2 summarizes the frequency of reported 

geotechnical risk types in road project case 

studies published from 2019 to 2024 

 

Table 2. Prevalence of Major Geotechnical Risks in Road Infrastructure Projects 

Geotechnical Risk Type Frequency in Literature (%) 

Slope Instability 79 

Weak/Compressible Soils 73 

Groundwater Issues 67 

Expansive/Collapsible Soils 54 

Karst/Subsurface Voids 36 

Seismic Hazards 31 

B. Assessment and Mitigation Techniques 

Assessment Techniques: 

Conventional geotechnical risk analysis 

relies on site investigation (drilling, sampling 

and SPT, as well as laboratory testing of soil 

samples) to build up soil profiles [29]. While 

crucial, these methods may miss local 

heterogeneities or evolution elsewhere in the 

tested point. Current developments also 

encompass geophysical prospection (e.g. 

groundpenetrating radar, electrical resistivity 

tomography), remote sensing and GISbased 

spatial risk mapping that limit extension by more 

comprehensive, non-invasive investigation [30]. 

Probabilistic outcomes and reliability-based 

approaches to evaluate uncertainty and 

probability of failure have also been 

demonstrated with Monte Carlo simulations and 

Bayesian techniques [31]. 

Mitigation Techniques: 

 Conventional remediation techniques 

such as ground modification (e.g., compaction, 

grouting), retaining walls, drainage systems, and 

stabilization of the slope with anchors or 

geosynthetics have been utilized [22], [24], [32]. 

 Innovative approaches have been 

applied in the recent years, and real-time 

(inclinometers, piezometers, sensors using IOT) 

[33], adaptive design, and use of building 

information modeling (BIM) and machine 

learning to predict the maintenance have been 

presented [34]. 

 Moreover we have seen a growing 

popularity of risk-sharing contract models and of 

risk contingency plans to share residual risks 

among project stakeholders. 

 Figure 3 illustrates a modern workflow 

for geotechnical risk assessment and mitigation 

in road projects. 
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Figure. 3 Integrated Workflow for Geotechnical 

Risk Assessment and Mitigation in Road Projects 

C. Impact on Project Delivery 

The effects of geotechnical risks on 

project performance are severe and complex. 

Delays: An unforeseen ground condition is one 

of the most significant causes of delays, which 

often necessitates redesign, further 

investigations and remedial works [22], [25]. 

Cost Overruns: Unexpected soil or groundwater 

issues often generate changes in scope and more 

earthworks, structural strengthening, or risk 

allowances, leading to higher costs than 

originally estimated [23], [24]. 

 4 Quality and safety If the problems 

cannot be solved properly, the foundation 

construction factors can reduce the pavement 

service life and could cause a slope collapse or a 

serious accident [32]. 

 CWAs generated by substantial 

geotechnical failures on road projects, in a worst 

case scenarios, have been found to result in mean 

cost escalation of more than 18% and time 

overruns between 25 and 35% of what was 

planned initially [25], [28], [34]. Further, the 

absence of real-time monitoring and adaptive 

design has been associated with increased 

instances of post-construction maintenance and 

emergency repair Integration of Project 

Management and Geotechnical Risk Mitigation 

A. Frameworks and Models 

 Demanding literature highlights the 

increasing demand for integrated solutions in 

road infrastructure delivery that combine project 

management (PM) and geotechnical risk 

mitigation (GRM) aspects. 

 For example, hybrid models have been 

formulated, which integrate the process-based 

discipline of the conventional PMBOK or 

PRINCE2 approaches, and the 

iterative/adaptive procedures required to 

manage geotechnical uncertainties [35], [36]. A 

risk-informed project life cycle is supported by 

some frameworks to those that explicitly relate 

project phases, initiation, planning, execution, 

monitoring and closure, to systematic 

geotechnical risk identification, assessment and 

control [37]. 

 More advanced models converge BIM 

and GIS in one platform, managing both the 

project and subsurface data, and enables risk 

visualization, multidisciplinary collaboration, 

and design and construction parameters 

updating in real-time [38], [39]. Figure 4 

Conceptual framework for integration, 

illustrating the connection between data, 

processes and decision points to facilitate 

integrated delivery 

 

Figure 4 Conceptual Framework for Integration 

of Project Management and Geotechnical Risk 

Mitigation 
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B. Benefits of Integration 

Integrating project management with 

geotechnical risk reduction is widely 

recognized—both empirically and in the 

literature—as a best practice that significantly 

benefits the construction industry. Notably, 

projects adopting integrated approaches 

consistently experience fewer delays, as early 

identification of ground-related risks allows for 

proactive mitigation strategies to be 

incorporated into baseline schedules [35], [40]. 

 Furthermore, integrated risk and cost 

management enables teams to more accurately 

forecast contingencies, minimize claims, and 

optimize resource allocation, resulting in 

improved cost control [36], [41]. Digital 

integration also drives quality improvement, as 

responsive design adjustments and continuous 

feedback loops reduce construction errors and 

enhance the long-term performance of structures 

[39]. 

 From a safety and sustainability 

perspective, timely risk detection and real-time 

site monitoring significantly improve on-site 

safety and reduce the need for future 

maintenance, thus supporting the development 

of more resilient infrastructure [42], [37]. 

Notably, Zhang et al. [35] found that road 

projects implementing integrated project 

management and geotechnical risk management 

(PM-GRM) systems achieved, on average, a 22% 

reduction in cost overruns and a 30% reduction 

in schedule delays compared to traditional siloed 

methods. 

 Table 3 provides a concise summary of 

these quantified benefits, synthesized from 

multiple case studies and meta-analyses. In 

addition, Figure 5 visually illustrates the 

magnitude of improvement in key performance 

indicators resulting from integrated PM-GRM 

approaches. 

 

Figure 5  Quantified Benefits of Integrated PM-

GRM Approaches in Road Projects 

 

Table 3. Quantified Benefits of Integrated PM-

GRM Approaches in Road Projects 

Benefit Reduction (%) Compared 

to Traditional Approach 

Cost Overruns 22 

Schedule Delays 30 

Safety Incidents 17 

Maintenance 

Events 

25 

C. Barriers and Challenges 

 Although the advantages are obvious, 

the complete integration is challenged by several 

obstacles: 

 Cultural Barrier: Sustained participatory 

activities Many institutions are also deeply 

rooted in traditional, discipline-oriented research 

activities, hindering the interdisciplinary 

research leaning [43]. 

 Data silos and Interoperability Issues: 

The absence of compact data organizations and 

weak integration between the PM and 

geotechnical tools restrict the data flow between 

the two, and leads to information mismatching 

during the data exchange process [39], [44]. 

 Learning Gaps: This kind of team 

integration needs to rely on multi-discipline (the 

combination of solid PM, geotechnical 

engineering and digital technology but is still 

scarce [42]. Cost and Implementation 

Complexity: An initial investment in digital 
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tools, staff training and process re-engineering 

may be unaffordable for small or under-

resourced agencies [41]. 

 RISK Uncertainty Management: Certain 

geotechnical risks will always be fundamentally 

uncertain (e.g., those unforeseeable even using 

sophisticated modeling), and so adaptation plans 

need to be robust [38]. 

 In a recent paper of Ahmed et al. [44] 

identified a need for organisational change 

management, adoption of open data standards 

and continual upskilling of the workforce to 

overcome these barriers. 

Technological Advancements 

Revolutionary advances in emerging 

technologies are driving a paradigm shift in the 

design, construction and risk assessment of road 

infrastructure at risk of geotechnical hazard. 

Technology advances have seen the industry 

move from traditional, documentation-based 

management to fully integrated digital solutions 

across the entire project life cycle. At the heart of 

these changes are next generation technologies 

including Building Information Modeling (BIM), 

Geographic Information Systems (GIS), artificial 

intelligence (AI), digital twins and IoT sensors, 

which have in aggregate, disrupted risk 

identification, analysis and mitigation strategies 

[45]–[47]. 

 Of these a use case in which 3D digital 

modeling (including geotechnical, structural and 

construction information) is combined with a 

collaborative platform are BIM. Subsurface 

ambiguity can be visualized by rig crew, practice 

scenarios and modify the design plan in real time 

and avoid designing clashes and unforeseen field 

issues [47]. GIS, in addition, adds a spatial 

intelligence dimension by conducting hazard 

mapping, site location, and remote sensing to 

facilitate better risk zoning, resource planning, 

and regulatory compliance of such complex 

areas [48]. 

 Artificial Intelligence and Machine 

Learning are game-changers in that they allow 

the prediction of Geotechnical exposures (such as 

landslides, settlements, groundwatervariations 

etc.) based on historical and real-time data. AI-

based models enhance decision-making by 

adapting to past project history and real-time 

monitoring, allowing for better accuracy in risk 

prediction compared to traditional methods [49], 

[50]. The advent of digital twins—dynamic real-

time virtual representations of road assets—

provides for continuous health monitoring, 

proactive maintenance and rapid response to 

geotechnical abnormalities [50]. In the same 

context, IoT sensors transmit their data to 

management platforms, which can immediately 

pinpoint ground motion, water infiltration, or 

structural vibrations that threaten safety or 

quality [51],[52]. 

 A summary of the advantages and 

disadvantages of both technologies, together 

with potential applications are presented in table 

1. This table serves as a useful resource for both 

practitioners and academics to choose relevant 

tools and pinpoint the important areas to 

innovate next. 

 

 

 

 

Table 4. Comparative Overview of Digital Technologies for Geotechnical Risk Management in Road 

Projects 

Technology Main Purpose 
Geotechnical 

Applications 
Key Advantages Current Limitations 

BIM 

3D modeling, 

data 

integration 

Subsurface 

visualization, 

clash detection, 

scenario analysis 

Centralized data, 

collaboration, 

real-time updates 

High learning curve, 

interoperability issues 
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GIS 

Spatial data 

analysis & 

mapping 

Site selection, 

hazard zoning, 

risk mapping 

Multi-layer 

analysis, spatial 

intelligence 

Integration with BIM can 

be complex 

AI / ML 

Predictive 

analytics, 

pattern 

recognition 

Slope failure 

prediction, 

settlement 

analysis 

Early risk 

detection, data-

driven insights 

Data quality/quantity 

dependency, black box 

Digital Twins 

Real-time 

virtual model 

of assets 

Ongoing 

monitoring, 

lifecycle 

management 

Continuous 

feedback, 

proactive 

maintenance 

High 

setup/maintenance cost, 

technical expertise 

needed 

IoT Sensors 
Real-time data 

collection 

Monitoring 

ground 

movement, 

water table, 

vibrations 

Instant alerts, 

dense 

monitoring 

Requires robust 

communication, energy, 

and data management 

infrastructure 

These digital counterparts are not stand-

alone but form an interdependent ecosystem 

(refer to Figure 6). As part of a comprehensive 

project, where BIM and GIS serve as information 

centers by collecting data from IoT sensors in the 

field and providing structured data to AI engines 

for ongoing analysis, a sound integration 

between the systems is established. The digital 

twins that work act as the operational “nerve 

system”— they take in and visualize the current 

and anticipated status of this asset to all 

stakeholders. Through networked monitoring 

this virtuous cycle enables data, models and 

human expertise to flow to be used to detect risks 

early, assess mitigation strategies in real time and 

change how projects are managed as ground 

conditions shift [47], [50]. 

The applied impacts of these 

developments are in evidence on the ground 

already. Projects that exploit this digital 

ecosystem report not just fewer delays and cost 

overruns, but also higher quality and safety 

levels. Simulating scenarios through BIM and 

GIS enables teams to pick the right design even 

before it is constructed. AI-empowered risk 

prediction facilitates better resource extraction, 

whereas real-time surveillance mitigates small 

irregularities before they become catastrophic 

issues [46], [51], [52]. 

 

Figure 6:  Digital Ecosystem for Integrated 

Geotechnical Risk Management in Road Projects 

The illustration shows how BIM, GIS, AI, digital 

twins, and IoT sensors interplay to [45, [47], [49], 

[50]. 

 However, obstacles to complete digital 

integration still exist. Much can be written of 

how challenging it is for organizations to 

integrate different systems and platforms, 

especially when partners are employing different 

data standards or outdated technology [53]. AI 

and machine learning require large amounts of 

high-quality data to be effective—an issue for 
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new geographies and with incomplete historical 

data sources [54]. Ethical and Internet security 

requirements are more relevant in an ever-

growing digital infrastructure and they require 

specific guidelines and strong defence [55]. 

 Going forward, data standards must be 

further developed to enhance interoperability, 

and the integration of digital twin and smart 

sensors must be further extended and 

multidisciplinary education must be further 

advanced, so that engineers, data analysts, and 

project managers can work together effectively in 

a digital era [50], [53], [54], [55]. If these deficits 

are targeted, digital techniques will be a key 

element of road infrastructure, to deliver 

resiliency, cost-efficiency and sustainability for 

all the countries around the world 

Discussion 

The evidence synthesis reported in the 

review highlights the need to embrace the 

paradigm shift in integrating PM and GRM for 

contemporary road infrastructure projects. 

Cumulatively, the studies expose that the fusion 

of state-of-the-art geotechnical analytics with 

structured management practices, supported by 

digital technologies, provides clear benefits in 

achieving timely, cost-effective, and resilient 

project outcomes. It has been found that with 

integrated models, significant reductions in 

schedule overruns, cost overruns, safety 

incidents, and maintenance interventions are 

realized. These results are closely related to the 

adoption of digital platforms – like the BIM, GIS, 

digital twins, AI-based model of risk – which 

foster an integrated data environment to enable 

real time monitoring, scenario modeling, and 

adaptive decision-making [45], [47], [56], [57]. 

 An interesting result of this analysis is 

the empirical verification that the highest value 

specificity lies in systemic integration: it is when 

management practices, risk assessment and 

technology adoption are imbricated in the whole 

project life cycle. Those results maintain that 

feedback loops implemented through 

continuous data exchange and digital 

collaboration make it possible for to teams to 

modify their design, construction plan or 

maintenance schedule depending on the 

occurrence of any change on the building site, or 

the appearance of new risks [50], [58]. This is 

depicted in Figure 7 and shows how the digital 

integration maps risk identification, project 

management actions and improved outcomes, 

and where challenges continue to exist 

 

Figure 7  Integrated Digital Framework: From 

Risk Identification to Project Outcomes 

 It is shown in this figure how digital 

platforms link phase-specific geotechnical risk 

data, PMOs and measurable outcomes and also 

highlights important challenge points ([47], [50], 

[58]). 

 For teachers, there is a very 

unambiguous series of take away’s from these 

findings. The first is through digital integration: 

they need to be investing in platforms that join 

together geotech and management data streams, 

providing all stakeholders with the same up-to-

date information. Earlier deployment of BIM and 

GIS, and continuous use of AI in the risk 

prediction, will allow earlier detection of 

problems and better scenario analysis, which will 

reduce the chances of costly surprises on site [45], 

[46], [47], [59]. Moreover, to maximize the value 

of digital tools and manage risk effectively, is 

paramount to encourage a cross-disciplinary 

collaboration culture – where project managers, 

geotechnical engineers and data scientists 

collaborate on a regular basis [42], [58]. 

 From a policy perspective, the findings 

indicate the importance of data standards and 
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industry-wide interoperability standards. 

policymakers should encourage digital 

technologies to be integrated and mandated into 

publicly funded projects, as doing so could raise 

the quality of infrastructure more generally, 

ensure greater transparency and help to make 

infrastructure networks more resilient to 

systemic shocks. Furthermore, investment in 

capacity building, in particular on digital 

competencies and bidisciplinary working, will be 

essential if developments in technology are to 

lead to positive real‐world changes to projects 

[50], [54], [60]. 

 Despite these encouraging trends, a 

number of caveats moderate the conclusions of 

this review. The most important one is the 

difference in the quality and coverage of 

published cases, which makes it hard to 

generalize the discovery across all geographies 

and project types [56], [61]. Most studies depend 

on self-report or concentrate on high-profile, 

adequately funded projects, and may therefore 

not be disseminated to the same extent in pilot 

studies or within resource-poor settings without 

specific adjustments [62]. Another limitation is 

the speed at which digital technologies change: 

what is state of the art now might very well 

change, breaking both longitudinal comparison 

and best-practice guidelines. Last, though the 

review demonstrates the promise of AI and big 

data in mitigating risk, the effectiveness of these 

tools is contingent on quality and completeness 

of the data sources available—a challenge that 

will necessitate continued investment in digital 

infrastructure and data governance [54], [61]. 

 Finally, although the combination of 

project management, geotechnical risk 

management, and digital innovation is evidently 

advantageous, this is still an evolving discipline. 

This should be addressed in future research by 

developing standard data measures that can be 

used universally, investigating adaptive designs 

for smaller research, and extending longitudinal 

research that follows the long-term implications 

of digital adoption across diverse contexts [56], 

[59], [61], [62]. 

Conclusion 

There you have it! The need for 

integrating project management with modern 

geotechnical risk-mitigation techniques cannot 

be overstated when it comes to improving the 

success rate of today's road infrastructure 

projects. The studies found show that the use of 

digital technologies, including BIM, GIS, digital 

twins, and AI, not only benefits accurate risk 

identification and adjustable project control, but 

it also leads to actual gains in cost efficiency, 

schedule compliance, and overall project quality 

[47], [50], [63]. The analytical models and the 

visual frameworks demonstrated (especially in 

Figs. 6 and Fg 8) can be used to communicate 

how the streams of the data flows and integration 

of digital tools lead to improved results in 

various project phases. 

 Nevertheless, challenges remain, from 

practical issues (system integration, data quality, 

resistance to digital transformation by 

organizations, and the scarcity of 

multidisciplinary knowledge) to theoretical 

limitations (such as the still limited capabilities in 

natural language processing to support efficient 

semantic annotation). It will be essential to 

address these challenges to effectively leverage 

digital integration and fully realize its potential 

at scale [64], [65], [68]. It is thus suggested that 

future studies should focus on: 

 The establishment and implementation 

of open data standards to facilitate 

interoperability between platforms and among 

stakeholders; Exploration of comprehensive 

systems in varied settings especially in 

developing regions with specific problems; 

Success of AI-powered analytics for risk 

prediction and real-time decision support; and 

Investment in training schemes, in order to 

develop digital and interdisciplinary skills for 

the engineering and construction fields [63]–[68]. 

 The move toward digital, integrated 

project management and geotechnical risk 

management is not merely a fluke, it is a 

fundamental requirement for delivering 
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sustainable and safe road infrastructure. In this 

rapidly changing sector, adopting these 

advancements will be critical in delivering long-

term sustainability and value in road project 

implementation. 
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