Proceedings of 2" International Conference on Climate Change
and Emerging Trends in Civil Engineering CCETC-2025

Integrated Bayesian-Monte Carlo Based Probabilistic Risk Model-
ing of Cost Overruns in Infrastructure Projects

Hilal Khan 1, Khursheed Ahmed * and Muhammad Usman Hassan?

1 NUST Institute of Civil Engineering (NICE), School of Civil and Environmental Engineering (SCEE), National Uni-
versity of Sciences and Technology(NUST), Sector H-12, Islamabad 44000, Pakistan; hkhan.ms24nice@stu-
dent.nust.edu.pk; usman.hassan@nice.nust.edu.pk

* Correspondence: khursheed@nice.nust.edu.pk

Abstract

Cost overruns in road construction projects significantly challenge project efficiency and financial
sustainability. This study develops an integrated Bayesian-Monte Carlo framework to identify and
quantify critical cost overrun factors in Pakistan's road infrastructure projects. Through literature
review and expert consultation, 25 potential causes were systematically reduced to 10 critical fac-
tors using expert elicitation and criticality scoring. Bayesian analysis calculated posterior probabil-
ities by combining expert judgment with conditional relationships, while Monte Carlo simulation
quantified uncertainties and provided probabilistic ranges for each factor. The framework reveals
design error changes as the most critical factor (mean: 61.5%, maximum: 93.3%), followed by
variation orders (58.9%) and inaccurate estimates (57.8%). Secondary contributors include land
acquisition issues (54.5%) and schedule delays (52.3%). This integrated approach enables evi-
dence-based risk prioritization, replacing arbitrary contingency planning with data-driven decision
making. The methodology provides project managers with actionable insights for targeted risk mit-
igation and optimal resource allocation in resource-constrained environments.

Keywords: Bayesian Analysis; Monte Carlo Simulation; Risk Quantification; Cost Overrun; Road
Construction

1. Introduction

The construction industry constitutes a fundamental pillar of economic development and in-
frastructural advancement across global economies. Nevertheless, cost overruns represent a perva-
sive and systematic challenge that compromises project delivery efficiency, particularly within
large-scale infrastructure developments such as road construction projects [1], [2], [3]. Cost over-
runs, operationally defined as the variance between initial cost estimates and final project expend-
itures, manifest through multifaceted uncertainties encompassing planning inadequacies, material
procurement volatilities, and exogenous risk factors [4], [5]. These financial deviations precipitate
cascading effects that extend beyond immediate project boundaries, generating resource con-
straints, temporal delays, and impediments to strategic development initiatives [6], [7], [8].

Contemporary risk mitigation methodologies in construction cost management have predom-
inantly employed deterministic and probabilistic analytical frameworks. Traditional approaches en-
compassing multiple regression analysis and sensitivity assessment techniques have been system-
atically applied to forecast potential cost escalations and elucidate contributing variables [9], [10],
[11]. However, these conventional models demonstrate inherent limitations in capturing the com-
plex interdependencies and stochastic uncertainties characteristic of infrastructure project environ-
ments. The emergence of Bayesian network theory and Monte Carlo simulation methodologies has
facilitated more sophisticated probabilistic approaches that substantially address these analytical
constraints [12], [13]. Bayesian networks enable comprehensive modeling of causal relationships
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while accommodating expert knowledge integration in scenarios characterized by limited historical
data availability [14], [15]. Monte Carlo simulation methodologies further enhance analytical ca-
pabilities by facilitating comprehensive exploration of probabilistic outcome distributions, thereby
quantifying cost impact probabilities across diverse scenario configurations [16], [17], [18].

Despite these methodological advancements, substantial research gaps persist within the do-
main. Existing literature demonstrates a predominant focus on either Bayesian analysis or Monte
Carlo simulation approaches in isolation, thereby constraining comprehensive assessment of com-
pounded uncertainties inherent in infrastructure project environments [13]. Furthermore, while the
construction industry has progressively adopted probabilistic methodologies, the systematic inte-
gration of these techniques within practical risk management frameworks remains inadequately
explored. Critical risk factors including material price volatility and land acquisition-induced de-
lays are frequently conceptualized as independent variables, thereby neglecting their inherent in-
terdependencies and systemic interactions [14].

This investigation addresses these methodological gaps through the development of an inte-
grated Bayesian-Monte Carlo analytical framework specifically calibrated for infrastructure project
applications. The proposed methodology synthesizes Bayesian networks' causal modeling capabil-
ities with Monte Carlo simulation's probabilistic assessment strength, thereby enabling enhanced
precision in both likelihood estimation and impact quantification of cost overrun determinants. The
framework incorporates interdependent risk relationships while generating actionable insights for
risk mitigation strategies, facilitating optimized resource allocation decisions for project stakehold-
ers. This comprehensive approach advances theoretical understanding of construction risk analysis
while simultaneously providing practical analytical tools for stakeholders pursuing enhanced pro-
ject efficiency and financial performance optimization.

The application of this integrated methodology to road construction projects within Pakistan's
infrastructure development context demonstrates the practical utility of probabilistic risk modeling
in enhancing cost estimation accuracy and project delivery outcomes. Pakistan represents a partic-
ularly relevant case study given its substantial infrastructural development initiatives and associated
implementation challenges. This research contribution addresses a critical lacuna in existing liter-
ature by providing a scalable methodological framework for addressing cost overrun uncertainties
across diverse construction project contexts globally.

2. Methodology

This study employs an integrated Bayesian-Monte Carlo framework to quantify the uncer-
tainty and impact of cost overrun factors in road construction projects. The methodology is struc-
tured in sequential steps including encompassing data collection, Bayesian analysis, and Monte
Carlo simulation, to ensure a robust and systematic risk assessment process.

2.1 Data Collection

The data collection process was carried out in two stages, combining qualitative and quanti-
tative approaches to identify and prioritize cost overrun factors. The first stage involved a pilot
survey to validate the relevance and significance of potential cost overrun factors. A comprehensive
literature review initially identified 25 potential factors commonly associated with cost overruns in
road construction projects. This list, as tabulated in Error! Reference source not found.Error! Re
ference source not found., was then evaluated by 39 industry experts, including clients, contrac-
tors, and consultants. The respondents rated each factor's probability and impact on a 5-point Likert
scale. The responses were analyzed to compute the criticality of each factor using Equation 1 and
Equation 2, based on frequency analysis and a prioritization index. This stage reduced the list to
the 10 most significant causes of cost overruns.
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. L Frequency of Factor Equation 1
Academic Criticality =
Total No.of Papers
Equation 2
Respondents Criticality = w x 10 1
Table 1: Overall Criticality of Causes
Sr#  Causes of Cost OVerrun Criticality of Cl’ltlca|lt¥ of O_v_eral_l
Responses Academia Criticality

1 Variation Orders 4.6 6.0 27.6
2 Material price escalation 4.3 5.3 22.8
3 Inaccurate estimates 3.7 6.0 22.0
4 Schedule delay 4.8 4.0 19.1
5 Design error changes 3.3 5.3 175
6 Differing site conditions 3.7 4.7 16.9
7 Land acquisition problem 5.1 3.3 16.8
8 Relocation of services and utilities 4.1 3.3 13.6
9 Market conditions 3.6 3.3 12.0
10  Local government pressures 4.2 2.7 11.3
11 Weather Conditions 2.7 3.3 8.8
12 Improper Planning 4.4 2.0 8.8
13 Construc_tablllty and technical 31 97 8.4

complexity
14 Er_l\{lror?mental Protection and 24 20 49

mitigation cost
15  Corruption 4.2 0.7 2.8
16  Size of project 3.9 1.3 2.6
17  Experience in contracts 3.6 0.7 2.4
18  Inconsistent cash flows 3.5 0.7 2.4
19  Lack of equipment 34 0.7 2.3
20  Lack of communication 34 2.0 2.3
21  Contract claim settlement 3.0 0.7 2.0
22 Lack of earned value management 2.5 0.7 1.7
23 Owner Project management cost 24 0.7 1.6
24 Strikes 2.1 0.7 14
25  Change in seismic criteria 2.1 0.7 1.4

The second stage consisted of a detailed survey designed to provide probabilistic inputs for
Bayesian analysis. This survey targeted experts from Pakistan’s road construction sector and gath-
ered prior probabilities, which represent the likelihood of each cause occurring independently.
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Additionally, conditional probabilities were collected, representing the likelihood of each cause 97
given that a cost overrun event had already occurred. The survey design adhered to rigorous sam- 98
pling size calculations and reliability measures, achieving a Cronbach's alpha value of 0.96, indi- 99
cating high data reliability. 100

2.2 Bayesian Analysis Framework 101

The Bayesian analytical framework was implemented to quantify probabilistic relationships 102
and causal interdependencies among identified cost overrun factors. Prior probabilities P(Ai) were 103
systematically derived from expert elicitation responses obtained through the comprehensive sur- 104
vey instrument, representing the baseline likelihood of each factor manifesting under standard pro- 105
ject conditions. Conditional probabilities P(Ai|B) were simultaneously extracted from expert as- 106
sessments, denoting the probability of each causal factor given the occurrence of a cost overrun 107
event. 108

The fundamental application of Bayes' theorem facilitated the synthesis of prior and condi- 109
tional probability distributions to generate posterior probabilities P(BJAi), mathematically ex- 110
pressed as P(BJAi) = [P(Ai|B) x P(B)] / P(Ai). These posterior probability estimates provided en- 111
hanced probabilistic insights regarding both the likelihood and consequential impact of each iden- 112
tified factor within the cost overrun causation framework. The Bayesian methodology demon- 113
strated particular analytical suitability for this investigation due to the prevalent absence of com- 114
prehensive historical datasets within the regional construction context, thereby enabling the sys- 115
tematic integration of expert domain knowledge to model uncertainties and capture dependencies 116
among risk factors. 117

2.3 Monte Carlo Simulation 118

Monte Carlo simulation methodology was subsequently employed to comprehensively ex- 119
plore and quantify the uncertainties inherent within the Bayesian analytical outputs. The posterior 120
probabilities derived from Bayesian analysis served as foundational input distributions for the sto- 121
chastic simulation process, with each critical factor assigned probabilistic parameter ranges based 122
on statistical moments including mean values and standard deviations extracted from survey re- 123
sponse distributions. 124

The simulation protocol was executed utilizing the XLRisk computational add-in platform, 125
implementing iterative probabilistic sampling procedures from the defined probability distributions 126
to generate comprehensive ranges of potential outcome scenarios. The computational outputs en- 127
compassed detailed probability density functions and cumulative distribution functions, systemati- 128
cally characterizing both the likelihood and magnitude ranges of cost overruns attributable to each 129
critical causal factor. These probabilistic outputs generated actionable risk intelligence, enabling 130
project stakeholders to implement evidence-based risk prioritization strategies and develop targeted 131
mitigation interventions. 132

2.4 Integrated Methodological Approach 133

The systematic integration of Bayesian analysis with Monte Carlo simulation methodology 134
constituted a comprehensive probabilistic framework for infrastructure project risk assessment. The 135
Bayesian component provided sophisticated causal inference capabilities and enabled quantifica- 136
tion of conditional dependencies among risk factors, while Monte Carlo simulation facilitated com- 137
prehensive exploration of probabilistic outcome distributions and uncertainty propagation mecha- 138
nisms. This hybrid analytical approach enhanced the precision and robustness of risk quantification 139
procedures while enabling comprehensive understanding of cost overrun dynamics and their un- 140
derlying causal mechanisms. 141

The integrated framework addressed fundamental limitations inherent in singular methodo- 142
logical approaches by capturing both deterministic causal relationships and stochastic uncertainty 143
propagation, thereby facilitating enhanced decision-making capabilities for infrastructure project 144
stakeholders. This methodological synthesis provided a theoretically grounded yet practically 145
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applicable analytical tool for optimizing risk management strategies and resource allocation deci-
sions within complex project environments.

2.5 Data Quality and Validation Procedures

Comprehensive data quality assurance and validation protocols were systematically imple-
mented to ensure the statistical reliability and methodological validity of collected datasets. Internal
consistency assessment was conducted utilizing Cronbach's alpha coefficient analysis, which
demonstrated exceptional reliability with an alpha value of 0.96, substantially exceeding the con-
ventional threshold of 0.70 for acceptable internal consistency in survey-based research methodol-
ogies.

Statistical normality assessment procedures were implemented to evaluate distributional char-
acteristics of collected data, with appropriate non-parametric transformation techniques applied to
address any deviations from normality assumptions where detected. Additional validation measures
encompassed outlier detection protocols, response bias assessment, and cross-validation procedures
to ensure dataset integrity and analytical robustness. These comprehensive validation protocols en-
sured that research findings maintained statistical rigor and practical applicability for addressing
cost overrun challenges within road construction project contexts.

3. Results and Analysis
3.1 Bayesian Analysis

The Bayesian analysis identified design errors, variation orders, and inadequate cost estima-
tion as the most significant contributors to cost overruns. These factors showed high posterior prob-
abilities, consistent with findings in the literature. For instance, Herrera et al. (2020) [19] identified
failures in design and design changes as the most frequent contributors to cost overruns in road
infrastructure projects [19]. Table 2 lists the posterior probabilities of the ten critical cost overrun
factors.

Table 2: Posterior Probabilities of Critical Factors

Prior Conditional Posterior
Sr. # Causes of Cost Overrun - _ Probability Probability

Probability P(Ai) P(AI | B) P(B | Ai)
1 Variation Orders 11.9 13.6 56.9
2 Material price escalation 9.6 8.8 45.6
3 Inaccurate estimates 8.4 9.2 54.5
4 Schedule delay 11.7 12 51.1
5 Design error changes 6.6 7.7 58.1
6 Differing site conditions 94 8.4 44.5
7 Land acquisition problem 12.1 12.6 51.8
8 Relocation of services and utilities 10.9 9.3 42.5
9 Market conditions 6.9 7 50.5
10 Local government pressures 12.7 114 44.7

The results indicate that local government pressures are the most common cause of road pro-
ject issues, with the highest prior probability of 12.7%. However, land acquisition has a 44.7%
chance of causing cost overruns, less than the marginal probability, indicating its relatively lower
impact.
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Design error changes have the lowest prior probability at 6.6%, but their posterior probability 177
of causing cost overruns is 58%, making them the most influential factor in terms of cost impact. 178
Similarly, inaccurate estimates and market conditions, though occurring less frequently (prior prob- 179
abilities of 8.6% and 6.9%, respectively), can significantly increase cost overrun risks, with proba- 180
bilities of 54.5% and 50.5%, respectively. 181

Variation orders, with a prior probability of 11.9%, rank third among causes. They resultina 182
56.9% chance of cost overrun if initiated during a project. Land acquisition issues, with a prior 183
probability of 12.1%, rank fourth, as they lead to cost overruns with a probability of 51.8% due to 184
high compensation demands. Schedule delays also rank among the top five impactful factors. 185

Material price escalation has a lower occurrence and impact, with a posterior probability of 186
45.6%, as many contracts include price adjustment clauses. Similarly, relocation of services and 187
differing site conditions show low probabilities and impacts compared to other factors. 188

Using posterior probabilities from Bayesian analysis as input, Monte Carlo simulations were 189
employed to determine the maximum, minimum, and mean probabilities of cost overruns for each 190
cause, offering a more comprehensive risk profile. 191

3.2 Monte Carlo Simulation 192

Following the derivation of posterior probabilities through Bayesian analysis, parametric 193
ranges for input variables were systematically established. Each probabilistic input parameter was 194
assigned distributional boundaries defined by upper and lower limits positioned at one standard 195
deviation distance from the respective mean values. The Monte Carlo simulation methodology was 196
subsequently employed to calculate the comprehensive probability distributions for occurrence 197
likelihood of each identified factor. Cumulative density functions were generated through iterative 198
MCS procedures, enabling precise estimation of occurrence probabilities for specific probability 199
values across the defined parameter space. Figure 1 illustrates the Monte Carlo simulation outputs 200
for all critical cost overrun factors. 201

The analytical results demonstrate that multiple factors constitute significant contributors to 202
cost overrun phenomena in road construction projects. Variation orders, originating from project 203
scope modifications, emerged as the second most critical causative factor, exhibiting cost overrun 204
probability distributions ranging from 33.2% to 87.9% with a mean probability of 58.9%. While 205
variation orders do not universally result in cost escalations, scope augmentation frequently intro- 206
duces additional risk vectors that precipitate cost increases. Material price escalation, primarily 207
attributable to inflationary pressures, demonstrated probability ranges spanning 24.7% to 78.8% 208
with an average occurrence likelihood of 48.8%. Although contractual price adjustment mecha- 209
nisms provide partial mitigation of these effects, such provisions typically result in additional fi- 210
nancial obligations for project clients. 211

Inaccurate cost estimation procedures, ranked third in criticality, represent a major causative 212
mechanism with probability distributions ranging from 30.9% to 90.2% and a mean occurrence rate 213
of 57.8%. These estimation inadequacies frequently originate from preliminary design constraints 214
and budgetary limitations, subsequently manifesting as significant discrepancies during project ex- 215
ecution phases. Schedule delays, ranked fifth in the hierarchy, occur as consequences of scope 216
modifications and unforeseen project challenges, exhibiting cost overrun probabilities between 217
30.9% and 77.1% with an average probability of 52.3%. 218

Design error modifications constitute the most impactful causative factor, demonstrating 219
probability distributions ranging from 34.8% to 93.3% with a mean occurrence likelihood of 61.5%. 220
These errors predominantly result from inadequate field condition assessments and insufficient pre- 221
liminary investigations. Differing site conditions and land acquisition complications, ranked ninth 222
and fourth respectively, exhibit average occurrence probabilities of 46.4% and 54.5%. Both factors 223
typically arise from inadequate planning procedures or regulatory processing delays. Utility relo- 224
cation requirements, with an average probability of 44.3%, and adverse market conditions, averag- 225
ing 52.9% probability, further exacerbate cost escalation issues through resource scarcity and fund- 226
ing delays, particularly during periods of concurrent mega-project implementation. Local 227
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government regulatory pressures, ranked eighth in the analysis, contribute additional financial
strain with an average probability of 47.4%, highlighting the necessity for enhanced cash flow
management and priority optimization strategies.
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Figure 1: Monte Carlo Simulations of Critical Factors

The comprehensive ranking of critical cost overrun causes has been reorganized according to
maximum probability values to facilitate decision-maker recognition of the most significant cost
escalation factors and quantify their respective impact magnitudes. Table 3 presents the final factor
rankings derived from Monte Carlo simulation analyses, providing stakeholders with evidence-
based prioritization frameworks for risk management interventions.
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Table 3: Final Ranking of Causes of Cost Overrun

Sr. Causes of Cost Overrun Poster!o_r Mean Star)da}rd Minimum Maximum
# Probability Deviation at 10% at 90%
1 Design Error Changes P(B | Ab) 0.6152 0.2367 0.3484 0.9330
2 Variation Order P(B | Al) 0.5893 0.2212 0.3324 0.8799
3 Inaccurate Estimates P(B | A3) 0.5775 0.2467 0.3093 0.9025
4 Land Acquisition problem P(B | A7) 0.5450 0.1990 0.3213 0.8128
5  Market Conditions P(B | A9) 0.5297 0.1963 0.3077 0.7836
6  Schedule Delay P(B | A4) 0.5228 0.1844 0.3090 0.7717
7 Material Price escalation P(B | A2) 0.4884 0.2252 0.2471 0.7881
8 Local government pressures P(B | A10) 0.4742 0.2047 0.2520 0.7550
9 Differing site condition P(B | Ab6) 0.4635 0.1693 0.2942 0.6328
1o  Relocation of services and P(B| A8) 0.4428 0.1600 0.2623 0.6498

utilities

5. Conclusions

This study comprehensively identified, analyzed, and quantified the critical factors contrib-
uting to cost overruns in road construction projects. Using a systematic methodology combining
Bayesian analysis and Monte Carlo simulation (MCS), the research provides a probabilistic frame-
work for understanding the uncertainties associated with each factor. The findings serve as a prac-
tical tool for decision-makers to manage risks effectively and enhance project performance.

A detailed literature review identified 25 cost overrun factors, narrowed down to 10 sig-
nificant causes, including variation orders, inaccurate estimates, and design error
changes.

Design error changes (61.5%), inaccurate estimates (57.8%), and variation orders
(58.9%) were found to be the top contributors, with maximum probabilities of up to
93.3%, 90.2%, and 87.9%, respectively.

Bayesian analysis and MCS quantified uncertainties, providing a probability distribution
for each factor. Key risks like land acquisition (54.5%), schedule delays (52.3%), and
market conditions (52.9%) also exceeded the marginal probability of 49.5%.

Material price escalation (48.8%), differing site conditions (46.3%), and relocation of
utilities (44.3%) ranked lower but remain relevant. The probabilistic framework enables
targeted mitigation and resource optimization.

This approach allows project managers to focus on high-impact risks, avoiding arbitrary
contingencies and improving cost controls. The methodology is particularly valuable for
resource-constrained environments like Pakistan..
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