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Abstract

Material delivery delays in construction supply chains constitute critical disruptions that compro-
mise project schedules and escalate operational costs. Conventional deterministic risk assessment
models inadequately capture the stochastic uncertainties and multidimensional complexities inher-
ent in supply chain disruptions, necessitating advanced probabilistic methodologies. This investi-
gation develops an integrated Monte Carlo simulation (MCS) and Analytic Hierarchy Process
(AHP) framework for comprehensive risk evaluation and prioritization. AHP methodology system-
atically derives priority weights for critical risk factors including supplier reliability, transportation
constraints, meteorological conditions, and geopolitical variables through structured expert pair-
wise comparisons. These weights are subsequently integrated with MCS to execute 10,000 proba-
bilistic scenario iterations, quantifying delay impact distributions. The analytical framework iden-
tifies supplier reliability and transportation issues as dominant risk contributors, generating mean
delays of 1.96 and 1.45 days respectively within the total mean delay of 4.85 days, with 95th per-
centile delays reaching 8.13 days. This hybrid methodology effectively synthesizes quantitative
stochastic modeling with qualitative expert judgment, providing robust decision-support capabili-
ties for supply chain risk management and enhancing project resilience.

Keywords: Monte Carlo Simulation; Analytic Hierarchy Process (AHP); Material Delivery De-
lays; Construction Supply Chain; Risk Assessment

1. Introduction

The construction industry demonstrates critical dependence on sophisticated supply chain net-
works to facilitate timely procurement and delivery of essential materials including structural steel,
concrete assemblies, and prefabricated components [1], [2], [3]. These supply chain systems exhibit
increasing vulnerability to multifarious unpredictable disruptions encompassing supplier reliability
failures, transportation network constraints, and exogenous factors including adverse meteorologi-
cal conditions and geopolitical instabilities [4], [5], [6], [7]- Material delivery delays constitute
substantial risks to project scheduling integrity, precipitating cost escalations and compromising
stakeholder credibility [8], [9]. As construction projects demonstrate escalating complexity, partic-
ularly within urban development and infrastructure sectors, systematic risk assessment and mitiga-
tion methodologies have transitioned from optional considerations to critical success determinants
[10], [11], [12].

Conventional supply chain risk management approaches predominantly utilize deterministic
modeling frameworks, which demonstrate inadequate capacity for addressing inherent uncertain-
ties and variabilities characteristic of real-world operational environments [13], [14], [15]. Proba-
bilistic analytical techniques, particularly Monte Carlo simulation methodologies, have emerged as
sophisticated tools for uncertainty modeling through comprehensive simulation of potential
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outcome ranges. These methodologies demonstrate particular efficacy in material delivery delay
assessment, accommodating the stochastic nature of factors including supplier performance varia-
bility and transportation network reliability [16], [17], [18], [19].

Previous investigations have implemented Monte Carlo simulation within construction supply
chain risk management contexts. Panova and Hilletofth [20] demonstrated Monte Carlo model ef-
fectiveness in supply chain disruption evaluation, emphasizing safety stock implementation for de-
lay mitigation. Sadeghi et al. [21] developed Monte Carlo-based frameworks for uncertainty mod-
eling in construction cost estimation procedures. These studies, however, predominantly focus on
quantitative risk factors while inadequately incorporating subjective assessments essential for real-
world decision-making processes.

The integration of Analytic Hierarchy Process (AHP) within risk assessment frameworks ad-
dresses the imperative for qualitative factor consideration in construction supply chain management
[22], [23], [24]. AHP provides structured methodologies for risk assessment and prioritization
based on expert judgment, enabling comprehensive evaluation of supply chain vulnerabilities [25],
[26]. Multiple studies have demonstrated AHP utility in construction project risk management ap-
plications, including cost estimation and risk prioritization procedures [22], [27]. AHP has been
systematically applied in material supplier evaluation and logistical risk assessment, where expert
subjective assessments are integrated with quantitative data to inform decision-making processes
[28], [29]. However, while AHP demonstrates effectiveness in subjective judgment integration, it
faces criticism regarding limited probabilistic modeling capabilities and reliance on pairwise com-
parison procedures that may introduce systematic biases [30], [31].

To address these methodological limitations, this investigation develops a hybrid model inte-
grating Monte Carlo simulation with AHP to incorporate both quantitative and qualitative uncer-
tainties. The Monte Carlo simulation component enables comprehensive simulation of multiple
potential outcomes, providing probabilistic perspectives on material delivery risks, while the AHP
component captures expert opinions and prioritizes critical risks based on structured subjective
assessments. This hybrid approach constitutes a comprehensive framework for material delivery
delay assessment, enhancing risk evaluation processes by systematically addressing both objective
data and expert insights.

This research extends published literature demonstrating dynamic modeling roles in supply
chain disruption evaluation through systematic AHP integration with Monte Carlo simulation meth-
odologies. The investigation offers enhanced modeling capabilities for construction supply chain
risk evaluation, particularly regarding material delivery delay phenomena. The hybrid model pro-
vides valuable insights to project managers, facilitating informed decision-making processes and
improving construction supply chain resilience capabilities.

2. Methodology
2.1 Data Collection

Data was collected through a structured survey targeting industry professionals. The survey
included 100 respondents representing project managers, supply chain managers, and contractors
from various geographical regions. The survey captured subjective assessments of four primary
risk factors, see Table 1.

Table 1: Risk factors assessed in survey

Sr No Risk Factors
1 Supplier Reliability
2 Transportation Issues
3 Weather Conditions
4 Geopolitical Factors
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The responses were analyzed to derive pairwise comparisons for the AHP and statistical dis-
tributions for Monte Carlo simulation inputs.

2.2 Analytic Hierarchy Process (AHP)

The AHP was employed to prioritize the risk factors based on expert judgment. The steps for
AHP implementation are detailed below.

2.2.1 Pairwise Comparison Matrix

A pairwise comparison matrix was constructed to evaluate the relative importance of the risk
factors. The matrix is defined as

1 22 4]
3
22 3
A-l4 2
1z
2 3
111
4 3 2 7

2.2.2 Normalization and Weight Derivation

The matrix was normalized by dividing each element by the sum of its column. The normal-
ized values were averaged across rows to compute the priority weights of the risk factors. The
weights derived from the survey responses are presented in Table 2.

Table 2: Weights of Risk Factors

Risk Factor Weight
Supplier Reliability 0.40
Transportation Issues 0.30
Weather Conditions 0.20
Geopolitical Factors 0.10

2.2.3 Consistency Ratio (CR)
To verify the logical consistency of the pairwise comparison matrix, the Consistency Ratio
(CR) is computed as:

CR = CI
" RI
where:
Cl: Consistency Index, which is defined as
Amax —n
Cl=————
n—1
where:

Amax: The largest eigenvalue of the pairwise comparison matrix

n: The number of factors (e.g., 4 in this case)

RI: Random Index, For a 4x4 matrix, the Random Index is predefined as 0.90 (based on
Saaty's AHP guidelines).

The CR value is considered acceptable if CR< 0.1

2.3 Monte Carlo Simulation (MCS)

The Monte Carlo simulation was applied to quantify the probabilistic impact of each risk fac-
tor on material delivery delays. This involves the following steps:

2.3.1 Input Data

Probability distributions for each risk factor were determined based on survey data as given
in Table 3.
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Table 3: Input Data

Risk Factor Distribution Mean (days) Standard Deviation
Supplier Reliability Normal 5 2
Transportation Issues Log-normal 3 1.5
Weather Conditions Exponential 2 -
Geopolitical Factors Uniform 0.5t015 -

2.3.2 Simulation Process
Random values were sampled 10,000 times from the respective distributions for each risk
factor. Delays were calculated by applying the AHP-derived weights to the sampled values:
n

Dtotal = Z WiDi
i=1
where:

o wi: The AHP-derived weight for the i-th risk factor.
e Di: The randomly sampled delay for the i-th risk factor.
e n: The total number of risk factors (e.g., n=4 in this case).
Metrics such as mean delay, standard deviation, and 95th percentile delay were com-
puted from the simulation results.

N
1
Mean Delay (u) = NZ Diotal,j
j=1

where
N=10,000 is the total number of simulations, and Dtotal,;j is the total delay for the j-th simulation.

N
1
Standard Deviation (o) = NZ(D“’““J - #)2
=1

The 95th percentile delay is computed by sorting the simulated D total values and
identifying the delay value at the 95th percentile of the distribution.
2.4 Computational Implementation

The methodology was implemented using Python. Libraries such as NumPy and
SciPy were used for statistical analysis, and Matplotlib was employed for visualizing sim-
ulation outputs. A histogram of the total delays from Monte Carlo simulation was gener-
ated to depict the probability distribution.

3. Results and Analysis

The Monte Carlo simulation, based on 10,000 iterations, quantified the probabilistic
impact of risk factors on material delivery delays. Key metrics and insights derived from the simu-
lation are presented in Table 4.

Table 4: Key Metrics From Simulation

Metric Value (Days)
Mean Delay 4.85
Standard Deviation 1.76
95" Percentile of Delay 8.13

3.1 Analysis of Total Delays

The histogram of total delays demonstrates, as shown in Figure 1, that most delays
cluster around the mean delay of 4.85 days. The 95th percentile indicates that delays ex-
ceeding 8.13 days are rare, accounting for only 5% of all simulations.
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Figure 1: Histogram of total delays based on the Monte Carlo simulation 157
3.2 Contribution of Risk Factors 158

The contribution of each risk factor to the total delay was assessed based on AHP- 159
derived weights and probabilistic inputs. The average contributions are shown in Figure 160
2. 161

. Supplier Reliability
1.96 (40.4%)

. Transportation Issues
1.45 (29.9%)

Weather Conditions

0.97 (20.0%)

. Geopolitical Factors

0.47 (9.7%)
162
Figure 2: Contribution of Risk Factors 163
5. Conclusions 164

This study employed a hybrid Monte Carlo simulation (MCS) and Analytic Hierarchy Process 165
(AHP) approach to evaluate and prioritize risks associated with material delivery delays in the con- 166
struction supply chain. The findings underscore the criticality of supplier reliability and transpor- 167
tation issues as primary contributors to delays, while also highlighting the utility of probabilistic 168
and qualitative methods in risk assessment. By combining quantitative simulations with expert 169
judgments, the methodology provides a comprehensive framework for identifying and mitigating 170
risks. The following conclusions are drawn from the analysis. 171

e Supplier reliability emerged as the most significant contributor to material delivery de- 172

lays, with an average impact of 1.96 days. This highlights the importance of robust sup- 173
plier evaluation, diversification, and contingency measures such as maintaining safety 174
stocks. 175

e Transportation-related delays contributed an average of 1.45 days, emphasizing the need 176

for predictive logistics tools, route optimization, and real-time tracking systems to en- 177
hance supply chain efficiency. 178
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e  Weather conditions and geopolitical factors accounted for 0.97 days and 0.47 days, re-
spectively. While these risks are less critical, they require attention in regions prone to
extreme weather or political instability to avoid potential disruptions.

e The integration of Monte Carlo simulation and AHP provides a balanced approach to
risk assessment, accommodating both quantitative variability and qualitative expert in-
sights. This model is particularly effective in guiding decision-making under uncertainty.

e The methodology's reliance on expert judgment and predefined probability distributions
introduces potential biases and assumptions. Future research should focus on incorporat-
ing dynamic risk factors, leveraging machine learning for predictive modeling, and ex-
panding the scope of risk factors for a more holistic assessment.

Funding: This research received no external funding.
Data Availability Statement: Dara will be made available upon request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

[1] S. Tiwari, G. Pawar, E. Luttmann, R. Tryjillo, and A. Sreekumar, “Visual Planning for Supply Chain Management of Pre-
fabricated Components in Construction,” Jul. 2018, pp. 1150-1159. doi: 10.24928/2018/0419.

[2] W. Jiang, K. Shi, L. Zhang, and W. Jiang, “Modelling of pricing, crashing, and coordination strategies of prefabricated
construction supply Chain with power structure,” PL0S One, vol. 18, no. 8, p. e0289630, Aug. 2023, doi: 10.1371/jour-
nal.pone.0289630.

[3] H. Yang, J. K. H. Chung, Y. Chen, Y. Pan, Z. Mei, and X. Sun, “Ordering Strategy Analysis of Prefabricated Component
Manufacturer in Construction Supply Chain,” Math Probl Eng, vol. 2018, pp. 1-16, 2018, doi: 10.1155/2018/4062871.

[4] S. M. Wagner and C. Bode, “An empirical investigation into supply chain vulnerability,” Journal of Purchasing and Supply
Management, vol. 12, no. 6, pp. 301-312, Nov. 2006, doi: 10.1016/j.pursup.2007.01.004.

[5] J. Blackhurst, M. J. Rungtusanatham, K. Scheibe, and S. Ambulkar, “Supply chain vulnerability assessment: A network
based visualization and clustering analysis approach,” Journal of Purchasing and Supply Management, vol. 24, no. 1, pp.
21-30, Jan. 2018, doi: 10.1016/j.pursup.2017.10.004.

[6] K. Kungwalsong and A. R. Ravindran, “Assessment of Disruption Risks in Supply Chains,” in Encyclopedia of Business
Analytics and Optimization, IGI Global, 2014, pp. 209-219. doi: 10.4018/978-1-4666-5202-6.ch020.

[7]1 K. Grzybowska and A. Stachowiak, “Global Changes and Disruptions in Supply Chains—Preliminary Research to Sustain-
able Resilience of Supply Chains,” Energies (Basel), vol. 15, no. 13, p. 4579, Jun. 2022, doi: 10.3390/en15134579.

[8] A. Fernandez-Miguel, M. P. Riccardi, V. Veglio, F. E. Garcia-Muifia, A. P. Fernandez del Hoyo, and D. Settembre-Blundo,
“Disruption in Resource-Intensive Supply Chains: Reshoring and Nearshoring as Strategies to Enable Them to Become
More Resilient and Sustainable,” Sustainability, vol. 14, no. 17, p. 10909, Aug. 2022, doi: 10.3390/su141710909.

[9] S. M. Wagner and N. Neshat, “Assessing the vulnerability of supply chains using graph theory,” Int J Prod Econ, vol. 126,
no. 1, pp. 121-129, Jul. 2010, doi: 10.1016/j.ijpe.2009.10.007.

[10] S. Sharma and A. Kumar Gupta, “Identification and Management of Risk in Building and Infrastructure Projects,” Journal
of Construction Engineering, Technology & Management, Jun. 2020, doi: 10.37591/jocetm.v10i2.3951.

[11]  A. Negi, “Risk Assessment and Management in Construction Projects,” Mathematical Statistician and Engineering Appli-

cations, vol. 70, no. 1, pp. 668-675, Jan. 2021, doi: 10.17762/msea.v70i1.2522.

179
180
181
182
183
184
185
186
187
188
189
190
191

192

193

194

195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220



Proceedings of 2™ International Conference on Climate Change and Emerging Trends in Civil Engineering 2025 7 of 8

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

N. Rasul, M. S. A. Malik, B. Bakhtawar, and M. J. Thaheem, “Risk assessment of fast-track projects: a systems-based
approach,” International Journal of Construction Management, vol. 21, no. 11, pp. 1099-1114, Nov. 2021, doi:
10.1080/15623599.2019.1602587.

A. Mostafaeipour, M. Qolipour, and H. Eslami, “Implementing fuzzy rank function model for a new supply chain risk
management,” J Supercomput, vol. 73, no. 8, pp. 3586-3602, Aug. 2017, doi: 10.1007/s11227-017-1960-7.

F. You, J. M. Wassick, and 1. E. Grossmann, “Risk management for a global supply chain planning under uncertainty:
Models and algorithms,” AIChE Journal, vol. 55, no. 4, pp. 931-946, Apr. 2009, doi: 10.1002/aic.11721.

T.Y.S. Lee, “Supply Chain Risk Management,” International Journal of Information and Decision Sciences, vol. 1, no. 1,
p. 98, 2008, doi: 10.1504/1J1DS.2008.020050.

S. Ahmed, D. R. Metcalf, and J. W. Pegram, “Uncertainty propagation in probabilistic risk assessment: A comparative
study,” Nuclear Engineering and Design, vol. 68, no. 1, pp. 1-3, Mar. 1982, doi: 10.1016/0029-5493(82)90036-X.

G. C. Critchfield and K. E. Willard, “Probabilistic Analysis of Decision Trees Using Monte Carlo Simulation,” Medical
Decision Making, vol. 6, no. 2, pp. 85-92, Jun. 1986, doi: 10.1177/0272989X8600600205.

S. Nannapaneni and S. Mahadevan, “Reliability analysis under epistemic uncertainty,” Reliab Eng Syst Saf, vol. 155, pp.
9-20, Nov. 2016, doi: 10.1016/j.ress.2016.06.005.

J. McFarland and E. DeCarlo, “A Monte Carlo framework for probabilistic analysis and variance decomposition with dis-
tribution parameter uncertainty,” Reliab Eng Syst Saf, vol. 197, p. 106807, May 2020, doi: 10.1016/j.ress.2020.106807.

Y. Panova and P. Hilletofth, “Managing supply chain risks and delays in construction project,” Industrial Management &
Data Systems, vol. 118, no. 7, pp. 1413-1431, Sep. 2018, doi: 10.1108/IMDS-09-2017-0422.

N. Sadeghi, A. R. Fayek, and W. Pedrycz, “Fuzzy Monte Carlo Simulation and Risk Assessment in Construction,” Com-
puter-Aided Civil and Infrastructure Engineering, vol. 25, no. 4, pp. 238-252, May 2010, doi: 10.1111/j.1467-
8667.2009.00632.x.

K. Li and W. Zhu, “Study on risk assessment of prefabricated construction supply chain based on AHP,” E3S Web of
Conferences, vol. 275, p. 03083, Jun. 2021, doi: 10.1051/e3sconf/202127503083.

Q. Dong and O. Cooper, “An orders-0f-magnitude AHP supply chain risk assessment framework,” Int J Prod Econ, vol.
182, pp. 144-156, Dec. 2016, doi: 10.1016/j.ijpe.2016.08.021.

S. Aminbakhsh, M. Gunduz, and R. Sonmez, “Safety risk assessment using analytic hierarchy process (AHP) during plan-
ning and budgeting of construction projects,” J Safety Res, vol. 46, pp. 99-105, Sep. 2013, doi: 10.1016/j.jsr.2013.05.003.
K. K. Ganguly and K. K. Guin, “A fuzzy AHP approach for inbound supply risk assessment,” Benchmarking: An Interna-
tional Journal, vol. 20, no. 1, pp. 129-146, Feb. 2013, doi: 10.1108/14635771311299524.

M. Karabas, H. S. Kilic, S. Koseoglu, E. Unal, and S. K. Canbakis, “A risk assessment model for supply chains,” Pressaca-
demia, vol. 7, no. 1, pp. 122-125, Sep. 2018, doi: 10.17261/Pressacademia.2018.866.

B.-G. Hwang and W. J. Ng, “Project management knowledge and skills for green construction: Overcoming challenges,”
International Journal of Project Management, vol. 31, no. 2, pp. 272-284, Feb. 2013, doi: 10.1016/j.ijproman.2012.05.004.
L. Rzepecki, “Evaluating logistic systems of building materials supply,” Journal of Civil Engineering and Transport, vol.
4, no. 3, pp. 6776, Dec. 2022, doi: 10.24136/tren.2022.012.

Z. N. Firdantara, Q. Qurtubi, and D. Setiawan, “Supplier Selection Modeling and Analysis in the Metal Casting Industry
Using Analytical Hierarchy Process,” Advance Sustainable Science, Engineering and Technology, vol. 6, no. 2, p. 02402012,
Mar. 2024, doi: 10.26877/asset.v6i2.18323.

S. Jarek, “Removing Inconsistency in Pairwise Comparisons Matrix in the AHP,” Multiple Criteria Decision Making, vol.
11, pp. 63-76, 2016, doi: 10.22367/mcdm.2016.11.05.

O. Andriichuk, S. Kadenko, and V. Tsyganok, “Significance of the order of pair-wise comparisons in Analytic Hierarchy
Process: an experimental study,” Journal of Multi-Criteria Decision Analysis, vol. 31, no. 3-4, May 2024, doi:
10.1002/mcda.1830.

221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264



Proceedings of 2™ International Conference on Climate Change and Emerging Trends in Civil Engineering 2025 8 of 8

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of journal and/or the editor(s). Journal and/or the editor(s) disclaim responsibility for any injury to people or property
resulting from any ideas, methods, instructions or products referred to in the content.

265
266

267
268
269



