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ABSTRACT

The construction of megastructures, such as skyscrapers, dams, and large-scale urban developments, demands
precise site selection to ensure structural integrity, economic viability, and environmental sustainability. Traditional
site selection methods rely heavily on manual surveys and expert judgment, which are time-consuming and prone
to human error. Artificial Intelligence (Al) offers transformative potential to enhance the efficiency and accuracy
of site selection by integrating vast datasets, predictive modeling, and optimization algorithms. This research paper
explores the application of Al-based techniques, including machine learning, geospatial analysis, and multi-criteria
decision-making, in selecting optimal sites for megastructure construction. The study proposes a novel Al-driven
framework that combines environmental, geotechnical, socio-economic, and logistical factors to evaluate potential sites.
Through a simulated case study, the framework demonstrates superior performance in identifying sites that minimize
environmental impact, reduce costs, and maximize structural stability compared to conventional methods. The findings
underscore Al’s capacity to revolutionize site selection processes, offering actionable insights for engineers, urban
planners, and policymakers. The construction of megastructures demands precise site selection for structural integrity,

economic viability, and environmental sustainability. Traditional methods are time-consuming and error-prone. This
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research explores an Al-based framework using machine learning, geospatial analysis, and multi-criteria decision-

making to optimize site selection. A simulated case study demonstrates superior performance, reducing site-selection

time by 80%, cutting projected costs by 15% ($500M savings), and lowering environmental impact by 30% (carbon

footprint) compared to conventional methods. The findings highlight AI’s potential to revolutionize megastructure site

selection.

Keywords: Artificial Intelligence; Megastructure Construction; Site Selection; Machine Learning; Geospatial Analysis;

Multi-Criteria Decision-Making, Environmental Sustainability

1. Introduction

The rapid pace of global urbanization and infrastruc-
ture development has ushered in an era of unprecedented
ambition in civil engineering, characterized by the con-
struction of megastructures !"’. These monumental proj-
ects—encompassing ultra-tall skyscrapers, vast hydroelec-
tric dams, expansive transportation networks, and futuristic
urban complexes—redefine the boundaries of human
ingenuity and technological capability. Iconic examples,
such as the Burj Khalifa in Dubai, the Hoover Dam in the
United States, and the planned NEOM city in Saudi Ara-
bia, illustrate the scale, complexity, and transformative
potential of megastructures. However, the success of these
endeavors hinges critically on a foundational decision: the
selection of an optimal construction site. Site selection
is a multifaceted process that demands the integration of
geotechnical, environmental, socio-economic, and logisti-
cal considerations to ensure structural integrity, economic
viability, and long-term sustainability ). Suboptimal site
choices can precipitate catastrophic consequences, in-
cluding structural failures, cost overruns, environmental
degradation, and socio-political conflicts, as evidenced by
historical cases like the subsidence issues of Mexico City’s
Metropolitan Cathedral or the ecological controversies sur-
rounding the Three Gorges Dam.

Traditional site selection methods rely heavily on
manual processes, including field surveys, geological as-
sessments, hydrological studies, and expert consultations.
These approaches, while rigorous, are inherently limited
by several factors ', First, they are time-intensive, often
spanning months or years, which delays project timelines
in an era where rapid development is increasingly de-
manded. Second, they are susceptible to human biases and
errors, as subjective judgments may overlook critical vari-

ables or misinterpret complex interactions between factors.

Third, traditional methods struggle to handle the vast and
heterogeneous datasets now available, such as high-res-
olution satellite imagery, real-time climate data, and so-
cio-economic indicators, which are essential for informed
decision-making in megastructure projects . Finally, these
methods often fail to systematically balance competing ob-
jectives, such as minimizing environmental impact while
maximizing economic returns, leading to suboptimal out-
comes that compromise project success.

The advent of Artificial Intelligence (AI) offers a
transformative solution to these challenges, revolutionizing
the site selection process through its capacity to process
large-scale, multi-dimensional data with speed, precision,
and objectivity. Al encompasses a suite of advanced com-
putational techniques, including machine learning (ML),
deep learning (DL), geospatial analysis, and optimization
algorithms, which enable the integration and analysis of
diverse data sources to generate predictive and prescriptive
insights . In the context of site selection, Al can model
complex relationships between variables—such as soil
stability, seismic risk, biodiversity, and infrastructure ac-
cessibility—to identify sites that optimize project goals.
For instance, machine learning algorithms can predict site
suitability based on historical project outcomes, while geo-
spatial Al can extract spatial patterns from remote sensing
data to assess environmental risks. Moreover, Al-driven
multi-criteria decision-making (MCDM) frameworks can
dynamically weigh trade-offs between conflicting objec-
tives, ensuring decisions align with stakeholder priorities
and regulatory requirements .

The application of Al in civil engineering is not new,
with successful implementations in structural design, con-
struction scheduling, and risk management. However, its
potential in megastructure site selection remains underex-
plored, despite the unique challenges posed by these proj-

ects. Megastructures differ from conventional construction
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in their scale, which amplifies geotechnical and environ-
mental risks; their complexity, which necessitates pre-
cise logistical planning; and their societal impact, which
requires careful consideration of socio-economic factors
Ul For example, a skyscraper exceeding 1,000 meters in
height demands a site with exceptional soil bearing capac-
ity, minimal wind exposure, and proximity to robust trans-
portation networks, while a mega-dam requires a site that
minimizes flood risks and ecological disruption. Al’s abili-
ty to synthesize these factors into a cohesive decision-mak-
ing framework positions it as a game-changer for mega-
structure development, promising to enhance efficiency,
reduce costs, and promote sustainability "', The Figure 1
below shows the Artificial Intelligence empowering urban-

ization.

"2l &

Figure 1. Al empowering urbanization. (Source: Author)

Despite its potential, the integration of Al into mega-
structure site selection faces several hurdles. These include
the need for high-quality, accessible data; the computation-
al complexity of processing large datasets; the interpret-
ability of Al models to ensure stakeholder trust; and the
lack of standardized frameworks tailored to the unique re-
quirements of megastructures. Addressing these challenges
requires a systematic approach that combines cutting-edge
Al techniques with domain-specific expertise in civil engi-
neering and urban planning .

This research aims to bridge this gap by developing
and validating a novel Al-based framework for mega-
structure site selection. The framework leverages machine
learning, geospatial analysis, and MCDM to integrate ge-
otechnical, environmental, socio-economic, and logistical
data, delivering a robust and interpretable decision-making

j bo

tool ", The study is guided by three primary objectives:

1.To synthesize existing knowledge on Al applications
in construction site selection, identifying best practices
and gaps specific to megastructures.

2.To propose a comprehensive AI-driven methodolo-
gy that incorporates multi-objective optimization and
stakeholder preferences, tailored to the complexities of
megastructure projects.

3.To evaluate the framework’s performance through a
simulated case study, comparing its outcomes against
traditional methods in terms of accuracy, efficiency,
and sustainability.

By achieving these objectives, the research seeks to
advance the field of civil engineering, offering a scalable
and adaptable solution to one of the most critical stages
of megastructure development. The findings have impli-
cations for engineers, urban planners, policymakers, and
developers, providing a blueprint for leveraging Al to cre-
ate safer, more sustainable, and economically viable mega-
structures. The Figure 2 below shows that Al is promoting
the sustainable development of megastructures.

Figure 2. Al is promoting the sustainable development of mega-
structures. (Source: Author)

2. Literature Review

The integration of Artificial Intelligence (Al) into civil
engineering has transformed traditional practices, offer-
ing innovative solutions to complex challenges in design,
construction, and project management. Among these, site
selection for construction projects stands out as a critical
areca where Al’s capabilities—data processing, predictive
modeling, and optimization—can significantly enhance
decision-making. For megastructures, defined as large-

scale engineering projects such as skyscrapers, dams, and
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urban complexes, site selection is particularly complex due
to the interplay of geotechnical, environmental, socio-eco-

U This literature review syn-

nomic, and logistical factors
thesizes current advancements in Al-driven site selection,
focusing on techniques, applications, and gaps specific to
megastructure construction. It is organized into three sub-
sections: Al techniques in site selection, applications in

construction contexts, and challenges and research gaps.

2.1. Al Techniques in Site Selection

Al encompasses a broad spectrum of computation-
al methods, with machine learning (ML), deep learning
(DL), geospatial analysis, and multi-criteria decision-mak-
ing (MCDM) being particularly relevant to site selection.
Machine learning algorithms, such as Support Vector Ma-
chines (SVM), Random Forests (RF), and Gradient Boost-
ing Machines (GBM), have been extensively applied to
classify and rank potential sites based on suitability '*.
SVMs, for instance, excel in binary classification tasks,
such as determining whether a site is suitable or unsuit-
able based on features like soil stability, slope gradient,
and proximity to water bodies. Random Forests, with their
ensemble learning approach, are adept at handling high-di-
mensional datasets, making them suitable for integrating
diverse variables, such as climate patterns, land use, and
infrastructure accessibility. Studies have shown RF models
achieving accuracy rates above 85% in predicting site suit-
ability for urban development projects, leveraging features
derived from geographic and economic data'”.

Deep learning, particularly Convolutional Neural Net-
works (CNNs), has revolutionized geospatial analysis by
extracting spatial patterns from high-resolution satellite
imagery and remote sensing data. CNNs can identify land
cover types, detect hydrological risks (e.g., flood-prone
areas), and assess vegetation density, which are critical for
evaluating environmental impacts ""*. For example, a study
on wind farm site selection used CNNs to analyze terrain
roughness and wind speed patterns, achieving a 90% ac-
curacy in identifying optimal sites. Similarly, Recurrent
Neural Networks (RNNs) have been employed to model
temporal data, such as seasonal climate variations, enhanc-
ing the prediction of long-term site stability .

Geospatial Al, which integrates Geographic Informa-

tion Systems (GIS) with ML, has emerged as a cornerstone

for site selection. GIS platforms enable the visualization
and spatial analysis of data, such as topography, soil com-
position, and infrastructure networks, while ML algorithms

[l A notable application

enhance predictive capabilities
is the use of GIS-ML frameworks to select sites for re-
newable energy projects, such as solar farms, by modeling
solar irradiance, land availability, and grid connectivity.
These frameworks have demonstrated the ability to re-
duce site selection time by up to 70% compared to manual
methods, highlighting their efficiency "

Multi-Criteria Decision-Making (MCDM) frame-
works, such as the Analytic Hierarchy Process (AHP),
Technique for Order of Preference by Similarity to Ideal
Solution (TOPSIS), and Weighted Sum Models (WSM),
are often combined with Al to prioritize sites based on
weighted criteria. Al-enhanced MCDM models dynamical-
ly adjust weights using data-driven insights, improving de-
cision robustness '*'. For instance, hybrid AHP-ML mod-
els have been used to select sites for industrial facilities,
balancing economic benefits (e.g., proximity to markets)
with environmental constraints (e.g., air quality). Neural
Networks have also been integrated into MCDM to learn
stakeholder preferences, enabling adaptive weighting that
reflects project-specific priorities. Such approaches have
achieved consistency scores above 0.9 in ranking sites, un-

derscoring their reliability !'”.

2.2. Applications in Construction

Al-driven site selection has been applied across vari-
ous construction contexts, though megastructure-specific
applications are less common due to their unique scale and
complexity. In residential and commercial developments,
Al models predict land value appreciation, infrastructure
accessibility, and urban growth potential *'. For example,
ML algorithms have been used to select sites for housing
projects by analyzing demographic trends, transportation
networks, and economic indicators, resulting in cost sav-
ings of up to 20% through optimized land acquisition *"),
In transportation infrastructure, such as high-speed rail
networks, Al evaluates routes to minimize land acquisition
costs, reduce ecological disruption, and enhance connec-
tivity. A study on railway site selection used a GIS-ML
framework to model terrain stability and population den-

sity, achieving a 15% reduction in environmental impact
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compared to traditional methods ).

For megastructures, Al applications are more limit-
ed but growing. In dam construction, Al has been used
to assess hydrological and seismic risks, with ML mod-
els predicting flood probabilities and earthquake impacts
based on historical data and geophysical simulations .
For instance, a study on dam site selection in a seismically
active region employed GBM to integrate seismic hazard
maps, river flow data, and ecological metrics, identifying
sites with minimal risk and optimal energy output “*. In
skyscraper projects, Al-driven wind load simulations and
foundation stability analyses have informed site selection,
particularly in urban environments where wind patterns
and soil conditions are critical. A notable example is the
use of CFD (Computational Fluid Dynamics) coupled with
ML to select sites for ultra-tall buildings, ensuring structur-
al resilience against wind-induced vibrations ',

Emerging applications also include Al-driven urban
planning for mega-cities, where site selection for large-
scale developments, such as smart cities, requires balanc-
ing population growth, environmental sustainability, and
economic viability “. Geospatial AI has been used to
model urban heat islands, traffic flows, and green space
availability, guiding the placement of megastructures like
transportation hubs *’\. These applications demonstrate
Al’s potential to address the multifaceted demands of me-
gastructure site selection, though they often focus on spe-

cific project types rather than a generalized framework ™.

2.3. Challenges and Research Gaps

Despite significant advancements, several challenges
and research gaps persist in applying Al to megastructure
site selection. First, most Al models prioritize single-objec-
tive optimization, such as cost minimization or structural
stability, neglecting the multi-faceted nature of megastruc-
ture projects ™. These projects require simultaneous con-
sideration of geotechnical, environmental, socio-economic,
and logistical factors, which demands multi-objective op-
timization frameworks. While MCDM approaches address
this to some extent, their integration with Al remains un-
derdeveloped, particularly for dynamic weight adjustment
based on real-time data ",

Second, data integration poses a significant hur-

dle. Megastructure site selection involves disparate data

sources, including geological surveys, satellite imagery,
economic databases, and stakeholder inputs, which vary
in format, resolution, and reliability. Preprocessing these
datasets to ensure compatibility and quality is computa-
tionally intensive and requires robust techniques, such as
automated data cleaning and feature extraction. Current
studies often rely on curated datasets, limiting their appli-
cability to real-world scenarios where data may be incom-
plete or noisy ',

Third, the interpretability of Al models, particularly
deep learning, is a critical concern. Stakeholders, includ-
ing engineers, planners, and policymakers, demand trans-
parent decision-making processes to trust and adopt Al
recommendations. Black-box models, such as deep neural
networks, often lack explainability, which can hinder their
acceptance in high-stakes applications like megastructure
construction. Techniques like SHAP (SHapley Additive
exPlanations) and LIME (Local Interpretable Model-ag-
nostic Explanations) have been proposed to enhance inter-
pretability, but their application in construction contexts is
limited **.

Fourth, there is a lack of standardized frameworks
tailored to megastructures. Existing Al models are often
designed for smaller-scale projects, such as residential de-
velopments or renewable energy installations, and do not
account for the unique challenges of megastructures, such
as their large environmental footprint, long-term societal
impacts, and complex stakeholder dynamics *'. For in-
stance, a skyscraper requires site-specific analyses of wind
loads and foundation depth, while a mega-dam must con-
sider downstream ecological effects, neither of which is
adequately addressed by generic site selection models "

Finally, the scalability of Al frameworks is a concern.
Megastructure projects often span vast geographic areas,
requiring the analysis of thousands of potential sites. Cur-
rent models are computationally expensive, particularly
when processing high-resolution geospatial data or running
iterative optimization algorithms "', Developing scalable
frameworks that balance accuracy and efficiency remains a

critical research gap.

2.4. Contribution of This Study

This study introduces a novel Al framework inte-
grating GBM, k-Means, and TOPSIS with FNN-adjusted
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weights, unlike static GIS-ML models for renewable ener-
gy or dams, offering dynamic multi-objective optimization

and interpretability tailored to megastructures.

3. Methodology

The selection of optimal sites for megastructure con-
struction, such as ultra-tall skyscrapers, massive dams, or
large-scale urban complexes, requires a robust framework
capable of integrating and analyzing complex, multi-di-
mensional data while balancing competing objectives. The
proposed Al-based framework addresses this challenge
through a systematic, four-phase methodology: (1) Data
Collection and Preprocessing, (2) Feature Engineering, (3)
Model Development, and (4) Decision Optimization. Each
phase is designed to handle the unique demands of mega-
structure projects, including their scale, environmental im-
pact, and stakeholder requirements. The framework lever-
ages advanced Al techniques, including machine learning
(ML), geospatial analysis, and multi-criteria decision-mak-
ing (MCDM), to deliver accurate, efficient, and interpreta-
ble site selection outcomes. A simulated case study is used
to validate the framework, ensuring its applicability to re-
al-world scenarios. This section details each phase, provid-
ing technical specifications, algorithmic approaches, and

practical considerations.

3.1. Phase I: Data Collection and Preprocessing

Megastructure site selection demands a comprehensive
dataset encompassing four key domains: geotechnical, en-
vironmental, socio-economic, and logistical. Each domain
contributes critical variables that influence site suitability,
and their integration requires careful data collection and

preprocessing to ensure quality and compatibility.

3.1.1. Geotechnical Data

Geotechnical data includes parameters such as soil
bearing capacity, seismic activity, groundwater levels, and
slope stability. These are sourced from geological surveys,
borehole records, and remote sensing technologies. For
instance, soil bearing capacity is measured in kilopascals
(kPa) through in-situ tests, while seismic risk is quantified

using peak ground acceleration (PGA) values derived from

regional seismic hazard maps. Groundwater levels are ob-
tained from piezometer readings, and slope stability is as-

sessed using digital elevation models (DEMs).

3.1.2. Environmental Data

Environmental data encompasses climate patterns
(e.g., precipitation, temperature), biodiversity indices (e.g.,
species richness, endangered species presence), and envi-
ronmental risks (e.g., flood probability, air quality). These
are collected from satellite imagery (e.g., Landsat, Senti-
nel-2), environmental monitoring stations, and global data-
bases like the WorldClim dataset. For example, flood risk
is modelled using historical rainfall data and topographic
analysis, while carbon sequestration potential is estimated

based on vegetation cover and soil organic content.

3.1.3. Socio-Economic Data

Socio-economic data includes population density, land
ownership status, land acquisition costs, and economic
impact indicators (e.g., job creation potential). These are
sourced from census records, land registries, and economic
forecasts. For instance, population density is derived from
gridded population datasets, while land costs are estimated
based on market trends and zoning regulations. Communi-
ty displacement risk is quantified by mapping residential
areas within potential site boundaries.

3.1.4. Logistical Data

Logistical data covers proximity to transportation net-
works (e.g., highways, railways), material supply chain
accessibility, and utility grid reliability (e.g., electricity,
water). These are extracted from infrastructure databases,
transportation network maps, and utility provider records.
For example, distance to the nearest rail hub is calculated
using GIS-based routing algorithms, while material trans-

port costs are estimated based on regional logistics data.

3.1.5. Preprocessing

Data preprocessing ensures consistency across het-
erogeneous sources. Missing values are imputed using
k-Nearest Neighbors (k-NN) imputation, outliers are de-
tected using the Interquartile Range (IQR) method, and

56



Urban Planning and Construction | Volume 03 | Issue 01 | May 2025

numerical data is standardized via z-score normalization.
Categorical data is encoded using one-hot encoding, and
geospatial data is aligned to a 30-meter resolution raster
layer in WGS84. Spatial/temporal decomposition tech-
niques (e.g., spatial filtering, wavelet, or EEMD) were not
employed, as the synthetic dataset mimics controlled con-
ditions with minimal noise. This choice prioritizes com-
putational efficiency for the simulated case study. A sensi-
tivity analysis shows that introducing 20% Gaussian noise
(mean 0, variance 0.1) reduces GBM accuracy from 92%
to 82-87%, indicating moderate resilience to noisy inputs
but underscoring the importance of data quality in practical

deployments.

3.2. Phase II: Feature Engineering

Feature engineering transforms raw data into predictive
variables tailored to megastructure site selection. The pro-
cess involves feature extraction, selection, and dimension-

ality reduction to create a robust input set for Al models.

3.2.1. Feature Extraction

Key features are derived for each data domain:

e Geotechnical: Soil bearing capacity (kPa), seismic
risk score (PGA, 0-1 scale), slope stability index (0—
100, based on angle and soil type), and groundwater
depth (meters).

¢ Environmental: Flood risk probability (0—1, based on
100-year flood models), carbon sequestration poten-
tial (tCOz/ha), species richness (number of species per
km?), and air quality index (AQI, 0-500).

* Socio-Economic: Land acquisition cost ($/ha), com-
munity displacement risk (number of affected resi-
dents), economic impact score (jobs created per $M
invested), and land ownership complexity (binary:
public vs. private).

 Logistical: Distance to nearest rail hub (km), materi-
al transport cost ($/ton), energy grid reliability (% up-
time), and water supply capacity (m?*/day).

These features are extracted using domain-specific al-
gorithms. For example, flood risk probability is calculated
using hydrological models integrated with GIS, while eco-
nomic impact scores are derived from input-output models

based on regional economic data.

3.2.2. Feature Selection

To reduce redundancy and improve model efficien-
cy, feature selection is performed using Recursive Feature
Elimination (RFE) with a Random Forest classifier. RFE
iteratively removes the least important features based on
their contribution to model accuracy, retaining only those
with significant predictive power (e.g., soil bearing capaci-
ty, flood risk). The process is cross-validated using a 5-fold
strategy to ensure robustness.

3.2.3. Dimensionality Reduction

Principal Component Analysis (PCA) is applied to re-
duce the dimensionality of the feature set while preserving
95% of the variance. This step is critical for megastruc-
ture projects, where hundreds of variables may be initially
considered. PCA transforms correlated features (e.g., pre-
cipitation and flood risk) into a smaller set of uncorrelated
principal components, enhancing computational efficiency

without sacrificing predictive accuracy.

3.3. Phase I1I: Model Development

The hybrid AI model integrates a Gradient Boost-
ing Machine (GBM) for supervised learning, k-Means
clustering for scalability, and TOPSIS for ranking. GBM
outperforms XGBoost (92% vs. 88% accuracy) due to its
robustness to noisy data, while k-Means scales better than
DBSCAN for 500 sites, avoiding parameter sensitivity.
TOPSIS, enhanced by a Feedforward Neural Network
(FNN), dynamically adjusts weights, surpassing AHP’s
static approach. An ablation study shows a 5% accuracy
drop without k-Means, confirming its value. Parameters
were tuned as follows: k (10-20) via the elbow method
(silhouette > 0.6), GA population (100) via convergence
at 200 generations, and TOPSIS weights via FNN training
(100 epochs). Sensitivity analysis indicates a 3-5% ranking

variation with £10% weight shifts, ensuring robustness.

3.3.1. Supervised Learning Module

A Gradient Boosting Machine (GBM) is used to pre-
dict site suitability scores based on labeled training data.

The training dataset consists of historical site selection
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outcomes, where sites are labeled as “suitable” (success-
ful projects with minimal cost overruns and stable perfor-
mance) or “unsuitable” (projects with failures, delays, or
environmental issues). The GBM is trained to map input
features to suitability scores (0—1), with hyperparame-
ters tuned using grid search over learning rate (0.01-0.1),
number of trees (100-500), and maximum depth (3—10).
Cross-validation (5-fold) ensures generalizability, and ear-
ly stopping prevents overfitting. The GBM’s robustness to
noisy data and ability to capture non-linear relationships
make it ideal for handling the complex interactions in me-

gastructure site selection.

3.3.2. Unsupervised Clustering Module

To enhance scalability, a k-Means clustering algorithm
groups sites into clusters based on similarity in geotechni-
cal, environmental, and logistical features. The number of
clusters (k) is determined using the elbow method, which
identifies the point of diminishing returns in within-clus-
ter variance. For a study area with 500 candidate sites, k
is typically set to 10-20, reducing the search space to rep-
resentative sites. Clustering is performed on normalized
features to ensure equal weighting, and silhouette scores
are used to evaluate cluster quality (targeting scores > 0.6).
This module significantly reduces computational complex-
ity, enabling the framework to handle large geographic ar-

eas efficiently.

3.3.3. MCDM Module

A TOPSIS-based optimizer ranks sites within each
cluster by assigning weights to criteria based on project
priorities. The criteria are grouped into four categories
(geotechnical: 30%, environmental: 25%, socio-econom-
ic: 25%, logistical: 20%), with initial weights derived
from stakeholder surveys. A Feedforward Neural Network
(FNN) with two hidden layers (64 and 32 neurons, ReLU
activation) is trained to dynamically adjust weights based
on project-specific data, such as budget constraints or en-
vironmental regulations. TOPSIS calculates the Euclidean
distance of each site from ideal and non-ideal solutions,
producing a ranked list of sites with closeness scores (0—1).
The FNN is trained on synthetic stakeholder preference

data, with a mean squared error loss function and Adam

optimizer, achieving convergence within 100 epochs.

3.3.4. Ensemble Integration

The three modules are integrated into an ensemble
framework. The GBM generates initial suitability scores,
which are used to filter out low-scoring sites (threshold:
0.7). The k-Means module clusters the remaining sites, and
TOPSIS ranks the top candidates within each cluster. Mod-
el interpretability is enhanced using SHAP (SHapley Addi-
tive exPlanations) values, which quantify the contribution
of each feature to the final suitability score. For example,
SHAP analysis might reveal that soil bearing capacity con-
tributes 40% to a site’s ranking, guiding stakeholder dis-

cussions.

3.4. Phase 1V: Decision Optimization

The final phase optimizes site selection by generating
Pareto-optimal solutions that balance competing objec-
tives, such as cost minimization, environmental preserva-
tion, and structural stability. A Genetic Algorithm (GA) is
employed to explore the solution space, with the following

components:

e Population: 100 candidate solutions, each represent-
ing a site with associated feature values.

* Fitness Function: A weighted sum of objectives (e.g.,
minimize cost, maximize stability), with weights
aligned with the TOPSIS module.

e Crossover and Mutation: Single-point crossover
(probability: 0.8) and Gaussian mutation (probability:
0.1) to generate diverse solutions.

e Termination: Convergence after 200 generations or a

fitness improvement of less than 0.01%.

The GA produces a Pareto front of non-dominated
solutions, visualized as a scatter plot of cost versus en-
vironmental impact, allowing stakeholders to select sites
based on project priorities. For instance, a stakeholder pri-
oritizing sustainability might choose a site with higher cost
but lower ecological footprint. The framework outputs a
ranked list of sites, accompanied by GIS-based heatmaps,
decision trees, and SHAP plots to facilitate transparent de-

cision-making.
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3.4.1. Case Study Design

A simulated case study targets a 1,000-meter skyscrap-
er in a 10,000 km? coastal region with 500 sites, using
synthetic datasets to test the framework under controlled
conditions reflecting flood risk and soil variability—
common megastructure challenges. This choice ensures a
baseline for validation, though it limits external validity
due to idealized data. A real-world USGS dataset (coastal
U.S. geotechnical data) achieved 90% accuracy, indicating
transferability. Future work should include diverse regions

to enhance generalizability.

3.4.2. Practical Considerations

The framework is designed for scalability and re-
al-world applicability. It is implemented in Python, lever-
aging libraries such as scikit-learn (ML models), GeoPan-
das (GIS processing), and DEAP (GA optimization).
Computational requirements include a GPU-enabled server
for deep learning tasks and a GIS workstation for spatial
analysis. To ensure accessibility, the framework supports
cloud-based deployment, enabling integration with re-
al-time data streams (e.g., satellite updates). Stakeholder
engagement is facilitated through interactive visualiza-
tions, such as web-based dashboards displaying site rank-

ings and feature importance.

4. Results

The case study demonstrates the efficacy of the Al-
based framework in selecting optimal sites for the sky-

scraper project. Key findings are summarized below.

4.1. Model Performance

The GBM achieved 92% accuracy, 89% precision,
91% recall, AUC of 0.94, and F1 of 0.90. These metrics
were chosen for their balance in imbalanced datasets, with
F1 outperforming accuracy-only (0.88) by capturing re-

call-precision trade-offs effectively.

4.2. Site Selection Outcomes

The framework identified a top-ranked site with the

following characteristics:

* Geotechnical: High soil bearing capacity (250 kPa),
low seismic risk (PGA < 0.1g), and stable slopes (< 5°).

* Environmental: Minimal flood risk (1-in-100-year
event), high carbon sequestration (500 tCOz/ha), and
low biodiversity impact (no endangered species).

 Socio-economic: Moderate land cost ($10M/ha), neg-
ligible community displacement (0 residents), and
high economic impact (1,000 jobs created).

e Logistical: Proximity to rail hub (5 km), low transport

cost ($1M), and reliable energy grid (99.9% uptime).

Compared to the baseline method, the Al framework
reduced site selection time from 6 months to 2 weeks, low-
ered estimated environmental impact by 30% (measured
by carbon footprint), and decreased projected costs by 15%
($500M savings). The baseline method selected a site with
higher flood risk and greater community displacement,
highlighting the Al framework’s superior multi-objective

optimization.

4.3. Sensitivity Analysis

A sensitivity analysis was conducted to assess the
framework’s robustness to changes in criteria weights.
Adjusting environmental weight from 25% to 40% shifted
the top-ranked site to one with lower flood risk but higher
land cost, demonstrating the framework’s adaptability to
stakeholder preferences. The GA consistently produced
Pareto-optimal solutions across weight scenarios, ensuring

flexibility.

4.4. Visualizations

Heatmaps generated by the framework visualized site
suitability across the study area, with high-scoring sites
concentrated near infrastructure hubs. Decision trees illus-
trated feature importance, revealing soil bearing capacity
and proximity to rail as dominant factors. These outputs
enhanced stakeholder engagement by providing transpar-
ent, data-driven insights.

Table 1 below shows the comparison with the State-

of-the-Art methods.
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Table 1. Comparison with State-of-the-Art methods.

Method Objective Accuracy Multi Objective Interpretability
1.This study (GBM+ k-means+ TOPSIS) Site suitability 92% Yes (FNN weights) High
2 High rise Siting ™" Wind load 90% Partial Medium
3.GIS-ML for Dams ** Flood Risk 88% No Low

5. Conclusions

This research presents a pioneering Al-based frame-
work, reducing site-selection time by 80% and costs by
15%, supported by case study data. Limitations include
reliance on synthetic data (potential bias), interpretability
challenges (mitigated by SHAP), and high computation-
al needs. Future work proposes IoT integration, real-time
risk assessment, and standardized protocols. Industry-wide
adoption, while promising, requires further validation and
remains a forward-looking goal.

The findings have profound implications for civil en-
gineering and urban planning. By automating and enhanc-
ing site selection, the framework enables more sustainable
and economically viable megastructure projects, aligning
with global urbanization and infrastructure development
trends. However, its adoption requires overcoming barri-
ers, such as data accessibility, computational infrastructure,
and stakeholder trust in Al-driven decision-making.

Future research should focus on real-world imple-
mentation, integrating real-time data from IoT sensors and
expanding the framework to include dynamic risk assess-
ments during construction. Additionally, enhancing mod-
el interpretability and developing standardized protocols
for Al in construction could accelerate industry adoption.
As megastructures continue to shape the future of human
civilization, Al offers a transformative tool to ensure their
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