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Abstract: Recent advances in quantum computing, combined 

with classical algorithms, are reshaping how engineers approach 

topology optimization (TO), particularly in the context of 3D-

printed ultra-high-performance concrete (UHPC) bridge 

structures. This review critically examines how hybrid quantum–

classical methods are influencing structural design workflows, 

with a focus on theoretical frameworks, computational strategies, 

sustainability metrics, and practical scalability. Drawing on a 

wide range of current academic literature and case-based studies, 

the paper assesses how quantum approaches, such as the 

Quantum Approximate Optimisation Algorithm (QAOA) and 

Variational Quantum Eigensolver (VQE), may overcome the 

challenges posed by complex design spaces and nonlinear 

behaviours commonly encountered in TO problems. The analysis 

also highlights the role of machine learning in complementing 

quantum algorithms, particularly for tasks such as surrogate 

modelling, performance prediction, and real-time optimisation 

feedback. Sustainability assessments further reveal that these 

hybrid approaches can contribute to substantial reductions in 

material consumption, embodied carbon, and construction waste, 

particularly when combined with additive manufacturing 

processes that accommodate irregular or efficiency-driven 

geometries. Despite these promising developments, the review 

identifies several limitations that require attention. These include 

the technical constraints of current quantum devices, gaps in 

standardised computational frameworks, and issues related to 

scaling optimized forms for real-world fabrication. In response, 

the study outlines future research directions, including the 

development of open-source platforms, cross-disciplinary 

collaboration, and physical validation of optimised UHPC 

components. By integrating insights from quantum computing, 

structural engineering, and digital fabrication, this review 

presents a comprehensive and realistic perspective on the 

opportunities and challenges associated with quantum–classical 

synergy in sustainable bridge design. It emphasises the need for 

thoughtful, collaborative innovation to realise the potential of 

these cutting-edge technologies fully. 

Keywords: Quantum Topology Optimization, 3D-Printed 

UHPC Bridges, Sustainability in Structural Design, Hybrid 

Quantum-Classical Algorithms, and Additive Manufacturing in 

Civil Engineering. 

Manuscript received on 22 May 2025 | First Revised 

Manuscript received on 29 May 2025 | Second Revised 

Manuscript received on 04 June 2025 | Manuscript Accepted 

on 15 June 2025 | Manuscript published on 30 June 2025. 
*Correspondence Author(s) 

Girmay Mengesha Azanaw*, Lecturer, Department of Civil 

Engineering, Institute of Technology, University of Gondar, Gondar, 
Ethiopia. Email ID: girmay.mengesha@uog.edu.et, ORCID ID: 0009-0009-

7187-6572 

© The Authors. Published by Blue Eyes Intelligence Engineering and 

Sciences Publication (BEIESP). This is an open access article under the 

CC-BY-NC-ND license http://creativecommons.org/licenses/by-nc-nd/4.0/ 

Abbreviations: 

TO: Topology Optimization 

UHPC: Ultra-High-Performance Concrete 

QAOA: Quantum Approximate Optimization Algorithm 

VQE: Variational Quantum Eigensolver 

AM: Additive Manufacturing 

CTO: Computational Topology Optimisation 

QML: Quantum Machine Learning 

SIMP: Solid Isotropic Material with Penalisation 

QC: Quantum Computing 

I. INTRODUCTION

Over the past twenty years, civil infrastructure design

has undergone a remarkable shift, shaped mainly by 

breakthroughs in computational topology optimisation 

(CTO), emerging material innovations, and evolving 

construction techniques. While TO has its roots in classical 

structural mechanics [1], it has evolved into a sophisticated 

design tool through advancements such as density-based and 

level-set methods [2]. Over the past twenty years, civil 

infrastructure design has undergone a remarkable shift, 

shaped mainly by breakthroughs in computational topology 

optimisation (CTO), emerging material innovations, and 

evolving construction techniques. While TO has its roots in 

classical structural mechanics, it has evolved into a 

sophisticated design tool through advancements such as 

density-based and level-set methods [3]. These approaches 

enable engineers to strategically distribute materials within 

predefined spatial and performance constraints, thereby 

facilitating more efficient and resilient structural systems. 

Nowhere is this more impactful than in bridge engineering, 

where demands on strength, efficiency, and material use are 

exceptionally high. 

Ultra-High-Performance Concrete (UHPC) has emerged as 

a key player in this transformation. Valued for its superior 

strength, longevity, and adaptability to complex forms, 

UHPC is increasingly used in both precast and 3D-printed 

bridge components [4]. Yet, integrating TO with UHPC is 

not without its challenges [5]. High-resolution, 

geometrically detailed models, which are required for such 

integration, demand significant computational power. With 

the rise of 3D printing in 

construction, there is a 

growing need for 

optimization frameworks that 

are not only technically 
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sound but also capable of translating complex digital 

designs into reliable, buildable structures [6]. 

A. The Emerging Role of Quantum Computing in 

Structural Optimization 

As the demands on civil engineering design continue to 

grow, particularly in terms of speed and scalability, quantum 

computing, and more specifically quantum machine learning 

(QML), is emerging as a promising avenue for the next 

generation of optimisation tools [7]. By blending classical 

finite element-based topology solvers with quantum-inspired 

routines like the Quantum Approximate Optimization 

Algorithm (QAOA) and Variational Quantum Eigensolvers 

(VQE), hybrid quantum–classical workflows are beginning 

to redefine what is computationally possible [8]. The core 

strength of quantum computing lies in its capacity to 

manage complex, high-dimensional, and combinatorial 

problems by operating within vast Hilbert spaces [9]. While 

quantum supremacy has been demonstrated so far only in 

narrowly defined contexts [10], the ability of QML to 

explore unconventional solution spaces offers compelling 

opportunities for tackling nonconvex challenges in topology 

optimisation. Although most current research remains in the 

realm of simulation and theoretical modelling, early findings 

suggest that quantum-enhanced approaches may offer faster 

convergence rates and reveal alternative design optima in 

structural mechanics problems [11]. 

B. Motivation and Knowledge Gap 

Despite rapid developments in TO algorithms, UHPC 

applications, and quantum-classical optimization 

frameworks, a coherent and critical synthesis of these 

domains remains lacking. While classical TO methods 

continue to dominate practical applications in bridge design 

[13], they are often computationally prohibitive when scaled 

to high-resolution 3D-printed structures. Simultaneously, 

most QML studies are constrained to small-scale 

demonstrators or rely on quantum simulators, with limited 

translation to civil-scale implementations. As a result, civil 

engineers, material scientists, and computational designers 

lack a clear roadmap for leveraging quantum–classical 

synergies in sustainable UHPC bridge construction. This 

review addresses this gap by critically evaluating the state-

of-the-art in topology optimization for 3D-printed UHPC 

bridges, with an emphasis on emerging quantum–classical 

workflows. We also analyse the broader implications for 

sustainability, including material efficiency, embodied 

carbon, and life-cycle performance, as well as identify the 

hardware and software challenges currently limiting 

scalability. 

C. Scope and Structure of the Review 

The scope of this review encompasses: 

i. Computational paradigms: A comparative analysis of 

classical vs. quantum–classical TO approaches; 

ii. Sustainability metrics: A focus on material savings, 

energy consumption, and carbon reduction outcomes; 

iii. Scalability barriers: Technical limitations in both 

computational frameworks and additive 

manufacturing processes; 

iv. Publication trends: A bibliometric analysis of the 

research landscape over the past two decades using 

Web of Science and Engineering Village databases. 

Figure 1 below illustrates the steady growth of 

publications relating to “Topology Optimisation” and 

“UHPC Bridge Structures” between 2005 and 2024. 

 

 
[Fig.1: Number of Publications on “Topology 

Optimization” and “UHPC Bridge Structures” (2005–

2024). (a) Data from Web of Science | (b) Data from 

Engineering Village] [13] 

D. Contribution of This Review 

This article contributes to the literature by: 

i. Bridging theoretical developments in QML with 

engineering challenges in UHPC bridge optimization; 

ii. Mapping the evolution of TO methodologies in this 

domain over time; 

iii. Comparing classical, quantum-inspired, and hybrid 

workflows across performance, resource, and 

sustainability metrics;  

iv. Outlining the implementation gaps and proposing 

research directions for scalable, real-world adoption. 

In doing so, the author aims to provide both researchers 

and practitioners with an accessible yet rigorous roadmap 

for advancing 3D-printed bridge engineering through 

cutting-edge computational design techniques. 

II. OBJECTIVES 

The primary aim of this critical review is to evaluate and 

synthesise existing literature on the integration of quantum–

classical computational paradigms with topology 

optimization techniques for 3D-printed Ultra-High-

Performance Concrete (UHPC) bridge structures. As the 

field straddles emerging quantum technologies, advanced 

structural optimization, additive manufacturing, and 

sustainability science, the review sets out to create a 

structured and multidisciplinary framework for 

understanding current capabilities, limitations, and future 

opportunities. 

Specifically, the objectives of this review are as follows: 

A. To Evaluate Computational Paradigms for Topology 

Optimization in Bridge Structures 

To systematically compare classical algorithms (e.g., 

SIMP, level-set, evolutionary) with hybrid quantum–

classical approaches (e.g., QAOA, VQE, quantum neural 

networks). 

To examine the computational complexity, convergence 

performance, design fidelity, and adaptability of these 

methods for large-scale, high-

resolution 3D-printed 

applications. 
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B. To Analyze the Application of TO in UHPC Bridge 

Structures 

 To review the unique structural properties and 

manufacturing requirements of UHPC that influence its 

compatibility with TO outputs. 

To identify current best practices and implementation 

strategies for TO-driven design of UHPC bridge elements in 

both academic studies and pilot projects. 

C. To Map Research Trends and Bibliometric Patterns 
To conduct a bibliometric and scientometric analysis of 

the growth, focus areas, and key contributors in the domain 

of TO applied to UHPC bridge structures. 

To visualise the frequency and trajectory of publications 

using structured keyword searches across the Web of 

Science and Engineering Village databases. 

D. To Assess Sustainability Outcomes 
To evaluate how quantum–classical workflows contribute 

to sustainability metrics such as material efficiency, 

structural lifespan, energy consumption, and embodied 

carbon. 

To highlight case studies where it has demonstrably 

improved the ecological footprint of UHPC bridge 

structures. 

E. To Identify Scalability Barriers and Research Gaps 
To critically examine current hardware, algorithmic, and 

integration limitations that prevent large-scale adoption of 

quantum-enhanced TO in civil infrastructure. 

To propose a set of research challenges, opportunities, and 

roadmap recommendations for future development across 

disciplines, including quantum computing, structural 

engineering, and digital fabrication. 

III. FUNDAMENTALS OF TOPOLOGY 

OPTIMIZATION FOR BRIDGES 

Topology optimisation (TO) is a computational design 

methodology that determines the most efficient material 

distribution within a prescribed design space, subject to 

loading, boundary, and performance conditions. Its growing 

adoption in the structural engineering domain—particularly 

in bridge design—stems from its ability to generate 

innovative and materially efficient forms that often defy 

conventional intuition. These optimized configurations are 

increasingly relevant for additive manufacturing processes 

such as 3D printing, especially when working with high-

performance materials like ultra-high-performance concrete 

(UHPC). 

A. Historical Evolution and Methodological 

Foundations 

The mathematical foundation of topology optimisation 

(TO) was pioneered in the late 1980s through the 

homogenization method developed by [1], which laid the 

groundwork for later density-based approaches, such as the 

Solid Isotropic Material with Penalisation (SIMP) method 

[12]. These classical TO methods frame the optimisation as 

a variational problem where the objective, often compliance 

minimisation or stiffness maximisation, is solved using 

iterative numerical techniques, typically finite element 

analysis (FEA). 

In the context of bridge design, TO facilitates the 

reconfiguration of structural form and material layout to 

meet high-performance-to-weight and stiffness-to-volume 

ratios. Given that bridges are subject to complex loading 

scenarios, including moving loads, wind, and seismic 

events, to help uncover designs that are robust, often non-

intuitive, and materially lean. Table 1 below summarises the 

main categories of topology optimisation techniques used in 

bridge engineering. 

Table-I: Classification of Topology Optimization Methods for Bridge Design 

Category Methodology Advantages Limitations 

Density-based 

(SIMP) 

Uses material interpolation to 

vary element density 

Easy to implement; widely used in 

commercial tools 

May suffer from checkerboarding; 

intermediate densities 

Level-set methods 
Describes geometry implicitly 

via a level-set field 

Produces smooth boundaries 

and robust designs 

Computationally intensive; difficult 

to control topology 

Evolutionary 

algorithms 

Bio-inspired, population-

based search (e.g., GA) 

Can handle non-linear, multi-

objective problems 

Convergence is slow; less 

deterministic 

Topology 

Derivative Methods 

Uses sensitivity analysis for 

removal/addition 

Suitable for early-stage 

conceptual design 

Complexity in multi-physics 

scenarios 

Machine Learning-

aided TO 

Surrogate models or 

reinforcement learning agents 

Accelerates optimization; data-

efficient 

Requires training data; black-box 

nature 

 

B. Application to Bridge Structures 

In bridge engineering, TO has been particularly impactful 

for truss bridges, arch-type bridges, and deck optimization. 

Several researchers have explored its role in optimizing 

structural layout under various constraints. For instance, 

utilized limit analysis principles to determine the optimal 

design of trusses under plasticity assumptions [14]. Later 

studies expanded this approach to more complex geometries 

and materials [15]. Applied to pedestrian bridges 

incorporating stress-based criteria under serviceability 

constraints, achieving significant material reductions 

without sacrificing structural integrity. 

In UHPC applications, TO proves even more promising 

due to the material’s superior compressive strength and 

durability. UHPC’s brittleness and anisotropic behavior 

under tensile loading, however, necessitate careful 

integration of TO outputs with reinforcement detailing and 

additive manufacturing constraints [16]. Here, the coupling 

of TO and 3D printing emerges as a natural synergy—one 

that demands new forms of simulation fidelity and material 

compatibility [41]. 
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C. Computational Workflow and Boundary Conditions 

in Bridge TO 

The generic workflow for TO in bridge design begins with 

defining the design domain, boundary conditions (e.g., 

supports and loads), and the objective function (such as 

minimising compliance). The domain is then discretised 

using finite elements, and material densities are assigned 

and updated using an iterative optimization algorithm. The 

design evolves through iterations until the convergence 

criteria are met. This is visualized in Figure 2, which 

outlines the basic computational loop of TO in bridge 

engineering. 

 

 
[Fig.2: Topology Optimization Workflow for 3D-Printed 

UHPC Bridge Components] 

D. Limitations and Opportunities 

Despite its many advantages, the use of TO in bridge 

structures presents certain limitations. Traditional methods 

often struggle with mesh dependency, grey areas (non-

binary density values), and manufacturability constraints, 

particularly when translating results into real-world 

structures. Moreover, when TO is applied to large-scale 

bridge structures with non-linear material behavior and 

dynamic loadings, the computational cost becomes a 

significant barrier. Recent research is thus moving toward 

multiscale modelling, non-linear TO, and data-driven 

optimisation using machine learning and, increasingly, 

quantum-inspired algorithms [6]. These advancements 

promise to accelerate convergence and explore design 

spaces that were previously intractable. 

In conclusion, understanding the fundamentals of TO, 

including its classical roots, current applications, and 

methodological nuances, is essential for appreciating the 

transformative potential of quantum–classical synergies in 

future bridge design paradigms. As the field evolves, 

bridging the gap between simulation-driven design and real-

world constraints will be key to achieving structurally and 

environmentally optimal infrastructure. 

IV. QUANTUM–CLASSICAL COMPUTATIONAL 

SYNERGIES IN STRUCTURAL OPTIMIZATION 

In recent years, the convergence of quantum computing 

(QC) and classical machine learning (ML) paradigms has 

opened up transformative possibilities in engineering 

optimisation, particularly in domains where traditional 

computational resources are insufficient. The design of 3D-

printed Ultra-High-Performance Concrete (UHPC) bridge 

structures—where topology optimisation (TO) involves 

complex, high-dimensional, and multi-physics problems—is 

one such domain. Quantum-classical hybrid approaches 

promise to unlock new levels of scalability, solution 

diversity, and computational speed, which are vital for the 

next generation of structurally efficient and sustainable 

infrastructure. 

A. Theoretical Background of Quantum Computing for 

Optimization 

Quantum computing differs from classical computing by 

using quantum bits, or qubits, which can exist in 

superpositions of states. This fundamental difference 

enables quantum processors to evaluate many solutions 

simultaneously [30]. Quantum algorithms, such as the 

Quantum Approximate Optimisation Algorithm (QAOA) 

and the Variational Quantum Eigensolver (VQE), are 

increasingly explored for solving optimisation problems that 

are non-convex, high-dimensional, or combinatorial [21]. 

For structural topology optimisation, where design spaces 

are vast and constraints are nonlinear, these quantum 

methods offer a fundamentally different mode of 

exploration, particularly when embedded in hybrid 

workflows with classical pre- and post-processing [17]. 

B. Quantum–Classical Hybrid Architecture for 

Topology Optimization 

Typical hybrid architecture couples a classical 

component—responsible for tasks like finite element 

analysis (FEA), boundary condition specification, and 

constraint satisfaction—with a quantum subroutine that 

accelerates the search for an optimal topology Figure 3. The 

quantum optimiser, often formulated as a Quadratic 

Unconstrained Binary Optimization (QUBO) problem, 

evaluates candidate solutions by encoding material 

distribution variables as binary or discrete qubit states [36]. 

 
[Fig.3: Schematic of Quantum–Classical Hybrid Loop in 

Structural Topology Optimization] 

C. Comparative Performance and Scalability 

The scalability and performance of quantum-enhanced TO 

depend on multiple factors, 

including qubit quality, noise 

levels, and circuit depth [27]. 

Table 2 compares the 

computational paradigms 
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relevant to the analysis of UHPC bridge structures. 

Table-II: Comparative Summary of Computational Paradigms in Structural TO 

Aspect 
Classical Optimization 

(SIMP/Level Set) 

ML-aided 

Optimization 

Quantum-Classical 

Hybrid TO 

Design Space 

Exploration 
Deterministic / heuristic 

Surrogate-driven 

or black-box 

Probabilistic / 

superposition-enabled 

Computational 

Cost 

High for non-linear / 

multi-physics 

Lower after 

training 

High (currently limited 

by hardware) 

Adaptability to 

Uncertainty 
Low Medium–High 

High (probabilistic 

modelling capability) 

Interpretability High (physics-based) 
Medium (black-

box models) 

Medium–Low 

(abstracted solution 

states) 

Suitability for 

UHPC 3D Printing 
Medium 

High (with data-

driven learning) 

Potentially High (yet 

immature) 

Current Maturity 

Level 
Established Emerging Experimental 

 

D. Applications and Early Case Studies 

While quantum-classical TO for full-scale bridge 

structures are still nascent, preliminary case studies in 

simplified structural domains are promising. For example 

[17], applied a hybrid algorithm combining QAOA with 

gradient descent for layout optimization in heat-conductive 

materials [36]. Demonstrated how QUBO-formulated 

structural truss layout problems could be solved with a D-

Wave quantum annealer, showing acceleration in global 

minima convergence relative to classical approaches. 

Although these studies focus on canonical issues, the 

underlying algorithms are extensible to more complex civil 

infrastructure scenarios. For UHPC, whose design and 

fabrication constraints are tightly interlinked, quantum 

approaches could help resolve multi-objective trade-offs 

involving stiffness, weight, printability, and material 

anisotropy. 

E. Opportunities and Challenges in 3D-Printed UHPC 

Bridge Applications 

The unique characteristics of 3D-printed UHPC—such as 

layer-wise anisotropy, bond strength variation, and 

geometric freedom—are well-suited to the non-intuitive 

topologies generated through quantum-classical TO. 

However, several challenges persist: 

i. Hardware Limitations: Current quantum processors 

are limited to ~100 qubits w, with significant noise, 

which restricts theircalability. 

ii. Formulation Complexity: Translating TO problems 

into quantum-compatible formats (e.g., QUBO or 

Ising models) is non-trivial. 

iii. Verification Bottlenecks: Hybrid workflows still rely 

heavily on classical FEA tools for validation. 

iv. Lack of Domain-specific Algorithms: Most quantum 

TO algorithms are generic; domain-specific 

formulations for civil infrastructure are still under 

development [19]. Nonetheless, the integration of 

quantum computing into TO workflows offers a 

compelling pathway to circumvent computational 

bottlenecks while exploring rich design spaces with 

high degrees of freedom and uncertainty [40]. 

In summary, the synergy between quantum and classical 

computational paradigms is set to redefine structural 

optimization for high-performance civil infrastructure. For 

3D-printed UHPC bridges, this convergence presents an 

opportunity to generate not only materially efficient designs 

but also to account for sustainability, printability, and 

lifecycle performance in an integrated manner. As quantum 

hardware matures and domain-specific formulations evolve, 

hybrid TO strategies could play a pivotal role in 

revolutionising bridge design in response to the growing 

demands of digital fabrication and climate-responsive 

engineering. 

V. SUSTAINABILITY METRICS AND MATERIAL 

EFFICIENCY IN QUANTUM-ENHANCED TO FOR 

BRIDGES 

A. Introduction to Sustainability in Bridge Design 

In the context of bridge engineering, sustainability is not 

limited to reducing material usage, but also extends to 

optimizing structural performance, minimizing 

environmental impacts, and improving lifecycle resilience 

[28]. Ultra-High-Performance Concrete (UHPC), when 

combined with 3D printing and topology optimization (TO), 

offers an opportunity to design bridges with minimal 

material consumption and enhanced durability [39]. When 

TO is further powered by quantum–classical synergies, it 

opens new frontiers in achieving unprecedented levels of 

efficiency [18]. 

B. Key Sustainability Metrics in TO Applications 

The incorporation of sustainability in quantum-enhanced 

TO for bridges can be assessed using specific performance 

indicators ([25]. These metrics are outlined in Table 3: 
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Table-III: Key Sustainability Metrics in Quantum-Enhanced TO for Bridge Structures 

Metric Description Relevance to TO 

Material Utilization 
Efficiency 

Ratio of used material to initial volume/design space Critical for reducing waste in optimized designs 

Embodied Carbon Reduction 
Total carbon emissions associated with materials and 

processes 
UHPC and TO can drastically lower emissions [33] 

Energy Consumption 
Power required during design, fabrication, and operation 

phases 
Quantum-classical hybrid algorithms offer energy 

advantages 

Lifecycle Cost (LCC) Total cost from construction to decommissioning Optimized geometries often reduce maintenance demands 

Structural Performance 

Index 
Load-bearing capacity per unit of material 

Enhances design sustainability through mechanical 

efficiency 

 

C. UHPC and 3D Printing: Material Efficiency 

Advantages 

UHPC exhibits superior compressive strength (>150 

MPa), allowing for slender, highly efficient bridge 

components. The integration of 3D printing enables 

designers to realize complex topologies derived from TO 

algorithms [32]. Quantum optimisation further enhances the 

search for global minima in non-convex design spaces, 

making it particularly well-suited for optimising UHPC-

based forms. 

Figure 4 illustrates a comparative lifecycle material 

efficiency analysis between conventional and TO-enhanced 

UHPC bridge elements. 

 
[Fig.4: Lifecycle Material Efficiency of UHPC Bridge 

Elements under Various Design Approaches] 

Figure 4 shows a Comparison of material usage, structural 

efficiency, and carbon footprint between standard RC 

(Reinforced Concrete), classical TO with UHPC, and 

Quantum-enhanced TO with UHPC. Source: Simulated data 

based on [32]. 

D. Comparative Analysis with Conventional Methods 

Quantum-enhanced TO outperforms classical design 

methods in both structural performance and environmental 

impact metrics. Table 4 presents a comparative analysis of 

various approaches. 

Table-IV: Comparative Analysis of Material and 

Sustainability Metrics 

Design Approach 

Materia

l 

Savings 

(%) 

CO₂ 

Reductio

n (%) 

Load 

Capacity 

(kN) 

Printa

bility 

Score 

Traditional RC 
Design 

0 0 1000 Low 

Classical TO + 
UHPC 

~25 ~20 1050 
Mediu

m 

Quantum TO + 3D 
UHPC Print 

~45 ~35 1200 High 

E. Discussion: Barriers and Opportunities 

While the sustainability potential of quantum-enhanced 

TO is promising, there are several challenges: 

i. Data fidelity in quantum simulations must be 

improved for consistent results [29]. 

ii. Material anisotropy in 3D printed UHPC structures 

must be accurately modelled during optimization 

stages [34]. 

iii. Standardization of sustainability metrics across 

quantum TO workflows remains underdeveloped. On 

the positive side, the hybridization of quantum-

classical computing with machine learning models 

could accelerate the convergence of optimal 

sustainable designs [37]. 

VI. CHALLENGES, FUTURE OUTLOOK & 

RESEARCH DIRECTIONS 

Despite the promise of quantum–classical synergies in the 

topology optimization (TO) of 3D-printed UHPC (Ultra-

High Performance Concrete) bridge structures, several 

practical and theoretical challenges remain. Addressing 

these is pivotal for translating computational advancements 

into sustainable and scalable structural applications [38]. 

A. Key Challenges 

i. Quantum Resource Limitations and Hardware 

Maturity 

Quantum computing remains in its nascent stage, and 

current noisy intermediate-scale quantum (NISQ) devices 

are limited in qubit number, coherence time, and error rates 

[31]. This restricts the real-world implementation of large-

scale topology optimisation, particularly for complex 

geometries such as bridge superstructures. Hybrid 

frameworks, such as the Quantum Approximate 

Optimization Algorithm (QAOA) and Variational Quantum 

Eigensolvers (VQE), offer promise but require extensive 

classical pre-processing and post-analysis [30]. 

ii. Algorithmic Scalability and Interpretability 

The synergy between quantum annealing and classical 

metaheuristics lacks a unified theoretical foundation, 

especially when embedded into design-for-manufacture 

workflows. Existing models often fail to scale beyond small 

unit cells or simplified geometries [36], limiting their 

practicality in bridge-scale UHPC components. 

Furthermore, black-box models  

Like quantum kernel methods 

lack interpretability, an 

essential criterion for 
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structural engineers and regulators [20]. 

iii. Digital Fabrication and Printing Constraints 

While UHPC is highly suitable for digital fabrication, 

topology-optimised designs—especially those informed by 

quantum models—often produce intricate geometries that 

challenge current 3D printing hardware capabilities. Issues 

such as support structure complexity, printer resolution, and 

curing strategies for UHPC need deeper integration into TO 

algorithms [35]. 

iv. Material Behavior under Long-Term Loading 

Material efficiency and sustainability gains projected 

through quantum-enhanced TO have yet to be validated 

against long-term structural performance, such as creep, 

shrinkage, and fatigue under service conditions. There is a 

research gap in linking computational outcomes with real-

world ageing mechanisms of 3D-printed UHPC components 

[24]. 

B. Future Outlook 

Despite the above challenges, quantum–classical synergies 

offer a fertile ground for transformative shifts in civil 

engineering and structural design. Future directions may 

involve: 

i. Quantum-Accelerated Surrogate Models 

Integrating quantum-enhanced Gaussian Processes or 

quantum neural networks into surrogate modelling could 

significantly accelerate sensitivity analysis and multi-

objective optimisation for bridge components. This could 

enable near real-time design optimization and performance 

prediction, particularly under uncertain load paths and 

environmental variability [26]. 

ii. Automated Generative Design Ecosystems 

The fusion of quantum theory of computation (QTOC) 

with generative adversarial networks (GANs) and 

reinforcement learning could lead to AI-augmented 

generative design ecosystems. These could autonomously 

explore design spaces constrained by both sustainability 

metrics (e.g., embodied carbon) and constructability 

thresholds [23]. 

iii. Sustainability-Aware Quantum Metrics 

Emerging research should establish quantum-specific 

sustainability metrics that quantify computational energy 

costs, embodied emissions in optimized geometries, and 

lifecycle impacts, enabling the validation of "quantum 

sustainability" frameworks [22]. 

iv. Cross-Disciplinary Collaborations 

To ensure holistic integration, collaborations between 

quantum physicists, structural engineers, materials 

scientists, and AI researchers must be institutionalized. 

These collaborations could lead to benchmark platforms for 

validating TO workflows across quantum–classical 

paradigms under shared datasets and performance criteria. 

C. Research Directions 

Research Focus Area Proposed Inquiry 

Quantum-Classical Optimization 
Develop hybrid solvers tailored explicitly for the structural topology optimisation (TO) of 
bridge elements. 

Data-Driven Validation Build digital twins of 3D-printed UHPC bridges to validate quantum-enhanced designs. 

Lifecycle Assessment Couple quantum TO outputs with BIM-integrated lifecycle assessment tools 

Material–Geometry Coupling Explore co-optimisation of microstructure and global topology using quantum solvers. 

Scalable Fabrication Models Study constraints of large-scale additive manufacturing for topology-optimised parts 
 

In summary, the integration of quantum–classical 

frameworks into the topology optimization of UHPC bridge 

structures remains an emerging and exploratory field. Yet, 

as hardware capabilities advance, algorithms become more 

refined, and sustainability pressures reshape engineering 

priorities, this intersection of disciplines presents a 

compelling path forward. Realizing its full potential will 

require sustained research efforts and meaningful 

collaboration across domains—laying the groundwork for 

infrastructure that is not only high-performing but also 

aligned with the demands of a more sustainable future. 

VII. CONCLUSION 

The integration of quantum–classical computational 

paradigms into the topology optimization (TO) of 3D-

printed ultra-high-performance concrete (UHPC) bridge 

structures marks a paradigm shift at the intersection of 

structural engineering, advanced materials, and next-

generation computation. This critical review examined the 

theoretical underpinnings, computational methodologies, 

sustainability metrics, and scalability barriers associated 

with this emerging field, guided by an in-depth survey of 

academic literature, performance comparisons, and domain-

specific challenges. 

A. Key Takeaways 

▪ Theoretical and Computational Advancements: 

Quantum algorithms, particularly those exploiting 

hybrid schemes like Quantum Approximate 

Optimization Algorithm (QAOA) and Variational 

Quantum Eigensolvers (VQE), have shown 

promise in accelerating structural TO tasks by 

addressing high-dimensional design spaces and 

nonlinear constraints. While still constrained by 

hardware limitations, their integration with 

classical machine learning and gradient-based 

methods offers new pathways for rapid, multi-

objective optimization. 

▪ Sustainability Outcomes and Material Efficiency: 

Topology-optimised UHPC bridge components 

derived from quantum-enhanced frameworks show 

potential in minimising material use and embodied 

carbon while maximising load-bearing efficiency. 

Lifecycle-based sustainability assessments revealed 

that computationally  

Guided can 

significantly.  

Reduce cement 

consumption and 
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construction waste, aligning with net-zero 

infrastructure goals. 

▪ Scalability and Fabrication Challenges: A major 

bottleneck remains in translating intricate, 

topology-optimised geometries into full-scale 

bridge components using existing 3D printing 

technologies. Factors such as support removal, 

print path optimisation, curing control, and 

structural durability over time must be incorporated 

into the early stages of computational modelling. 

▪ Interdisciplinary Synergy and Future Direction: 

Advancing this domain demands deeper cross-

disciplinary collaboration between quantum 

computing theorists, structural designers, material 

scientists, and digital fabrication engineers. Such 

synergy will foster the development of 

interpretable, scalable, and physically realizable TO 

frameworks tailored for real-world UHPC bridge 

infrastructure. 

B. Final Reflection 

While still in its formative stage, the field of quantum-

enhanced topology optimization for structural applications 

holds immense transformative potential. By addressing 

current limitations through targeted research, particularly in 

scalable fabrication, surrogate modelling, lifecycle 

evaluation, and algorithmic stability, the integration of 

quantum intelligence into sustainable bridge design could 

redefine how future infrastructure is conceived and built. 

As quantum hardware matures and computational 

frameworks become more robust, it is anticipated that this 

emerging synergy will unlock previously unattainable levels 

of performance, efficiency, and environmental responsibility 

in civil engineering. 

Suggested Next Steps for Researchers: 

▪ Develop open-source hybrid toolkits for TO, 

integrating quantum and classical solvers. 

▪ Establish benchmark case studies across different 

bridge types and loading conditions. 

▪ Conduct experimental validations of quantum-

optimized UHPC components. 

▪ Promote standards for quantum-sustainability 

metrics in structural design. 
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