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Abstract: The design of bridges plays a pivotal role in shaping sustainable infrastructure, with 

increasing emphasis on integrating environmental considerations to enhance longevity, reduce 

maintenance costs, and minimize ecological impact. This abstract explores key aspects of sustainable 

bridge design, focusing on environmental integration. Sustainable bridges are designed to withstand 

environmental stresses while minimizing their ecological footprint through efficient use of materials, 

energy, and construction techniques. Emphasis is placed on durability and resilience, ensuring bridges 

meet long-term operational needs without compromising environmental integrity. Strategies such as life 

cycle assessment (LCA), incorporation of recycled materials, and innovative construction methods are 

pivotal in achieving sustainable outcomes. Case studies and current practices highlight successful 

implementations of these strategies, illustrating their benefits in terms of cost-effectiveness and 

environmental stewardship. Furthermore, regulatory frameworks and standards play a crucial role in 

guiding sustainable bridge design practices, ensuring compliance with environmental regulations and 

promoting continuous improvement. 
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1. Introduction 

The design and construction of bridges are critical 

components of infrastructure development, with a growing 

emphasis on sustainability to mitigate environmental 

impacts and enhance longevity. As global awareness of 

climate change and resource scarcity intensifies, 

infrastructure projects, including bridges, are increasingly 

scrutinized for their environmental footprint and long-term 

resilience. Sustainable bridge design encompasses a holistic 

approach that integrates environmental considerations 

throughout the project lifecycle, from conceptualization to 

decommissioning. Historically, bridge engineering has 

focused primarily on structural integrity, functionality, and 

cost efficiency. However, the paradigm is shifting towards 

incorporating environmental factors as integral components 

of design criteria. This shift is driven by the recognition that 

bridges, as significant public investments, must not only 

serve their primary transportation functions effectively but 

also contribute positively to environmental stewardship and 

community well-being. Central to the concept of 

sustainable bridge design is the integration of 

environmental considerations into engineering decisions. 

This integration spans multiple dimensions, including 

material selection, construction methods, operational 

efficiency, and end-of-life considerations. Key 

environmental considerations include minimizing carbon 

emissions during construction, reducing energy 

consumption over the bridge's lifecycle, and incorporating 

renewable or recycled materials to reduce resource 

depletion and waste generation. Techniques such as life 

cycle assessment (LCA) play a crucial role in evaluating the 

environmental impacts of different design choices, guiding 

engineers towards options that optimize sustainability 

outcomes. 
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The adoption of sustainable practices in bridge design is 

further bolstered by regulatory frameworks and industry 

standards that prioritize environmental performance. These 

frameworks provide guidelines for incorporating 

environmental impact assessments, ensuring compliance 

with local and international environmental regulations, and 

promoting continuous improvement in sustainability 

practices. For instance, agencies like the Federal Highway 

Administration (FHWA) in the United States and the 

European Commission's Directorate-General for Mobility 

and Transport (DG MOVE) have developed guidelines and 

directives that advocate for sustainable bridge design 

practices, thereby influencing project decisions and 

outcomes. Moreover, the concept of sustainable bridge 

design extends beyond environmental considerations to 

encompass social and economic dimensions. Socially, 

sustainable bridges enhance accessibility and safety for 

communities, promoting equitable access to transportation 

networks. Economically, they contribute to cost savings 

through reduced maintenance and operational expenditures, 

as well as by attracting investments and fostering local 

economic development through improved connectivity. 

 

2. Methodology 

Bridge design incorporating Ultra-High Performance Fiber-

Reinforced Concrete (UHPFRC) introduces significant 

implications for both structural integrity and environmental 

sustainability. UHPFRC, renowned for its superior strength 

and durability, plays a crucial role in shaping the design and 

maintenance strategies of bridges. However, its use also 

comes with notable environmental impacts per unit 

compared to conventional materials. Therefore, the overall 

environmental footprint of a bridge structure heavily 

depends on the selection and integration of UHPFRC 

within its design framework. Comparing the environmental 

impacts of different structural designs necessitates a 

systematic approach involving several methodological steps 

(see Figure 1). Initially, key constraints such as bridge 

dimensions and construction requirements are defined (Step 

1). Subsequently, multiple structural designs are generated, 

incorporating various configurations of UHPFRC. For 

instance, scenarios may include a bridge entirely 

constructed with UHPFRC, composite solutions combining 

UHPFRC with other materials, and traditional reinforced 

concrete structures devoid of UHPFRC. Each design 

variation is then evaluated based on its environmental 

performance, considering factors such as carbon emissions, 

energy consumption, and resource utilization throughout 

the bridge's life cycle (Step 2). This comparative analysis 

enables engineers and decision-makers to identify the 

optimal structural design that minimizes environmental 

impacts while meeting structural and operational 

requirements effectively. 

 
Fig. 1 Flowchart of the methodology to evaluate the environmental 

impacts of structural designs involving UHPFRC elements. 

 

Once bridge design alternatives are generated, the next 

critical step in conducting a Life Cycle Assessment (LCA) 

involves defining the system boundaries and establishing 

the functional unit (Step 2). System boundaries delineate 

the specific processes included in the comparative analysis, 

typically focusing on the cradle-to-grave assessment of 

bridge designs over a specified service life. Certain 

common processes related to bridge elements, such as 

bearing devices or railings, may be excluded from the 

system boundaries if their impact remains consistent across 

all design alternatives. The functional unit serves to 

quantify the service provided by the bridge system within 

the defined operational period. This unit encapsulates the 

entire lifespan of the bridge, encompassing its construction, 
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maintenance throughout its operational years, and eventual 

decommissioning at the end of its service life. 

The third step involves compiling a comprehensive life 

cycle impacts inventory, quantifying all exchanges between 

the bridge product system and the environment. In 

Switzerland, for example, the Ecoinvent 3 database is 

widely utilized for estimating impacts across material 

processes, transportation logistics, and waste management 

practices pertinent to bridge construction and operation. 

This database provides a robust foundation for conducting 

environmental impact assessments, particularly in studies 

involving Ultra-High Performance Fiber-Reinforced 

Concrete (UHPFRC). Following the inventory compilation, 

the comparative environmental impact assessment proceeds 

using selected metrics tailored to bridge design 

comparisons. Common metrics include Global Warming 

Potential (GWP) measured in kilograms of CO2 equivalent, 

Cumulative Energy Demand (CED) expressed in 

megajoules, and broader indicators such as the Ultimate 

Burden to the Environment (UBP) for assessing 

environmental scarcity, and the ReCIPe score for a holistic 

LCA evaluation. The choice of specific metrics depends on 

the priorities and preferences of stakeholders involved in 

the bridge design decision-making process. 

Bridge design comparisons using selected methods must be 

conducted across three distinct time horizons, each 

associated with varying levels of uncertainties: 

 Bridge construction alone entails relatively low 

uncertainties. 

 Bridge construction combined with ongoing 

maintenance introduces moderate uncertainties. 

 Bridge construction, maintenance, and eventual 

decommissioning encompass high uncertainties 

due to the complexities involved over the bridge's 

entire lifecycle. 

The assessment of bridge designs across three time 

horizons provides a detailed examination of their 

environmental impacts, catering to decision-makers with 

varying levels of uncertainty and complexity. The first time 

horizon focuses on analyzing environmental impacts until 

the completion of bridge construction, characterized by 

minimal uncertainties due to the close proximity between 

the Life Cycle Assessment (LCA) and construction phases, 

which helps to align LCA results closely with actual 

outcomes. Moving to the second time horizon, the 

assessment expands to include not only construction but 

also ongoing maintenance activities throughout the bridge's 

operational lifespan. This phase approaches a cradle-to-

grave comparison but necessitates additional assumptions 

about future maintenance strategies and their impacts. 

The third time horizon extends the analysis further to 

encompass not just construction and maintenance but also 

the eventual decommissioning processes of the bridge. This 

comprehensive cradle-to-grave LCA requires estimations of 

disposal impacts, particularly challenging for materials like 

Ultra-High Performance Fiber-Reinforced Concrete 

(UHPFRC) where disposal practices are not extensively 

documented in existing literature. By conducting these 

assessments across all three time horizons, decision-makers 

gain a holistic view of the environmental implications 

associated with different bridge designs incorporating 

various UHPFRC elements. To select the most 

environmentally favorable alternative, results from each 

time horizon must be integrated and compared. 

Given the inherent uncertainties in LCA for bridge designs, 

the fourth step involves performing sensitivity analyses on 

key parameters. For UHPFRC bridges, typical sensitivity 

analyses focus on variables such as fiber content and origin, 

where choices significantly influence environmental 

impacts. Additionally, exploring alternatives like eco-

UHPFRC, which incorporate synthetic fibers replacing steel 

ones without compromising mechanical properties, is 

crucial. Another critical assumption is the bridge's service 

duration, often exceeding theoretical lifespans due to 

maintenance interventions and operational extensions, 

which can markedly affect the overall environmental 

footprint of a bridge design. 

 

3. Result & Discussion 

This section introduces the site characteristics for a new 

bridge in central Switzerland, spanning a small river to 

replace an old, deteriorated RC bridge. The new structure 

features a single span measuring approximately 10 meters 

in length and 3.5 meters in width (Figure 2). 

 

 
Fig. 2 Bridge situation and main dimensions: (a) plan view; (b) elevation. 
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The study compares the environmental impact of three 

bridge designs: a conventional concrete bridge, a composite 

timber-UHPFRC bridge, and a full UHPFRC bridge. The 

focus is on the materials and construction process, 

excluding common elements like railings. Material impact 

data comes from databases considering recycled content. 

Since UHPFRC isn't in those databases, information is 

gathered from similar projects and estimated transportation 

distances. Two key environmental impact indicators are 

used: global warming potential (CO2 emissions) and 

ecological scarcity (resource depletion). This allows 

researchers to understand both climate change and resource 

use impacts of each bridge design. 

Structural Designs 

Concrete Bridge: The first bridge design was a 

conventional RC structure. This structure includes a ground 

plate (Figure 3). The required volume of concrete is 25 m3, 

reinforcement is 120 kg/m3 and 2670 kg of steel. Normal 

waterproof layer (5 mm thick) and asphalt asphalt layer (80 

mm thick) are included in the LCA as this asphalt is 

required for RC structures. The C30/37 standard was 

considered and its environmental impact was obtained from 

the KBOB database. The mix design and the main 

characteristics of this mix are shown in Table 1. 

 

 
Fig. 3 Design of the concrete bridge: (a) elevation, (b) cross-section. 

 

 

 

Table 1 Material mix for the concrete bridge—concrete C30/37 

Material 

Components 

Distance 

[km] 
Mix Design 

[kg/m3] 

Total [kg] 

CEM I 42.5 R 50 350 7791 

Water - 180 14,469 

Sand 20 650 4007 

Gravel 20 1200 26,712 

Superplasticizer 30 5 111 

A limitation of this alternative is that a temporary bridge 

must be constructed during the construction of the new 

structure. This temporary construction requires bringing 

and removing 300 m3 of gravel to the construction site. The 

environmental impact of the temporary bridge is related to 

the transport of gravel (distance from the nearest material 

supplier is about 20 km) and 20 tons of temporary bridge 

(distance 50 km), as well as recycling. The damage of this 

temporary bridge is not considered in this LCA. 

 

Design Summary 

This section summarizes the main structural components 

for each structural design. The amount of materials from 

the bridge design as well as the average traffic span are 

presented in Table 2. This information is the basis for 

conducting the LCA of the bridge alternatives. 

System Boundary and Functional Unit: This section 

outlines the system boundaries and functional division of 

LCA. System limitations clearly define the process 

involved in comparing bridge designs at a given service 

life.  The main difference between the three designs is that 

in structural designs that involve multiple materials, the 

bridge hardware components (rails, connections) are the 

same. Therefore, the limits of this LCA system include the 

construction, maintenance, and disposal of structural 

elements of the bridge during their service life (Figure 4), 

while the equipment components (rails and joints) are not 

included in the environmental impact comparison. 

Functional units are construction, service life and 

decommissioning of bridges. LCA is carried out in 

accordance with this work section. The environmental 

impact assessment evaluates three time horizons (Figure 1). 

This study compared the environmental impact of three 

bridge designs over their entire lifespan. The design with 

the lowest impact was a composite structure made from 

timber and UHPFRC. This finding suggests that 

environmental impact should be a factor considered 

alongside traditional factors like cost and construction time. 

The study acknowledges limitations. It didn't consider 

traffic detours during construction because the bridge was 

on a low-traffic road, and prefabricated elements in some 

designs minimized this impact. Additionally, other bridge 

designs were excluded because they weren't chosen by 

engineers (mainly due to construction time) or weren't 
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practical for the specific needs (like a full-timber bridge not 

lasting 80 years). 

 
Table 2. Material quantity required in bridge designs. 

Material Quantity [kg] Average Distance 

[km] 
Concrete bridge 

Concrete 53,424 50 

Steel 2612 100 

Asphalt Pavement 7123 50 

Waterproofing 

membrane 

204 100 

Gravel (temporary 

bridge) 

4500 20 

Total 63,422  

UHPFRC bridge 

UHPFRC beam 12,471 100 

Steel 2419 100 

Concrete 6000 50 

Total 20,987  

Composite bridge 

UHPFRC 10,577 50 

Steel 1410 100 

Timber 3000 75 

Concrete 6000 50 

Total 20,890  

 

 
Fig. 4 System boundary for the life-cycle assessment of bridge design 

The study also highlights the influence of design choices on 

environmental impact. In this case, using glue-laminated 

timber instead of solid timber slightly increased the impact 

of the composite bridge. Finally, the authors propose future 

work to optimize UHPFRC bridge designs for even lower 

environmental impact. 

 

4. Conclusion 

In conclusion, this study emphasizes the importance of 

integrating environmental considerations into sustainable 

bridge design. By comparing the life cycle impacts of 

different bridge designs, it demonstrates that significant 

environmental benefits can be achieved through innovative 

materials like UHPFRC and composite structures. The 

findings highlight the need to consider environmental 

impact alongside traditional design criteria for bridge 

construction. The study also acknowledges the limitations 

of specific design choices and calls for further research to 

optimize bridge designs for even lower environmental 

footprints. By embracing sustainable practices, bridge 

design can contribute to a more environmentally 

responsible future. 
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