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Abstract  

This paper addresses the challenge of efficiently integrating and validating sustainability data within 

digital bridge models for accurate sustainability assessments. As bridge infrastructure faces growing 

demands for maintenance and modernization, alongside the increasing importance of climate protection 

measures and increased traffic load, it is essential to assess the sustainability of structures in a 

transparent, comprehensive and solid way. For a holistic sustainability assessment, a great deal of 

information from various sources is needed, which currently shows gaps and quality deficiencies. 

Building Information Modeling (BIM) presents significant potential for evaluating the sustainability of 

bridges across their entire lifecycle. 

For this reason, this paper develops a methodological approach focused on the semantic enrichment of 

BIM models, enabling the automatic integration of relevant sustainability data and ensuring the accuracy 

and completeness of these models. It takes into account the specific requirements for modeling bridges 

within the sustainability context and addresses practical challenges in the technical implementation of 

this approach. Therefore, existing workflows and research approaches are analyzed by a literature 

review beforehand. The analysis also investigates the integration of external data and systems that can 

provide supplementary sustainability-specific information, with the design of the link being of equal 

importance. The proposed method is then applied to a practical case study to validate its efficiency and 

applicability. Finally, some recommendations for future development work in this field are provided. 

The results demonstrate that partial automation of sustainability data integration into digital bridge 

models ensures data quality while reducing the effort involved in data collection and validation. As a 

conclusion, for enhanced sustainability evaluations and optimization of bridge lifecycles during the 

design phase, more effort should be made in data management in the infrastructure sector to fill the 

data gaps. This requires obligatory regulations, more digital data and technical recommendations.  

Keywords: Building Information Modeling, Data Quality, Digital Bridge Models, Semantic Enrichment, 
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1. Introduction 

1.1. The Problem in Sustainability Assessment of Bridges 

Bridges are not merely structural elements enabling the crossing of physical obstacles; they are critical 

components of societal infrastructure with significant economic, political, and social implications [1]. The 

recent and ongoing closure of the Rahmede viaduct exemplifies the severe consequences such failures 

can have on mobility, businesses, social participation, and the environment [2]. In Germany, around 

40,000 bridges are in service, yet approximately 42% of municipal bridges are in substandard 

condition [3]. Consequently, there is an urgent need for large-scale rehabilitation, with 8,000 highway 

bridge structures requiring modernization. To address this, the German government has set the 

ambitious target of completing 400 bridge renovations per year [4]. Simultaneously, the construction 

sector must align with climate goals, as it is responsible for nearly 37% of global CO₂ emissions [5]. 

Despite its economic importance, the sector remains one of the least digitalized in Germany [6]. 

Achieving both sustainability and digital transformation in infrastructure construction requires integrated 

approaches, such as the use of BIM, which is strategically promoted in national infrastructure plans [7]. 



 

 

Sustainability Assessment emerges as a key tool for evaluating sustainability across the entire lifespan 

of a structure, though significant challenges remain in its digital implementation [8]. 

1.2. Research questions and limitations 

The paper’s objective is to answer the following 3 research questions: 

1. What are the requirements for the enrichment and attribute checking of BIM models in the course of 

the sustainability of bridge structures? 

2. What can a methodical procedure for semantic enrichment and attribute checking of a digital BIM 

bridge model look like based on these requirements? 

3. What obstacles exist in the software implementation of this methodical approach? 

The primary aim is to demonstrate a suitable workflow for creating the database for the sustainability 

assessment, by checking the information enrichment and developing an attribute validation method, 

rather than the specific calculation of sustainability indicators. The suitability and the numerous 

evaluation options of the selected indicators are not considered. A pre-existing digital bridge model is 

used, assuming that all information is fixed, excluding the study of time-dependent changes in 

information quality or quantity. The research is based on selected software and a bridge model in the 

IFC data format, without considering other formats or systems. Additionally, no differentiation is made 

between different user groups; the method is assumed to be used generally. 

2. Status Quo 

2.1. Sustainability Assessment of infrastructure construction 

The German Federal Ministry for Economic Cooperation and Development (BMZ) defines sustainable 

development as a process that meets the needs of the present without compromising the ability of future 

generations to meet their own needs [9]. This understanding is further developed in the widely accepted 

three-pillar model of sustainability, which includes the ecological, economic, and social dimensions [10]. 

In the context of civil engineering, e.g., the European standard DIN EN 17472 provides a calculation 

framework for sustainability assessments, outlining general requirements, a list of indicators, and 

procedures for conducting life cycle assessments (LCA) of infrastructure projects [11]. 

In practice, sustainability assessments often focus only on the production phase of construction (A1-

A3). A literature review by Obrecht et al. showed that 72% of studies in the construction sector 

concentrate on life cycle phases A1–A3 [12]. Effective use of sustainability assessments requires 

structured data exchange and clear definitions of interfaces, data sets, and detail levels throughout a 

bridge's lifecycle. According to Röder and Finkbeiner, ecological impact indicators are the most 

frequently used in construction [13]. This is why LCA is predominantly addressed in the literature, 

whereas fields like social sustainability assessments are often characterized by a limited (digital) data 

availability and technical implementation. 

In Germany, the Federal Highway Research Institute (BASt) has developed assessment frameworks for 

infrastructure. The report [14] enables certification of both new construction and rehabilitation. The 

system is based on the three-pillar model, expanded by technical and process quality dimensions. 

Technical and process quality include aspects such as maintainability and planning quality. It has a 

weighting system structured into five main qualities, further divided into criteria groups and specific 

indicators. These are assessed through calculations, such as for primary energy demand, or via 

checklists, such as for comfort. The resulting scores are aggregated into an overall rating. Over time, 

the system has been revised. Some indicators were removed due to limited practical applicability or an 

unfavorable balance between effort and benefit [14, 15]. The technical implementation of a holistic 

sustainability assessment of bridges, based on the three-pillar model or the BASt assessment 

framework is not sufficiently investigated so far.    

2.2. Digital methods  

Digital models, including bridge models, are typically created as 3D representations in authoring 

software – commonly referred to as native BIM software – and are enriched with additional project-



 

 

specific information. For the execution of LCA processes, specialized software tools such as standalone 

LCA platforms or LCA plugins are used. An LCA software is defined as a tool that facilitates the 

performance of environmental impact assessments by leveraging various data sources, typically 

through embedded databases. These tools compile the necessary data from both external sources and 

the information extracted from the digital building model [16]. 

Plugins, in contrast, are software extensions that enhance existing platforms such as BIM authoring 

tools, enabling direct processing and visualization of LCA data within the native project environment. 

These plugins also rely on external databases to retrieve relevant sustainability-related information [16]. 

Additional technical approaches for implementing LCA include the use of generic LCA tools such as 

GaBi or SimaPro, as well as spreadsheet-based applications like Ökobilanz Bau or eTool. However, 

generic LCA tools often only allow the representation of basic interdependencies, limiting their use in 

more complex modeling scenarios [17]. 

To address integration challenges, Wastiels and Decuypere proposed five strategic approaches for 

combining LCA and BIM, which have been referenced and expanded upon in subsequent research. 

These five practical workflows are summarized in Figure 1. 

 

Figure 1: Workflows according to Wastiels and Decuypere [16], own illustration. 

According to [16], the integration process consists of six key phases: Modeling the digital BIM structure 

(1), extracting input quantities from the model (2), generating or retrieving LCA datasets (3), linking LCA 

datasets with BIM model elements (4), calculating environmental impacts based on the combined data 

(5), and analyzing and visualizing results for interpretation and decision-making (6). This paper 

concentrates on phase (4). 

A survey of 200 practitioners on the implementation of digital sustainability assessments showed that 

Workflow 1 is used most frequently, followed by Workflows 2 and 4. Workflow 3, which received the 

lowest usage score (8.1), is therefore the focus of a more detailed investigation into its technical 

implementation. [18] 

3. Scientific approach 

3.1. Methodology 

The methodology follows the research process for applied sciences [19]. Based on the status quo, 

relevant procedures, a new application context, and evaluation criteria are derived. These form the basis 

for assessing successful implementation within the new application context. Finally, practical 

recommendations for action are developed. 

The literature review is partly systematic, partly based on a snowball principle. First, the focus is on the 

concept of sustainability and its assessment in the context of bridge structures, prevailing digital 

methods in this field, and the basic approach to semantically enriching a data source. These aspects 

are then considered together as a foundation for digital sustainability assessment of bridges. Finally, 

key practical challenges are briefly outlined before introducing a concrete solution approach. 

To answer the first research question, the following requirement criteria were developed and explicitly 

defined, based on the literature review, to ensure high quality in data management of BIM-based 

sustainability assessments: 

1. Existence of a rule-based attribute validation instance: Check data quality and consistency 

(1) Masses and quantities export

(2) Geometric IFC Import

(3) BIM tools for linking LCA datasets

(4) LCA plugin for BIM software

(5) BIM objects enriched with LCA dataset 

information



 

 

2. Automated data mapping, exchange: Automated information enrichment, loss-free, successful 

access, bidirectional and dynamic data flow via standardized and open data exchange formats 

3. Flexible extension of sustainability indicators: Flexibility definable system boundaries and 

investigation framework 

4. User-friendly application without expertise: Consistent, intuitive usability  

5. Open interfaces for data integration: Ensure interoperability of software tools and integration of 

external data bases 

These criteria serve as a target image in the subsequent development of the procedure, but also as a 

benchmark to ensure implementation in line with requirements and are therefore taken up again in the 

context of validation. 

3.2. Research framework  

Based on the third workflow approach of Wastiels and Decuypere [16], the corresponding software 
instances were adopted, see figure 3. 

 

Figure 2: Concept of the method, based on Wastiels and Decuypere [16], own illustration. 

The BIM-capable authoring software represents the first instance, where the enrichment of the digital 

bridge model takes place. A BIM viewer serves as an intermediary validation instance, enabling rule-

based queries that can be dynamically adapted to the specific conditions of the project. Acting as a link 

between the digital model and the LCA software, it is intended to ensure a seamless and error-free 

workflow. The LCA software forms another essential instance within this setup. It should allow for the 

inclusion of additional sustainability-specific data - either loosely linked or unrelated to the BIM model - 

to enable a holistic sustainability assessment. Following Wastiel's and Decuypere’s workflow, the term 

“LCA software” is used for the sustainability assessment environment. Nonetheless, a holistic approach 

must also include other dimensions of sustainability. 

Similar to the BIM viewer, the assessment scope within the LCA software should be adaptable. This 

includes the ability to expand the sustainability framework with project-specific, customized indicators. 

The sustainability criteria examined – global warming potential, noise emissions, and barrier-free design 

– were selected partly due to their indispensability, and partly due to insufficient consideration. The 

following section focuses primarily on the findings concerning noise emissions, as the LCA, like global 

warming potential, is already sufficiently investigated, according to the literature review.  

4. Investigation for semantic enrichment and validation 

4.1. Procedure 

First, a new methodical procedure is developed to enrich the BIM model in the one hand and to validate 

the sufficient enrichment on the other hand, shown in figure 4. The procedure is based on the exemplary 

chosen authoring software Autodesk Revit, the BIM viewer and verification instance Solibri and the LCA 

Software One Click LCA. Second, according to the research framework and the developed methodical 

procedure, the indicator “noise protection” is investigated, see the required information, the checking 

methods in Solibri and the implementation requirements shown in table 1. 

BIM LCA

BIM authoring software BIM viewer

(verification instance)

LCA software

External data sources (LCA-specific information)



 

 

 

Figure 3: Methodical procedure for semantic enrichment and attribute checking, excerpt, own 
illustration. 

Table 1: Implementation approach of the sustainability indicator „Noise protection”, own illustration. 

Noise protection  Required information Implementation in Solibri Implementation Requirements  

Sub-indicator A: 

 

Minimum 
requirements,  

minimum 
distances 

1. Are noise protection 
measures available (in 
the BIM model)? [No] 

2A. Are the minimum 
distances between the 
traffic route and built-up 
areas observed? 

Check 1. 

  [Yes]: Abort. 

  [No]: →Check 2A: 

     [Yes]: Positive influence 
     [No]: Negative influence 

Re 1.: Extension of the entities 
of the elements of the BIM 
model by the attribute “noise 
protection element” 

Re 2A.: Integration of the bridge 
into an urban planning 
environment by enriching a 
geographical system 

Sub-indicator B: 

 

Minimum 
requirements for 
sound limit 
values 

1. Are noise protection 
measures available (in 
the BIM model)? [Yes] 

2B. Do the noise 
protection measures 
comply with the noise 
limits? 

Check 1. 

[No]: Abort   

[Yes]: →Check 2B: 

     [Yes]: Positive influence 
     [No]: Negative influence 
 

Re 1.: Extension of the entities 
of the elements of the BIM 
model by the attribute “noise 
protection element” 

Re 2B.: Integration of the bridge 
into a specialized model in 
which the sound value at the 
location of the bridge is reflected 

In general, the workflow for the indicator implementation and information validation depends on the 

information basis. Assuming, that the noise indicator consists of the sub-indicators A and B, then the 

following questions may occur: 1, 2A and 2B, which can be integrated in the verification instance as a 

question rule. The first question queries the existence of protection measures. Therefore, information 

concerning a “noise protection element” should be enriched in the BIM model (authoring software) 

beforehand. Only if the information is available and the question is answered by “Yes” can further 

questions be added. 

With integration of the bridge into an urban planning environment by enriching a geographical system, 

question 2A can address the minimum distances between traffic route and built-up areas, or the 

existence of the distance investigation itself. Comparable to this, question 2B can query if the noise 

protection measures comply with the noise limits, but only if further information is added by linking a 

specialized model with the sound value at the location of the bridge. 



 

 

4.2. Discussion of the findings 

An attribute can be enriched using any authoring software. The scope of such manual attribution differs 

depending on the chosen software. For example, Autodesk Revit enables the simultaneous creation of 

this attribute in all existing elements in the model by setting a new basic property. In this study, however, 

the attribution was implemented using the BIMvision software with the supplementary IFC Edit plugin. 

The enrichment was carried out manually on each structural element of the bridge. For more extensive 

BIM models, the choice of software would certainly be important due to the effort involved, but in view 

of the limited enrichment effort in the case study, this aspect is negligible with regard to the investigations 

aimed at. This attribute should indicate whether the respective element is a noise protection element or 

not. The required enrichment is based on the naming standards of the BIM.Hamburg object 

catalogue [20]. The property set Pset_Objektinformation with the associated noise protection element 

property, which can assume the Boolean values “TRUE” or “FALSE”, was successfully created and 

checked for all elements of the BIM model. 

An enrichment through the LCA software or the BIM viewer Solibri was not possible for the indicator 

noise emission. Also, the LCA software One Click LCA does not offer any further enrichment beyond 

the ecological indicators, which they provide in their database. While the LCA software did not provide 

the needed information basis, also the sustainability assessment itself had to be outsourced and could 

be simulated with the BIM viewer and verification instance Solibri.   

Solibri does not support the integration of external data systems. Models of the urban environment or 

noise maps cannot be directly integrated into the analysis, so that the questions 2A and 2B remain 

relevant for further research. The rule “noise protection element” for answering the question 1 was 

created using the Ruleset Manager within the Solibri BIM viewer. The rule for the attribute check is 

based on the rule template “ifcFireRating” – fire resistance class (support tag SOL/203/2.5), which is 

already included in Solibri. Rules can be changed by adjusting the stored settings. The structure of the 

rule to be implemented is defined by selecting a corresponding rule template. This rule template must 

correspond to the basic query logic. For example, when querying the relationship between two or more 

components, a different rule structure would have to be selected than when querying a single attribute 

or complying with certain design rules. 

In general, many manual steps are necessary, meaning that the requirement to automate data mapping 

is not achieved. In contrast, a future expansion of the above-mentioned query rules into a rule catalogue 

promises a high potential for reuse and automation in the future. 

5. Conclusion and further research  

In this Paper a methodological approach focused on the semantic enrichment of BIM models, enabling 

the automatic integration of relevant sustainability data and ensuring the accuracy and completeness of 

these models is developed. Prior to this, existing workflows and research approaches are analyzed by 

a literature review. Based on a selected workflow according to Wastiels and Decuypere, the 

corresponding software instances were adopted.  

The findings show that sustainability indicators, in the form of information that can be integrated into the 

BIM model, must be considered separately from BIM-independent information. The information check 

in the form of query rules can be implemented in several possible ways, whereby some sustainability 

indicators can even be evaluated as query rules in addition to the pure information quality evaluation. 

Furthermore, the chosen software showed clear limitations and expansion options for the future.  

Further research can investigate the enrichment and query rules with other commercially available 

software solutions. Additional indicators, besides the noise emissions, global warming potential and 

barrier-free design, should be investigated. Finally, the full functionality of the query should be ensured, 

and other query types can be examined for the same question. In regard to the 5 identified requirements 

for consistent data management and automated data flows in the sustainability assessment of 

infrastructure, standardization and subsequent mandatory use of standards is recommended to reduce 

the need for manual adjustments. 
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