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Abstract 10 

Building Information Modelling (BIM) is an integrated informational process and plays a key 11 

role in enabling efficient planning and control of a project in the Architecture, Engineering, 12 

and Construction (AEC) domain. Industry Foundation Classes (IFC)-based BIM allows 13 

building information to be interoperable among different BIM applications. Different 14 

stakeholders take different responsibilities in a project and therefore keep different types of 15 

information to meet project requirements. In this paper, the authors proposed and adopted a 16 

six-step methodology to support BIM interoperability between architectural design and 17 

structural analysis at both AEC project level and information level, in which: (1) the intrinsic 18 

and extrinsic information transferred between architectural models and structural models 19 

were analyzed and demonstrated by a Business Process Model and Notation (BPMN) model 20 

that the authors developed; (2) the proposed technical routes with different combinations, and 21 

their applications to different project delivery methods provided new instruments to 22 

stakeholders in industry for efficient and accurate decision-making; (3) the material centered 23 

invariant signature with portability can improve information exchange between different data 24 

formats and models to support interoperable BIM applications; and (4) a developed formal 25 

material information representation and checking method was tested on a case study where its 26 

efficiency was demonstrated to outperform: (1) proprietary representations and information 27 

checking method based on a manual operation, and (2) MVD-based information checking 28 

method. The proposed invariant signatures-based material information representation and 29 

checking method brings a better efficiency for information transfer between architectural 30 

design and structural analysis, which can have significant positive effect on a project 31 

delivery, due to the frequent and iterative update of a project design. This improves the 32 

information transfer and coordination between architects and structural engineers and 33 

therefore the efficiency of the whole project. The proposed method can be extended and 34 

applied to other application phases and functions such as cost estimation, scheduling, and 35 

energy analysis. 36 

Keywords: BIM Interoperability, Industry Foundation Classes, Business Process Model and 37 

Notation (BPMN), Technical Route, Model View Definition (MVD), Information 38 

Representation, Information Checking.  39 
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Introduction and Background  40 

Nowadays Building Information Modelling (BIM) supports the critical data exchange in the 41 

Architectural, Engineering, and Construction (AEC) domain among different models, 42 

applications, phases, and stakeholders. BIM can integrate geometric representations with 43 

semantic information of buildings. This contributes significantly to a shift in the method of 44 

information documentation and exchange among different types of models in the AEC 45 

domain. BIM acts as an innovative technology that connects two-dimensional drawings with 46 

three-dimensional models to integrate different lifecycle phases of a building or infrastructure 47 

in the AEC domain. The BIM interoperability problem is both a technical issue and a process 48 

issue. The technical dimension is reflected in the software workflows using various BIM 49 

applications. In the architectural design and structural analysis domain, this mounts to the 50 

importation and exportation compatibilities of various BIM authoring tools and engineering 51 

analysis software, and the interpretations and analyses of the imported/exported information 52 

in these software. The process dimension is reflected in the actual use of modelling 53 

information between the architectural design and engineering analysis processes. The 54 

technical dimension focuses on model (i.e., how the model is processed during 55 

importation/exportation from different software platforms), and the process dimension 56 

focuses on people (i.e., how people exchange information through the use of the models).  57 

An engineering model is currently preferably created from scratch rather than adapting the 58 

Building Information Models (BIMs) generated previously in a different software platform, 59 

because of the information missing and information inconsistency problems between directly 60 

converted architectural models and structural models. Missing information can cause 61 

uncertain or erroneous structural analysis results. Information inconsistency can cause 62 

misunderstanding between different stakeholders. In order to support interoperability 63 

between BIM applications, any missing or inconsistent information during the information 64 

exchange must be addressed. Existing research that explored BIM interoperability between 65 

architectural design and structural analysis heavily focused on the technical dimension with 66 

little or no consideration of the process dimension [1,2]. There is a lack of systematic 67 

methodology to develop BIM interoperability solutions based on demand analysis. To 68 

address that, in this paper, the authors proposed a new methodology that combined the 69 

consideration of the: (1) technical information transfer process in the project delivery 70 

background context, with the (2) analysis of information need and gaps, to lay the foundation 71 

of application-oriented BIM interoperability investigation. The information gap and need 72 

analyses focus on how the information flows between architectural design and structural 73 

analysis. An architecture model mainly describes building geometric information and 74 

appearance representation of a building. A structural model simulates the performance of 75 

structural elements under different types of loads. Architectural design and structural analysis 76 

are both key tasks in the process of constructing a building. Business process model and 77 

notation (BPMN) provides a set of constructs to support the representation of a business 78 

process. It is a notation scheme especially good for high level/domain level process analysis 79 

[3]. A BPMN diagram provides a graphical representation, therefore facilitates an easier 80 

understanding of the process among different units within an organization [4]. In this paper, a 81 

BPMN model is used to capture the technical information transfer process. Segment-based 82 

technical interoperability routes are developed in the contexts of project delivery methods. 83 

The authors identified an urgently needed research task in helping with facilitating the 84 

provision of material information. To address that, the authors studied three main types of 85 

materials commonly used in a construction project, investigated how they could be provided 86 
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in BIM, and proposed a new invariant signatures-based [5-8] formal material information 87 

representation and checking method. A case study was conducted where the material 88 

information representation and checking method was applied to a 12-story concrete frame 89 

model. The case study results demonstrated the efficiency of the proposed material 90 

information representation and checking method to support information transfer between 91 

architectural design and structural analysis, based on a comparison with a manual method. 92 

Literature Review 93 

BIM and IFC model view definitions (MVD) application 94 

BIM has been theorized by Dr. Chuck Eastman 45 years ago [8]. In the AEC domain, a 95 

widely accepted and mature technical platform, which is based on an open standard, can 96 

enable communication and collaboration among different stakeholders without requiring 97 

them to have specific skills or proprietary applications. BIM provides the platform to 98 

transform the communication of participants in the AEC area from one-to-one paradigm to 99 

many-to-one paradigm. While BIM interoperability of a system with itself and/or with other 100 

systems is a constantly challenging issue in the AEC domain, it needs to be investigated both 101 

in the technical dimension and the process dimension [9].  102 

Industry Foundation Classes (IFC) has been developed by an industry consortium since 1994. 103 

Since then, industry context, standardization organization, resource availability, and 104 

technology development of BIM application have exposed the standardization process to a 105 

dynamic environment centred around IFC [10]. IFC model view definitions (MVDs) are 106 

specification documents that define exchange protocols between different BIM applications, 107 

by specifying a set of concepts and relationships needed for the exchange. Therefore, MVD 108 

can help BIM developers incorporate IFC compatibility into their software development [11]. 109 

An MVD has two main parts: definitions and configurations. Definitions refer to the range of 110 

the possible concepts and relationships; whereas configurations refer to how the definitions 111 

should be used in a specific application context. For example, in the quantity take-off 112 

application context, the model of a concrete wall requires the following three possible 113 

relationships to be defined between 3D objects: disjoint, nested, or overlapping [12]. MVD is 114 

a useful construct for information checking of IFC data. Entity instances (e.g., “IfcMaterial”) 115 

could be checked, and validation report will be created that lists entity instances and their 116 

numbers of occurrences [13]. MVD tools provide a platform to implement MVD definitions 117 

and concepts. However, attributes of entity instances usually could not be directly checked 118 

using the MVD tool (e.g., IfcDoc software). 119 

BIM interoperability from technical and process dimension analyses  120 

From the technical dimension, BIM interoperability indicates the ability of a technology to 121 

exchange data with other systems without major modification [14]. BIM enables 122 

visualization techniques, such as augmented reality, to be applied to the AEC domain, for 123 

goals such as defect management, facility management, and preview of a built environment 124 

before construction [15-18]. BIM can be applied to energy modelling and energy simulation 125 

as well, where it has been identified there is a gap in conversation between BIM applications 126 

and energy modelling tools in construction management [19,20]. The integration of 127 

Geographical Information System (GIS) with other techniques (e.g., real-time location 128 

system) for BIM application can improve the interoperability of different data types, for 129 
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example, IFC model can be imported into GIS to be further processed [21,22]. In spite of the 130 

fast development of BIM, the AEC domain is still facing the problem of information missing 131 

between different BIM models, applications, and systems.  132 

From the process dimension, BIM supports project management in procurement, 133 

construction, pre-fabrication and facility management, among others [23,24]. Although BIM-134 

based construction networks improve the communication among geographically separated 135 

participants, how to maintain collaboration that come from multiple disciplines and 136 

organizations is still a problem to solve [25-27]. With the development of a growing number 137 

of universities beginning to offer BIM related courses in their AEC related programs, BIM 138 

becomes a promising vehicle for the education sector to introduce new information 139 

technology [28,29]. To catalyst the development and harnessing of benefits mentioned above, 140 

information inconsistency between different stakeholders needs to be addressed to meet the 141 

BIM interoperability goal.  142 

BIM for architecture design and structure analysis within context of project delivery 143 

method 144 

The integration of data, processes, and functions in a construction project is a major 145 

challenge that makes a technical development restrained by its process context [30,31]. In 146 

construction there are many different types of project delivery methods which sets the tone of 147 

a process context such as Design-Bid-Build (DBB), Design-Build (DB), Construction 148 

Management at Risk (CMR), Construction Management Agency (CMA), Construction 149 

Management Multi-Prime (CMMP), and Integrated Project Delivery (IPD). At the high level 150 

these methods can be organized into two categories based on whether the design and 151 

construction contracts are combined or separated, which dictate if the interaction between 152 

architectural design and structural analysis can be direct: (1) in DB and IPD, the design and 153 

construction contracts are combined, which allow architectural design and structural analysis 154 

to have direct and frequent interactions; whereas (2) in DBB, CMR, CMA, and CMMP, the 155 

design and construction contracts are separated, which render the interactions between 156 

architectural design and structural analysis to be indirect and less frequent. In practice, the 157 

selection of the best project delivery method depends on many factors such as the type of 158 

project (e.g., residential, commercial, industrial, healthcare), the experience and preference of 159 

the owner and other stakeholders on different types of design and construction contracts (e.g., 160 

combined or separate), the weights of construction cost, schedule, quality, and financial risk 161 

in their consideration, the available physical and intellectual resources, etc. [32,33]. In the 162 

existing project delivery practice, an architectural model could not be directly used as a 163 

structural model. Structural engineers need to abstract useful information from the 164 

architectural model (or from the architects) to support the development of a structural model 165 

[34]. In addition, among all project delivery methods, the collaboration between architects 166 

and structural engineers is important, and their interactions are most likely to be frequent and 167 

iterative [35,36].  168 

Limitations of previous research 169 

From the technical dimension, although BIM has shown profound positive effects in the AEC 170 

domain, information missing and inconsistency between different software, platforms, 171 

systems, or applications remain challenging. How to quickly identify the missed information, 172 

and how to bridge the gaps between different information representation methods are 173 
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essential for BIM interoperability, which request new approaches to support interoperable 174 

BIM both at the information level and at the application level. From the process dimension, 175 

different project delivery methods have different contract and organizational structures, 176 

which in turn forms different information communication/interaction loops. How to 177 

effectively integrate interoperable BIM technologies into such communication/interaction 178 

loops need to be considered at any phase of the lifecycle of a building or infrastructure 179 

project, the result of which could provide a new instrument for decision making to support 180 

BIM interoperability.  181 

Research Methodology 182 

At the information level, BIM interoperability problem revolved around identifying 183 

information missing and information inconsistency between different data formats, platforms, 184 

and applications. At the processing level, BIM interoperability problem focuses on how to 185 

leverage techniques, skills, and methodologies to develop roadmaps for interoperable BIM 186 

applications. At the service level, BIM interoperability problem requests user friendly 187 

solutions for stakeholders in industry to use for supporting their efficient and accurate 188 

decision-making. To address the BIM interoperability problem by combining considerations 189 

in both the technical dimension and the process dimension, the authors propose a six-step 190 

method as explained below. Step 1: BIM Application Phases/Functions Selection – This step 191 

defines two application phases/functions between which BIM interoperability will be studied. 192 

Example applications phases/functions include architectural design, structural analysis, cost 193 

estimation, energy simulation, among others. Step 2: BPMN Generation– This step identifies 194 

the needed information transfer and communication between different stakeholders (e.g., 195 

architects and structural engineers), and creates a BPMN correspondingly for project 196 

delivery. In this step, the intrinsic and extrinsic information transferred between different 197 

models (e.g., architectural model and structural model) are demonstrated and analyzed to 198 

support BIM interoperability at the information level. In generating the BPMN, procedures to 199 

produce both models will be investigated. Step 3: Technical Routes Analysis for BIM 200 

Interoperability - This step analyzes the BPMN and literature from the technical angle of 201 

view and identifies possible route segments for BIM interoperability between selected 202 

phases/functions. The developed technical routes with different combinations provide a new 203 

instrument for decision making from process dimension for the purpose of information 204 

transfer. The proposed technical routes provide the backbone of the information transfer to 205 

support interoperable BIM applications. Step 4: Information Need and Gap Analysis - 206 

Information missing and inconsistency takes a central position in the BIM interoperability 207 

problems that need to be solved between different formats, platforms, and applications. 208 

Therefore, this step focuses on information missing and information inconsistency analysis 209 

(i.e., gap analysis) during the information transfer between different phases/functions based 210 

on data analysis, and identifies information representation and checking need of IFC-based 211 

BIM interoperability. In this step, the authors analyze the information acquisition of different 212 

types of models and set the tone of BIM interoperability solution. Step 5: Solution 213 

Development - This step develops augmented Model View Definition (MVD) model with 214 

customized algorithms to help check an IFC model for meeting specific information 215 

requirements to fill in the gap identified in Step 4. In addition, an invariant signature-based 216 

information representation method and its application on different project delivery methods 217 

help define augmented Model View Definitions (MVDs) with customized algorithms to fulfil 218 

information checking and validation goals. It provides an information representation and 219 

checking environment to process information between different models, which facilitates 220 
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information communication efficiency and accuracy. Step 6: Case Study Evaluation - This 221 

step evaluates the information representation and checking method by implementing 222 

developed checking MVDs/algorithm and applying them to a case study. The use of the 223 

developed checking MVDs/algorithm will be comparatively evaluated with a pure manual 224 

approach. The evaluation helps demonstrate if the proposed method will bring benefits to 225 

BIM applications from efficiency and accuracy perspectives.   226 

Experimental Results and Discussion 227 

Step 1: BIM Application Phases/Functions Selection  228 

BIM information are exchanged between different applications at different phases of a 229 

project. There are different types of Building Information Models (BIMs) for different 230 

applications at the design stage of a construction project, including architectural models, 231 

structural models, MEP models, energy analysis models, and cost estimation models, among 232 

others. In this paper, the authors selected two application tasks at the design phase - 233 

architectural design and structural analysis, because: (1) both applications belong to the 234 

design phase and therefore it is expected to be easier for collaboration to happen comparing 235 

to two application tasks that belong to different phases such as architectural design in the 236 

design phase and facility management in the operation phase; and (2) the collaboration 237 

between architectural design and structural analysis is usually the first collaboration that 238 

happens in a project team; and (3) an effective collaboration between architectural design and 239 

structural analysis lays the foundation for other further collaborations (e.g., collaboration 240 

between architectural design and cost analysis) to succeed. Architectural design plays an 241 

essential role in creating the representational model (i.e., BIM) for a construction project 242 

[37]. Structural analyses explore the various stresses, strains and displacements of the 243 

building elements. Currently it is easier to create a structural analysis model from scratch 244 

rather than adapting from the corresponding architectural model [38]. A seamless information 245 

exchange between architectural design and structural analysis models could improve 246 

coordination effectiveness between architects and structural engineers and bring benefits in 247 

time and cost savings to the project team.  248 

Step 2: BPMN Generation  249 

The authors analyzed the information transfer and communication between architectural 250 

design and structural analysis applications and summarized a BPMN that describes steps for 251 

creating an architectural model and a structural model, with information exchange between 252 

the two models (Figure 1). Solid line arrows represent step sequences for model creation 253 

processes. Dashed lines show information transfer between different steps or models. 254 

Information from earlier steps in each model will be saved and delivered to its following 255 

steps. The shaded area (i.e., create architectural columns - create doors - create windows - 256 

create floors - create ceilings - create stairs) in the process of creating an architectural model 257 

represents composite sub-processes, where detailed components of an architectural model are 258 

developed. A structural model will be created based on the information from an architectural 259 

model, such as geometric information and material information. For example, walls and roofs 260 

from an architectural model provide geometric information that can be used as references in 261 

the creation of the corresponding structural model. The first step in the process of creating a 262 

structural model is a composite sub-process, which includes simplifying geometric 263 

information and maintaining material information from an architectural model. For example, 264 
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a beam or column is represented by simplifying its geometry into a straight line in the 265 

structural model without losing beam or column material features. The other information not 266 

readily transferred from the architectural model is then added. The nodes connection 267 

information is shown by points in the structural model while specifying the connection types. 268 

Geometric information and material information will be saved and delivered to later steps. 269 

Material parameters may need to be inputted manually to conduct structural analysis. An 270 

“envelope” symbol represents the overall message flow between an architectural model and a 271 

structural model. The BPMN represents the information transfer between different models 272 

and demonstrates that the intrinsic information of an architectural model can be the extrinsic 273 

information of a corresponding structural model (e.g., material information), which reflects 274 

potential BIM interoperability problem at the information level. The two model-development 275 

processes are usually conducted in different software by different personnel. An efficient 276 

information exchange between the architectural software and structural software and between 277 

the architect and structural engineer is therefore important.   278 
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 279 

Figure 1: A BPMN representation of geometric and material information transfer. 280 

Step 3: Technical Routes Analysis for BIM Interoperability  281 

Based on analysis of most recent existing literatures regarding BIM interoperability between 282 

architectural model and analysis model from technical and process perspectives (Table 1), it 283 

was found that most of existing research only focused on developing roadmaps from 284 

technical perspective, for example, developing software tools, system architecture, and 285 

information transfer mechanism to support interoperable BIM applications [39-41, 9]. Other 286 

researchers solely focused on collaboration and integration framework of AEC projects to 287 

improve BIM interoperability [42-44]. There is a lack of a systematic investigations in 288 

solving the information transfer problems from the technical dimension in the context of the 289 

process dimension to support BIM interoperability. To address the BIM interoperability issue 290 

that is initiated from the technical dimension in the context of the process dimension, the 291 

authors identified and proposed the following six technical route segments of interoperability 292 
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between architectural design and structural analysis (Figure 2). A route for BIM 293 

interoperability would be a combination of one or more route segments to form a closed loop 294 

for information transfer. For example, 1-4-3 is one such technical route where information 295 

can be directly transferred from a proprietary architectural BIM to a proprietary structural 296 

analysis model, then structural analysis model can be exported to IFC and read back to the 297 

proprietary architectural BIM platform. To illustrate that, an architecture model can be 298 

developed and saved in an architectural design software (e.g., Autodesk Revit), in which the 299 

information could be directly read by a compatible structural analysis software (e.g., 300 

Autodesk Robot), then the structural analysis model that is developed based on the 301 

information from the architectural model can be saved and exported as an IFC model, which 302 

can be read back to the architectural software. In this process, for instance, the dimensional 303 

information of a beam element in the architectural model can be transferred as values of x, y, 304 

and z coordinates to the corresponding developed structural analysis model, then the 305 

dimensional information in a structural analysis model can be exported as an entity instance 306 

“IfcCartesianPoint” in an IFC file, which can be imported and read back as dimensional 307 

information to an architectural design software (e.g., Autodesk Revit).   308 

Table 1. Sample work on BIM interoperability between architectural model and analysis model from technical 309 
and process dimensions. 310 

Literature Main Contribution 
Technical 

Dimension  

Management 

Dimension 

[9] 

Tested BIM interoperability in structural application among 

different AEC software and found information missing and 

information inconsistency issues among BIM models 

Yes No 

[39] 
A new semantic approach to improve interoperability 

between BIMs and semantic model data.  
Yes No 

[40] 
Integrated modeling and application interfaces to 

architectural design and specific analysis. 
Yes No  

[41] 

An interpreted information exchange mechanism of IFC-

based BIMs for information transformation from BIM design 

models to BIM application models 

Yes No 

[42] 
Addressed the interaction type and geographic range needs 

for BIM interoperability at the management level. 
No Yes 

[43] 
A Decision-Making tool and sustainability metrics to 

improve data sharing among various building models. 
No Yes 

[44] 
Recommendations for BIM interoperability from the 

modular construction perspective. 
No Yes 

[45] 
A CAD workflow for precast façade design to help BIM data 

exchange and use in project collaboration. 
Yes   

 

Yes 

 

[46] 
Presented issues in visualization for IFC-based BIM 

interoperability. 
Yes No 

[47] 

A method that combined IFC-based BIM conversion 

algorithms to convert architectural models to structural 

models while overcoming inconsistencies in data structures 

to improve BIM interoperability 

Yes Yes 

[48] 
Analyzed the interoperability between architectural design 

and structural analysis. 
Yes No 
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 311 

Figure 2: Six technical route segments of interoperability between architectural design and structural analysis. 312 

In project delivery methods CMR and IPD, because the built-in collaboration enables 313 

architects and structural engineers to work together with other stakeholders as one team. The 314 

communication and negotiation between them and with the owners at an early stage of a 315 

project makes it possible to identify/select architectural and structural software to use, so that 316 

Route 1-6 become possible. For example, because the architects and structural engineers 317 

could work together to select the compatible software both for architectural design and 318 

structural analysis (e.g., Autodesk Revit/Robot). In this process, a developed architectural 319 

model could be saved as a DWG format model and imported directly into the analysis 320 

software for structural analysis. In project delivery methods DBB and CMMP, because the 321 

owner or owner’s representative establishes contracts with the different stakeholders 322 

separately, it is more difficult to specify compatible architectural or structural software to use 323 

for the architects and structural engineers, therefore the Route 2-5 is more feasible. For 324 

example, an architectural model created by architect could be saved and exported to IFC 325 

format. Structural engineer could import the IFC file into structural analysis tool to get the 326 

information (e.g., geometric information and material information) to conduct further 327 

analysis. In this process, the exported IFC file can be a bridge between architectural 328 

model/architectural design and structural model/structural analysis to support information 329 

transfer for interoperable BIM applications. For project delivery method DB and CMA, 330 

although the owner does not hold all contracts individually and directly, the Route 2-5 is still 331 

feasible. Therefore 2-5 could be a potential solution for all project delivery methods if the 332 

quality of information transfer in this route can be guaranteed. 333 

Step 4: Information Need and Gap Analysis  334 

Based on analysis regarding information need and provision for architectural design and 335 

structural analysis at the model level, the authors summarized the following types of 336 

information needed in structural analysis/structural model: geometric information, loads 337 

information, material information, connection type information, and boundary conditions.   338 

Example types of information provided in architectural design/architectural model are: 339 

elevation and grids information, geometric information (e.g., interior/exterior wall, columns, 340 

doors, windows, floors, roofs, and stairs), and material information (e.g., material name, 341 

colour and texture information).   342 
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Between information missing and information inconsistency, the authors focus on the 343 

information missing problem, because this problem originates from (and roots in) the 344 

information generation process, e.g., designer or the BIM authoring tool (information 345 

provider) did not include the information, rather than coming from proprietary software or 346 

processing algorithms. In contrast, information inconsistency is more of a software 347 

implementation problem. Therefore, the information inconsistency problem needs to be 348 

solved software by software whereas the information missing problem is possible to solve 349 

with automation and intelligent methods. According to Eastman et al. [49], there are three 350 

information providers in BIM: designer, derived data, simulation or analysis. At the model 351 

level, material and geometric information are the essential parts of building elements based 352 

on above-mentioned analyses. The authors argue that the information provider of the material 353 

information should be the designer/architect during the architectural design phase, either 354 

directly or indirectly together with geometric information of building objects for further use 355 

(e.g., structural analysis). Geometric information has been well studied in literature, and 356 

material information representation and analysis is identified as a gap [45,41].  357 

Step 5: Solution Development  358 

To support material information representation and coverage, the authors analyzed selected 359 

AEC software in terms of their material property settings in IFC based-BIMs (Table 2), 360 

which is a necessary step in both architectural design and structural analysis. In some 361 

software, materials can be selected directly, such as Solidworks, which however is not 362 

specifically designed for civil structural analysis. In some software, only limited materials 363 

can be selected, for example, Graytec Advanced and SCIA software only include steel, 364 

concrete, and timber materials. Although some finite element analysis (FEA) software, such 365 

as ANSYS and ABAQUS, have been widely used for structural analysis, they have certain 366 

limitations when used for civil structural analysis. E.g., they can only be used to analyze 367 

small structures. In addition, the graphical user interface and application programming 368 

interface of FEA software need improvement in terms of information representations in civil 369 

engineering to be better used for civil structural analysis purpose [50,51]. 370 

Table 2: Material property setting in different software. 371 

Software Software type 

Choose 

material 

directly 

Define 

new 

material 

Comments 

Tekla Structure 

Structural 

√   

Autodesk Revit 

Structure 
√  

Beside materials, it also 

contains graphics, appearance, 

physical, and thermal 

properties. 

ETABS √ √  

SAP 2002 √ √  

Graytec Advanced √  
Only cover steel, concrete, and 

timber materials. 

SCIA √  

If the material names in an 

IFC file are not in accordance 

with code names, it is 

necessary to define a material 

conversion table in the Import 

dialogue. 

https://www.hindawi.com/journals/ace/2021/8824613/


Hindawi Template version: Apr19 

The published version should be found here: 

https://www.hindawi.com/journals/ace/2021/8824613/  

 

 12 

CypeCAD √  

Only cover steel, concrete, 

composite steel and concrete, 

and timber. 

STAAD √ √  

PKPM √  

The menu provides the 

diagram and calculation 

results of model rich graphics, 

and a template and reinforced 

material list. 

MIDAS √ √ 

Cover concrete, steel, wood 

and other types of material 

that a user defined. 

ArchiCAD Architectural √ √  

ANASYS 
FEA 

√ √  

ABAQUS √ √  

Solidworks 
Engineering 

Design 
√ √ 

Concrete material parameters 

could not be defined. 

To successfully represent material information in the BIMs, the authors analyzed the needed 372 

material information in different analysis scenarios and summarized the needed material 373 

properties in each scenario into the authors’ developed invariant material signature: mass, 374 

cross-sectional area, volume, mass density, stress, strain, shear stress, shear strain, shear 375 

modulus, Young’s modulus, thermal expansion coefficient, and Poisson’s ratio [48]. 376 

Based on the proposed material signature concept, the authors developed invariant material 377 

signatures for three main types of materials – steel, concrete, and wood. Figure 3 illustrates 378 

the detailed properties in these invariant material signatures. 379 

 380 

Figure 3: Material signature for different material types.     381 
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From process dimension, in different project delivery methods, the architects and structural 382 

engineers may choose software that may or may not be directly interoperable. Different 383 

interoperability scenarios will affect the possible technical routes to be used. For example, 384 

Route 1-6 (i.e., proprietary architectural model -> proprietary structural analysis model -> 385 

proprietary architectural model) become possible if the negotiations between architects and 386 

structural engineers and with the owners at an early stage of a project to identify selected 387 

architectural and structural software to use. In the Route 1-6, compatible software platforms 388 

provide proprietary channels to enable information and model transfer, but the limitations 389 

regarding material information missing and inconsistency still need to be addressed (Table 2). 390 

Otherwise, the Route 2-5-4-3 (i.e., proprietary architectural model -> IFC -> proprietary 391 

structural analysis model -> IFC -> proprietary architectural model) is more feasible. In the 392 

Route 2-5-4-3, IFC model works as an intermediate data representation to support 393 

information and model transfer, which provides a new way to bridge architectural design and 394 

structural analysis tasks at the design phase.  395 

The proposed material information representation method (i.e., the invariant material 396 

signatures) can be implemented for both Route 1-6 and Route 2-5-4-3. The authors further 397 

leveraged technical BIM interoperability Route 2-5-4-3 to develop an IFC-based 398 

implementation, as providing solutions to direct information transfer between proprietary 399 

software (i.e., Route 1-6) has to be conducted by the corresponding software companies. 400 

Similarly, the information inconsistency problem also has to be addressed by corresponding 401 

software companies even if an IFC-based workflow is used, by refining their 402 

exportation/importation to/from IFC or other formats to make sure it is error-free.  403 

An IFC file not only contains geometric information of building elements, such as beams, 404 

columns, slabs, and walls, but also contains attributes for each object describing their 405 

physical and functional properties such as material properties and occupancy types. Figure 4 406 

shows an example of a partial IFC file. In Figure 4, each line is representing an IFC entity, 407 

and each argument in the parenthesis represents an attribute of this entity. For example, line 408 

#80 is one entity in the IFC file that represents material properties. In this entity, “#80” is its 409 

data line number, and “IfcExtendedMaterialProperties” is the name of the entity. “STD-410 

Concrete” is one attribute value that is representing the name of an associated material. 411 

Material information such as material name can be extracted from such entities in the IFC 412 

physical file through analysis of a building element. For example, an “IfcBeam” can be 413 

linked to its related material entity (i.e., “IfcMaterial” in IFC file), which can be further 414 

related to other entities using “IfcRelAssociatesMaterial” object [52]. Detailed material 415 

properties in the IFC files are defined by the entity “IfcPropertySingleValue.” There are four 416 

attributes of “IfcPropertySingleValue”: “Name,” “Description,” “NominalValue,” and 417 

“Unit.” 418 
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 419 

Figure 4: Sample IFC entities representation. 420 

Figure 5 shows a material property representation implementation diagram of a 12-storey 421 

building model in IFC, which was tested in the case study (Figure 10). It shows that in this 422 

IFC file, any information related to material properties is rooted in an 423 

“IfcExtendedMaterialProperties” entity. There are four directly related entities which are 424 

“IfcMaterial,” “IfcPropertySingleValue,” “IfcText” and “IfcLabel” to represent material 425 

property details. There are four different types of material properties representations 426 

(attributes) in the entity of “IfcPropertySingleValue,” they are “IfcIdentifier,” “IfcText,” 427 

“IfcValue,” and “IfcUnit,” which represent material name, material description, nominal 428 

value of material property, and unit of value, respectively. Through the proposed invariant 429 

material signatures, IFC representation could represent material information in both the 430 

architectural model and the structural model in a consistent way. 431 

 432 

Figure 5: Common material property representation based on IFC schema. 433 

The authors analyzed IFC model regarding material information representation 434 

implementation in two versions: IFC2X3 and IFC4, and developed corresponding MVDs in 435 

IfcDoc software [52]. Attributes of the same entity (e.g., “IfcMaterialProperties”) could be 436 

different between the two versions, e.g., in the IFC2X3 version, only the attribute “Name” is 437 

included in the “IfcMaterialProperties,” whereas in the IFC4 version, it has 438 

“HasExternalReferences,” “Name,” “Description,” “Properties,” and “Material,” five 439 

https://www.hindawi.com/journals/ace/2021/8824613/


Hindawi Template version: Apr19 

The published version should be found here: 

https://www.hindawi.com/journals/ace/2021/8824613/  

 

 15 

attributes in total. There is no relationship between attributes of the “IfcPropertySingleValue” 440 

entity and the “IfcMaterialProperties” entity in the IFC2X3 version, whereas in the IFC4 441 

version, attribute “Properties” is the connection between the “IfcPropertySingleValue” entity 442 

and the “IfcMaterialProperties” entity (Figure 6 and Figure 7). However, information from 443 

these different versions of IFC could all converge in our invariant material signatures. 444 

Furthermore, because IFC2X3 version has its limitations for model representation, some of 445 

the entities could not be used in the IFC2X3 version (Figure 8). As Figure 8 shows, some 446 

entities such as “IfcExtendedMaterialProperties” could not be defined in the IFC2X3 or IFC4 447 

versions. Some entities such as “IfcMaterialProfile” and “IfcMaterialDefinition” could not be 448 

defined in the IFC2X3 version but could be defined in the IFC4 version. Its structure and 449 

relationships were also different from the IFC4 version. For example, there were three 450 

attributes “Name,” “HasRepresentation,” and “ClassifiedAs” for the entity “IfcMaterial” in 451 

the IFC2X3 version. But there were nine attributes “AssociatedTo,” 452 

“HasExternalReferences,” “HasProperties,” “Name,” “Description,” “Category,” 453 

“HasRepresentation,” “IsRelatedWith,” and “RelatesTo” for the entity “IfcMaterial” in the 454 

IFC4 version. Based on the structure of IFC4, it could represent more information because it 455 

incorporated more abundant entity attributes than IFC2X3. 456 

 457 

Figure 6: Structure of the IFC2X3 version of MVD. 458 
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 459 

Figure 7: Structure of the IFC4 version of MVD. 460 

 461 

Figure 8: Examples of comparisons of information representation between IFC2X3 and IFC4 MVD versions. 462 

The authors proposed a framework of material information checking based on augmenting 463 

the above MVD models with customized algorithms, based on the proposed invariant 464 

material signatures. Among the three main types of materials discussed in this paper, the only 465 

difference in their MVD validating results would be in the number of entities, because the 466 
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detailed material information is contained in the “Name” and “NominalValue” attributes of 467 

the “IfcPropertySingleValue” entity. E.g., for steel material, seven required entities are 468 

checked that contained seven parameters: MassDensity, PoissonRatio, ShearModulus, 469 

ThermalExpansionCoefficient, UltimateStress, YieldStress, and YoungsModulus. For 470 

concrete material, six required entities are checked for six corresponding parameters: 471 

MassDensity, PoissonRatio, ShearModulus, ThermalExpansionCoefficient, 472 

CompressiveStrength, and YoungsModulus. Therefore the authors picked one (i.e., concrete 473 

material) as an example. As part of the material information checking framework, the authors 474 

developed an IFC-based material information checking algorithm, with a special focus on 475 

checking “IfcExtendedMaterialProperties,” “IfcMaterialSelect” entities and detailed 476 

parameters of steel, concrete, and wood materials in the AEC domain. Figure 9 shows the 477 

flow diagram of this customized material information checking algorithm for augmenting 478 

MVD-based checking. The algorithm runs three main steps as follows: 1) Check augmented 479 

IFC entity instances (i.e., “IfcExtendedMaterialProperties”, and “IfcMaterialSelect”) based 480 

on MVD constraints; 2) Extract material types based on “IfcMaterial” entity instance; 3) 481 

Check specific material parameters from “IfcPropertySingleValue” entity instances based on 482 

different material types. This algorithm will terminate after all the material parameters are 483 

checked. The results regarding what specific entity information and material parameter 484 

information exists or does not exist, will be printed out in a report. Through the developed 485 

material information checking algorithm, the missing material information could be identified 486 

and used to inform the IFC model developer and user. 487 
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 488 

Figure 9: Material information checking algorithm augmenting MVD. 489 

Step 6: Case Study Evaluations  490 

The authors chose a 12-story concrete model (Figure 10) as the case study model to test the 491 

material information representation and checking method. There were three types of material 492 

information entities in the IFC model, “IfcMaterial,” “IfcExtendedMaterialProperties,” and 493 

“IfcPropertySingleValue.” The results (Figure 11) showed how the six detailed material 494 

parameters of the concrete material in our invariant material signatures were represented, 495 

where the highlighted content showed such material parameter representation details.  496 
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 497 

Figure 10: The 12-story concrete building used in case study. 498 

 499 

Figure 11: Material information representation implementations in IFC file. 500 

Depending on the software in use, manual information transfer may cover all required 501 

information, but it is time consuming and error-prone. Model size is another factor that will 502 

affect the information transfer results and a larger model size could significantly increase the 503 

manual information transfer time. To evaluate the proposed method in facilitating 504 

information transfer between architectural design and structural analysis, the authors 505 

compared the proposed method with manual information transfer from the time efficiency 506 

perspective. A manually developed gold standard was used as ground truth in the evaluation, 507 

which included the material information input for structure analysis from an architectural 508 

model. The proposed invariant material signatures were implemented in IFC2X3 509 

representations based on IFC model that was exported from BIM application software, to 510 

transfer material information and their parameters to the corresponding material signature. In 511 

this case, the model was exported as IFC2X3 version to follow industry practice. Although 512 

IFC4 is a more advanced version comparing to IFC2X3 as discussed in Step 5, IFC 2X3 still 513 

dominates practical use in the industry, due to its massive market penetration and 514 

applications that follow it. The Coordination View 2.0 of IFC2X3 is split into two MVDs in 515 

IFC4: (1) the Reference View, which is mainly for viewing and coordination purposes, and 516 

referencing domain models to each other; and (2) the Design Transfer View, which is for 517 

exchanging IFC models to be used for further design and evaluation tasks. In practice, the 518 

Design Transfer View for IFC4 is not fully available, and Coordination View 2.0 for IFC2x3 519 

cannot be fully replaced by the Reference View of IFC4 per se [53]. To address that, the 520 

authors proposed the material signature in which IFC2X3 and IFC4 versions of BIMs could 521 

be converged. Table 3 shows the IFC-based invariant material signatures as the destination 522 

representations of the conversion process. The first and last columns in the Table 3 represent 523 

“Name” and “NominalValue” attributes for each parameter in IFC data, which are related to 524 

material definitions. It was not necessary to define every attribute in the entity based on the 525 
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IFC schema when the model was created. But the “Name” and “NominalValue” attributes 526 

must be defined in the IFC file of a model (i.e., an instantiated physical file). 527 

Table 3: IFC-based invariant material signatures representation implementations. 528 

Parameters Name Unit 

information 

Material type IFC representations of “NominalValue” 

Mass Density  kg/m3 Steel, Concrete, 

Wood 

IfcMassDensityMeasure 

 

Young’s Modulus N/m2 Steel, Concrete, 

Wood 

IfcModulusOfElasticityMeasure 

 

Shear Modulus N/m2 Steel, Concrete, 

Wood 

IfcShearModulusMeasure 

 

Poisson’s Ratio  

 

Steel, Concrete, 

Wood 

IfcPositiveRatioMeasure or IfcRatioMeasure 

 

Thermal Expansion 

Coefficient 
C-1 Steel, Concrete IfcThermalExpansionCoefficientMeasure 

 

Ultimate Stress, Yield 

Stress, Compressive 

Strength 

N/m2 Steel, Concrete IfcPressureMeasure 

 

The authors compared the time consumption of the proposed method with that of a manual 529 

information transfer. In the manual information transfer the interface of Solibri Model 530 

Viewer and Autodesk Revit 2018 were used. The authors imported the test case model in the 531 

software and clicked through each element to add their material information in the property 532 

panel. The manual information transfer took 11 minutes to finish. The time could be further 533 

increased significantly with model size and complexity, because the engineers need to click 534 

through each element to identify and assign the detailed material parameters to them, then 535 

document the material information for further analysis. In comparison, the proposed method 536 

enables automated and efficient conversion and transfer of the material information between 537 

architectural models and structural models, based on invariant material signature 538 

representations using IFC. In the IFC format, the model could use “Name” attribute of 539 

“IfcMaterial” entity instance to represent/store material types (e.g., steel, concrete, and 540 

wood), and use “Name” and “NominalValue” of “IfcPropertySingleValue” entity instance to 541 

represent/store material parameters (e.g., mass density and Young’s modulus). Using the 542 

proposed method, all the material information (i.e., material type and its parameters) could be 543 

successfully represented, processed, and analyzed (e.g., structural analysis). Table 4 shows 544 

the performance comparison of these two methods.     545 

Table 4: Performance comparison of the proposed method with manual transfer. 546 

Method 
Time 

Consumption 

Manual Transfer 11 mins 

Proposed 

Method 
2 mins 
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Figure 12 shows the IFC model validation/checking results using the MVD augmenting 547 

algorithm. The authors implemented the algorithm using IfcOpenShell library, which is an 548 

open source library for accessing and processing IFC data. The results showed that the six 549 

detailed material parameters of the concrete material were successfully checked by the MVD 550 

augmenting algorithm. The highlighted content showed that “IfcMaterialSelect” entity was 551 

not found, whereas “IfcExtendedMaterialProperty” and six material parameters were 552 

successfully found and extracted in the IFC model. The total time consumption of running 553 

augmented algorithm was 48 seconds in a computer with core i5 dual core processer and 8 554 

GB RAM, which could be further reduced with a more powerful machine. In contrast, 555 

manual information checking process took 4.2 minutes even after leveraging the Search 556 

function in the text editor. Table 5 shows the performance comparison of these two methods. 557 

 558 

Figure 12: Report of material information checking results by customized algorithm. 559 

Table 5: Performance comparison of the proposed information checking method with manual checking 560 
method. 561 

Method 
Time 

Consumption 

Manual 

Checking 
4.2 mins 

Proposed 

Method 
0.8 mins 

Conclusions 562 

In this paper, the authors proposed a six-step research methodology to analyze and address 563 

BIM interoperability problems and used it to analyze BIM interoperability between 564 

architectural design and structural analysis. Six common project delivery methods were taken 565 

into account as the background context and a BPMN diagram was created based on the 566 
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transfer and use of modelling information between architectural models and structural models 567 

in the architectural design and structural analysis processes. Six technical route segments 568 

were summarized to explain any BIM interoperability application between the architectural 569 

design and structural analysis processes. To facilitate such interoperability, the authors 570 

devised invariant material signatures and developed material signatures for three common 571 

construction materials. Then they developed a formal material information representation and 572 

checking method in a systematic way to help solve the material information gap identified 573 

through the experiment. The advantage of the proposed material information representation 574 

and checking method was demonstrated in a comparative experiment with manual 575 

information transfer and checking through a case study. It shows that applying the proposed 576 

material information representation and checking method to a construction project could 577 

improve information exchange between the architectural models and the structural models for 578 

facilitating communication efficiency between architects and structural engineers, therefore 579 

bringing the time and cost benefits to the entire project delivery process. In the process and 580 

management dimension, the proposed technical routes with different combinations, and their 581 

applications to different project delivery methods provide new instruments for stakeholders in 582 

industry to use for supporting their decision making. Therefore, it enables the interaction 583 

between architects and structural engineers to be more efficient and therefore more frequent 584 

to contribute practical impact in a project process not only for a shorter schedule and faster 585 

information delivery but also for a better design and safer structure.  586 

Contributions to the Body of Knowledge 587 

This research is one of the first systematic explorations of BIM interoperability between 588 

architectural design and structural analysis following a new six-step research methodology 589 

that was targeted at supporting BIM interoperability research and development. This research 590 

contributes to technical routes by summarizing six route segments of BIM interoperability 591 

between architectural design and structural analysis. A combination of one or more route 592 

segments could form a closed loop for information transfer to support BIM interoperability, 593 

which is what the AEC industry ultimately needs. From the process dimension, the technical 594 

route segments with different combinations for information transfer, and their applications to 595 

specific project delivery method provide new instruments to stakeholders in industry for 596 

efficient and accurate decision making. The gap analyses regarding information missing and 597 

information inconsistency between architectural models and structural models were 598 

conducted to find that in some situations, such as the technical route from proprietary 599 

architectural BIM to IFC and from IFC to proprietary structural analysis model, material 600 

information could be missing. The authors developed gap analyses of material information 601 

between architectural models and structural models and proposed a new set of invariant 602 

material signatures and a corresponding material information representation and checking 603 

method. The proposed material information representation and checking method could 604 

improve information transfer between architectural design and structural analysis to support 605 

BIM interoperability in different project delivery methods. The case study results showed that 606 

the proposed method could improve information exchange efficiency between architectural 607 

design and structural analysis to facilitate BIM interoperability. In addition, the proposed 608 

method can be adapted to facilitate the information flow between any two stages of the 609 

lifecycle of a building or infrastructure (e.g., roadway, bridge, culvert) project (e.g., between 610 

pre-construction stage and post-construction stage to deal with the maintenance issues).       611 
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The impact of applying this research in the AEC domain could be far-reaching. This research 612 

provides a formal invariant signatures-based material information representation and 613 

checking method to support BIM interoperability. This method facilitates information 614 

exchange between architectural models and structural models, which helps improve the 615 

information transfer and coordination between architects and structural engineers and 616 

therefore the efficiency of the whole project. The proposed method can be extended and 617 

applied to other application phases and functions such as cost estimation, scheduling, and 618 

energy analysis. 619 

Limitations and Future Work 620 

The authors acknowledge the following limitation of the proposed formal information 621 

representation and checking method in its current shape. Although the proposed method was 622 

tested in representing and checking required material information for information transfer 623 

between an architectural model and a structural model, how it will perform in representing 624 

and checking other types of information, such as analysis results information, needs to be 625 

further explored. In future work, the authors plan to expand the proposed method in 626 

representing and checking other types of information such as logistic information and in 627 

different interoperability scenarios such as between architectural design and energy 628 

simulation. 629 
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