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ABSTRACT 
 
Steel structures are very popular structural forms for both buildings and bridges. Under extreme loading such as 
strong earthquakes or winds, structural members in steel structures could fail in buckling or yielding. Such 
damage spots require immediate action after hazardous events such as earthquake or extreme wind. However, in 
buildings, structural members are often hidden behind fire-proof coating and drywall, and thus buckling in steel 
members are very difficult to detect, often requiring removal of coverings and thus time consuming and costly. 
Fast and accurate assessment of damage conditions and safety is thus important. This paper presents a method of 
automated structural condition assessment system that integrates Building Information Modeling (BIM) and 
sensor technology. BIM can serve as an ideal 4-dimensional graphical computing environment for structural 
health monitoring (SHM) and management practice which constantly involves considerable amounts of sensor 
data of different modalities. Along with proper sensor technologies currently developed by the authors, this BIM 
based system can rapidly identify and locate the spot where pre-set strain or crack has happened. This system 
also enables process (inspection scheme) and work-flow automation. Therefore, the proposed method would 
lead to more accurate, faster and more economical way for structural condition assessment and information 
management.  
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INTRODUCTION 
 
Under extreme loading such as strong earthquakes or winds, structural members in steel structures could fail in 
buckling or yielding. Such damage spots require immediate action after hazardous events such as earthquake or 
extreme wind. However, in buildings, structural members are often hidden behind fire-proof coating and 
drywall, and thus buckling in steel members are very difficult to detect, often requiring removal of coverings 
and thus time consuming and costly. Fast and accurate assessment of damage conditions and safety is thus 
important.  
 
There is a strong and growing interest in on-line structural health monitoring (SHM) systems among engineers, 
researchers, and decision makers in civil engineering applications. On-line SHM enables automatic collection of 
vital information about civil infrastructures’ operating condition and in the aftermath of a catastrophic event 
such as strong earthquake, its ability to continue to carry the design load. Sensor data from SHM systems 
provides the base data for real-time updating of the structural condition and reliability. The concept of BIM has 
existed since the 1970s. BIM has seen increasing popularity and implementation in the construction industry to 
produce data-rich models of buildings and structures (Wong et al. 2011; Eastman et al. 2011). In the USA, 
several government agencies including General Services Administration (GSA) have been actively promoting 
the BIM implementation for all major projects (GSA 2007). The U.S. GSA began using BIM in 2003. In July 
2009, the state of Wisconsin issued guidelines to AE firms requiring the use of BIM on all projects totaling more 
than $5 million and new construction projects of more than $2.5 million (Beck 2012). BIM provides an 
integrative visual platform for information exchange between different modules of the system as well as a 
shared, coordinated repository for the structure’s lifecycle information. This addresses the needs for 
improvement in structural condition monitoring/assessment productivity, especially after hazardous events, 
when resources such as experts and timeline requirement are tight. The models are continually updated to reflect 
project-related adjustments. Accurate and comprehensive information, such as the digital information from a 
BIM model about a structure, its construction, its life-cycle maintenance and loading data, can be very beneficial 
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to SHM and decision making in infrastructure operation. Therefore, BIM model can be leveraged as an 
integrative platform for other professional services such as sensor-driven SHM applications. 
 
This paper presents a method of automated structural condition assessment system that integrates Building 
Information Modeling (BIM) and sensor technology. BIM can serve as an ideal 4-dimensional graphical 
computing environment for structural health monitoring (SHM) and management practice which constantly 
involves considerable amounts of sensor data of different modalities. Along with proper sensor technologies 
currently developed by the authors, this BIM based system can rapidly identify and locate the spot where pre-set 
strain or crack has happened. This system also enables process (inspection scheme) and work-flow automation. 
Therefore, the proposed method would lead to more accurate, faster and more economical way for structural 
condition assessment and information management. 
 
CURRENT BARRIERS OF INTEGRATING BIM WITH SHM 
 
The advantage of 3D display and availability of digital construction models make BIM a promising tool for 
SHM. However, there are still some barriers that impede their full integration. The problems of interoperability 
between engineering software systems have existed since the introduction of computer-aided design (CAD) in 
the 1970s (Pratt 1993). File-based data exchange methods such as DXF, IGES, and SAT were developed to 
exchange geometric entities between one CAD system and another (Eastman et al. 2010). As CAD systems 
became more sophisticated and evolved into parametric and object-based modeling, the limitations of existing 
file-based methods became apparent. CAD systems became object-based and included attributes and relations 
between objects as well as geometry (Light and Gossard 1982). An interchangeable data format becomes an 
important prerequisite for BIM-SHM integration due to the need of data exchange from SHM.  
 
IFC format is one of the open standards, which was developed by buildingSMART (the former International 
Alliance for Interoperability). The IFC system is a data representation standard and file format used to define 
architectural and construction related CAD graphic data as 3D real-world objects (Eastman 2011). The IFC 
provides a set of definitions for all object element types and a text-based structure for storing those definitions in 
a data file. The IFC is so far the most promising standard for inter-platforms data exchange in BIM industry.  
 
There are still some barriers that make integration between BIM and SHM has not been fulfilled yet. For 
example, IFC takes a lowest common dominator approach to BIM. So even though some BIM software has IFC 
certified importers and exporters, there is invariably a loss of data fidelity. Additionally, no single IFC adapter 
could be developed to link all the software programs required for SHM. For specific software, an IFC adapter 
has to be developed to adapt to its complex architecture.  
 
The results of the IFC, on the other hand, have been difficult to implement and utilize because the use cases in 
which exchanges are to be made have not yet been clearly defined (Eastman et al. 2010). For a building model 
framework schema such as IFC, lack of definition of specific task-oriented exchange content leads to 
implementation of translators that may be technically correct, but generate incomplete and incompatible data 
exchanges for specific tasks, because of lack of coordination regarding what specific information is to be 
included in the IFC. 
 
A proposed solution to these problems is to define the workflows used in practice, the specific information 
exchanges they require, and define appropriate model views for the exchanges (Eastman et al. 2010). The 
national BIM standard (NBIMS 2007) approach for resolving the incompatible event of information exchange is 
based on “use cases”, which precisely define the data required in each information exchange between disciplines 
in engineering workflows. The use case approach has been adopted and is the core of what has been defined in 
the NBIMS (2007). Following this use case approach, the SHM industry specialists who know the workflows 
and their information flows required for information technology exchange could write appropriate export and 
import translators for their integrated BIM-SHM software program.   
 
OVERVIEW OF INTEGRATED BIM-SHM SYSTEM  
 
A framework of SHM integrated with BIM was developed by the authors using Revit Structures software to 
illustrate sensor data storage and display, finite element simulation, and structural condition assessment 
integrated in a BIM-enabled 4D setting, as shown in Figure 1. The framework includes the following four major 
modules: BIM model and a database, SHM portal, sensor clusters with RFID tag that automates the activation of 
the relevant area in the BIM model, and finite element simulation software, which are briefly described below: 
 



- The SHM portal module, which provides an interface and middleware to facilitate the access to other 
modules in the framework. This was developed using C# programming language. The C# main 
program provides the interfaces to these components and sends commands to them, such as start 
RFID reader and select and highlight elements. It also coordinates the work order of the 
components and acquires and sends necessary date between components. Details of this module 
will be given in the next section. This modular architecture is also designed to support future 
expansion and adoption of other SHM utilities. 

 
- The BIM and database server module, which provides data access and storage in two softwares – a 

BIM software such as Revit and a database server such as SQL server. In this study, MS Access is 
used for illustration. The BIM model built using Revit is linked to a MS Access database which 
includes all the information of the structural elements. The two files (i.e. Revit model file .rvt and 
MS Access file .mdb) created by the two software applications can update each other when either 
one is modified.  

 
- The sensor cluster module, which has a RFID tag for automated activation of the particular view area 

in the BIM model to display the sensor objects in the 3D BIM model. Monitoring data from sensor 
networks will be sent to database servers either on a pre-arranged scheme or on request.  

 
- The finite element simulation module, which consists of a set of basic functional units of a finite 

element structural analysis program. A finite element analysis software program –OpenSees 
(Mckenna 1997) is used in this study. Other commercial general-purpose finite element simulation 
software applications such as ANSYS, SAP2000 can be used for this purpose equally well as long 
as an adapter software application is available.  

 

 
Figure 1. Schematic of SHM framework integrated with BIM computing environment 

 
The SHM framework integrated with BIM can significantly reduce the amount of time that would be spent 
performing searching, accessing and validating the information. As the structure’s complexity increases, the 
BIM model becomes very large and identification and selection of the appropriate SHM locations for relevant 
sensor data viewing and information processing/display becomes very time-consuming if this is done in a 
manner of manual operation. This drawback undermines the advantage of BIM technology.  
 
In recent years, Radio frequency identification (RFID) has been given lots of attentions for its fast development 
in many fields such as asset management, access control, transportation and logistics. RFID uses radio 
frequency electromagnetic fields to transfer data from a tag attached to an object, for the purposes of automatic 
identification and tracking. Commonly adopted frequency bands for RFID communication are 120-150 kHz 
(LF), 13.56 MHz (HF), 902-928 MHz (UHF), and 2.4 GHz (UHF). Passive RFID tags require no battery and are 
powered by the electromagnetic fields used to read them. The tag contains electronically stored information 
which can be read from up to several meters away. Also, each RFID tag was assigned a global unique ID, this 
make it ideal for identification application.  
 
The major advantages of using RFID are that the tag does not need to be within line of sight of the reader and 
may be embedded in the tracked object, tags can be read through many non-metallic materials, and many tags 
can be identified at the same time, each tag can contain more data inside and the radio signal transferring 
distance is longer. These key features enable the RFID system to fast access the BIM and automatically identify 
and select appropriate structural elements being monitored in BIM. The data stored on the tags could be read, 
updated and changed by RFID readers. In the SHM application in question, it is desirable that the RFID tag 
could be read from far distance. Hence, the system can detect the structure component even if the component is 
hidden or not visible. 
MIDDLEWARE DEVELOPED IN C#   



 
The interface between Revit, MS Access and RFID tag - BIM for SHM portal, was established by using Revit 
API and RFID reader API programmed with Visual C# language. This C# main program serves as the portal 
interfacing with those main components shown in Figure 1 and also coordinates the work order of the 
components. The other important tool is the Application Program Interfaces (APIs) that from Revit and Skyetek 
respectively. Normally, these APIs are Dynamic-link library (DLLs) that allow the user access and control 
corresponding applications’ work environments. The Revit .NET API allows users to program with any .NET 
compliant language including Visual Basic.NET, C#, and C++/CLI. The user can use the Revit Platform API to 
gain access to model’s graphical and parameter data to perform tasks. The Skyetek API is built in C++ language, 
which is very flexible and easy to integrate into the main program application. It allows user to manage basic 
and advanced tag and reader manipulations. 
 
To achieve the goal of fast locating and highlighting the interested area corresponding to selected sensor cluster 
in the BIM model, a shared parameter “RFID Tag” is added to the elements. Each BIM element is assigned an 
ID that can uniquely identify it. In Revit, another relevant term is “Shared parameter”. A user can create custom 
parameters for any element or component category in the project. Shared parameters are parameters that user 
can add to families or projects and are subsequently shared with other families or projects. They give the user 
the option to add specific data that is not predefined in the family file or project template. For example, “Tag 
ID” and “Damage flag” are two shared parameters which are pre-defined and assigned to each structure element 
for SHM application. More important, only shared parameters can be shared by multiple projects and families, 
and exported to the ODBC (Open Database Connectivity) database. ODBC is a general export tool that works in 
conjunction with many software drivers. Revit has been tested with the Microsoft Access ODBC driver. The 
main computer program developed in the C# environment starts with the Skyetek RFID reader via its API and 
acquire the RFID tags within the tag range. Then it searches the BIM database for the “RFID Tag” of each 
element. If a match is found, the proper 3D elements would be highlighted in a user-defined color. Additionally, 
another Autodesk Revit Add-in program has been developed to display the sensor data such as time series. 
 
CASE STUDY 
 
This section reports a demonstration project which showcases the functionality of the BIM based SHM system 
for infrastructure monitoring. A prototype system including the Revit Structures, a finite element analysis 
software, sensors and custom-developed middleware code (i.e.. BIM for SHM portal), are presented in a case 
study involving a multiple steel I-girders bridge in Maryland. The bridge is a single-span structure of a span 
length of 46.76 m (140 ft.), as shown in Figure 2. The bridge was built in 1980’s and fatigue cracks were 
identified in some of the diaphragm connection welds. Types of sensors used in the field test include 
piezoelectric film AE sensors, wireless accelerometers, laser distance sensors and strain transducers.  
 

 
Figure 2. Steel I-girders bridge for field test 

 
Revit Model for Steel Bridge 
 
Users can directly use the Revit GUI interface to create the structure model by adding architectural elements, 
structural elements, and other elements such as sensors or other SHM components. The BIM model of the steel 
bridge built in Revit is shown in Figure 3.  
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Figure 3. Workflow of the proposed RFID-Revit system 

 
Create BIM Database 
 
Revit DB Link is an Add-in program provided by Autodesk that allows user to maintain a relationship between 
a Revit project and a Microsoft Access, Microsoft Excel, or ODBC database. A user can use Autodesk Revit DB 
Link to export Revit project data to the database, make changes to the data, and import it back into the project. 
The database displays Revit project information in a table view that can be edited before import. By using Revit 
DB link, BIM database was developed in MS Access 2007 format. The BIM database includes database tables 
for each element types and instances.  
 
Workflow of the RFID-Revit System 
 
The workflow of the  BIM based SHM system is shown in Figure 3. Eight Revit add-ins have been developed in 
the Microsoft C# environment. They can be called by clicking the pull-down menu shown in Figure 4. The 
Skyetek RFID reader will be called and starts to scan tags sequentially. In each updating cycle, the Skyetek 
reader will loop required time with pre-defined intervals, and list the IDs of all the tags within the reading range. 
The BIM for SHM portal program compares the current tag ID pool with the one in previous cycle. If any 
change is found, the BIM for SHM portal program would send a request to Revit to update its database and 
highlight the corresponding elements. By performing this check before sending out the request command, the 
program can avoid sending unnecessary updating command to Revit, and thus save the CPU time. In the 
meanwhile, all the tag IDs would be saved to RFIDList.txt, which is located in the same directory. It can be used 
for verification purpose or other post-processing.  
 



 
Figure 4. Close-up view of the steel I-girders bridge model 

 
The BIM based SHM system is highly automated to minimize human intervention. However, if for some reason 
manual update is necessary, the Revit GUI also allows the user to run RevitAccessDB process directly. If the 
user wants to highlight certain elements whose tag IDs are known, he can type in the tag IDs in the file 
RFIDList.txt, and then check the RevitAccessDB GUI button. The damage flags can also be reset by clicking 
the ResetDamageFlag GUI button. In this example, sensor data from accelerometer has been stored at a pre-
specified location on the user’s computer. The user can display the acceleration data for the selected element 
using Revit GUI. Fourier transform was conducted on the sensor data. The sensor data and its frequency 
spectrum are visualized in the model, as shown in Figure 5. 
 

 
Figure 5. Time history and frequency spectrum of sensor data  

 
Integrating Opensees (FEM) with the BIM and SHM Components 
 
This BIM for SHM portal also facilitates the communication between the BIM model and finite element (FE) 
analysis program. The FE model is a 140-ft long simple beam built in the Opensees navigator (Mazzoni et al. 
2009). Moving truck load was applied to the beam. The linear weight per foot length of the beam (including the 
bridge deck weight) is 487.1 lbf per foot. The moment inertial I is 87,032 in4 and the cross-sectional area A  is 
113.75 in2. To run the FE analysis, simply check the “RunOpenseesTCL” box in the Revit GUI drop-down 
menu. After the FE analysis is done, all the results files would have been saved to a pre-determined location. In 
the subsequent post-processing add-ins such as visualization the data, the program would search the numbers 
that match the ID of the selected elements in the BIM model, and then plot the desired response data such as 
internal forces. For illustration purpose, the bending moment of the highlighted beam location is plotted in 
Figure 6.  
 



 
Figure 6. Illustration of calling the “PlotBeamMemberMoment” add-in in Revit GUI 

 
A modal analysis was also conducted in the FEM model through the Revit GUI. It’s seen that the fundamental 
frequency of the prototype bridge is 2.9 Hz. From the field test data using wireless accelerometers attached to 
the flange of the bridge girder, the measured fundamental frequency of the bridge is 3.2 Hz, which is close to the 
FEM result considering the simplicity of the FE model used in this study.   
 
CONCLUSION  
 
This paper presents a method of automated structural condition assessment system that integrates Building 
Information Modeling (BIM), sensors, FE analysis, and database technology. BIM can serve as an ideal 4-
dimensional graphical computing environment for structural health monitoring (SHM) and management practice 
which constantly involves considerable amounts of sensor data of different modalities. The ability to visualize 
the inspection and monitoring work done in the life cycle of a structure provides engineers and decision makers 
with a photorealistic view of the SHM process, simplifying their understanding of events to occur. In many 
instances, this improved understanding can facilitate the decision-making process often required after major 
natural hazardous events such as earthquakes.  
 
ACKNOWLEDGEMENTS  
 
The work described in this paper was partially supported through a research grant from the US Department of 
Transportation’s RITA Program (Grant No. RITARS11HUMD; Program Director: Caesar Singh). Professional 
assistance with the field test program on the I-270 Bridge from Maryland State Highway Administration is 
greatly appreciated. However, the opinions and conclusions expressed in this paper are solely those of the 
writers and do not necessarily reflect the views of the sponsors. 
 
REFERENCES 
 
Beck, K. (2012). “The State of Wisconsin: BIM – Digital FM Handover Pilot Projects”, Journal of Building 

Information Modeling, Spring 2012, pp. 22 - 23.  
Chin, J., Rautenberg, J. Ma, C., Pujol, S., and Yau, D. (2009). “An experimental low-cost, low-data-rate rapid 

structural assessment network”, IEEE Sensors Journal, 9(11), 1361 – 1369.  
Deavours, D. (2009). “Analysis and design of wideband passive UHF RFID tags using a circuit model,” Proc. 

IEEE International Conference on RFID, April 27-28, 2009, Orlando, Florida.  
Eastman, C., Jeong, Y., Sacks, R., and Kaner, I. (2010). “Exchange Model and Exchange Object Concepts for 

Implementation of National BIM Standards”,  J. Comput. Civ. Eng., 24(1), 25–34. 
Eastman, C., Teicholz, P., Sacks, R., and Liston, K. (2011). BIM Handbook: A guide to building information 

modeling, 2nd Edition, John Wiley & Sons, Hoboken, New Jersey, USA.  
GSA. (2007). GSA’s National 3D-4D BIM program, US General Services, URL: www.gsa.gov/bim, last 

accessed 18 November 2012. 
Isikdag, U., Aouad, G., Underwood J., and Wu, S. (2007). “Building information models: A review on storage 

and exchange mechanisms” , Proc. 24th W78 Conference: Bringing ITC Knowledge to Work, June, 2007.  

http://www.gsa.gov/bim


Light, R., and Gossard, D. (1982). “Modification of geometric models through variational geometry”, Computer 
Aided Design, 14 (4), 209–214. 

Mazzoni, S., McKenna, F., Scott, M.H., and Fenves, G.L. (2009). The Open System for Earthquake Engineering 
Simulation (OpenSEES) User Command-Language Manual. Pacific Earthquake Eng. Research Center, 
Univ. Calif., Berkeley, CA, URL: http://opensees.berkeley.edu.  

McKenna, F.T. (1997). Object-oriented finite element programming: frameworks for analysis, algorithms and 
parallel computing, Ph.D. Thesis, University of California, Berkeley, CA, United States. 

Meadati, P., Irizarry, J., and Akhnoukh, A. (2010). “BIM and RFID integration: a pilot study”,  Proc. 2nd 
International Conference on Construction in Developing Countries, Aug 3-5, 2010, Cairo, Egypt. 

Motamedi, A., and Hammad, A. (2009). “RFID-assisted lifecycle management of building components using 
BIM”, Proc. 26th International Symposium on Automation and Robotics in Construction, Austin, Texas, 
May 2009. 

Nikitin, P., and Rao, K. (2006). “Theory and measurement of backscattering from RFID tags”, IEEE Antennas 
and Propagation Magazine, 48(6), 212-218.  

Rao, K., Nikitin, P., and Lam, S. (2005). “Antenna design for UHF RFID tags: a review and a practical 
application”,  IEEE Transactions on Antennas and Propagation, 53(12), 3870-3876.  

Susoy, M., Catbas, F.N. and Frangopol, D.M. (2008). “Evaluation of time-variant bridge reliability using 
structural health monitoring”, Proc. IMAC XXVI Conference & Exposition on Structural Dynamics - 
Technologies for Civil Structures, Orlando, Florida, February 4-7, 2008.  

Wong, A.K.D., Wong, F.K.W., and Nadeem, A. (2011) “Government roles in implementing building 
information modeling systems: Comparison between Hong Kong and the United States”, Construction 
Innovation: Information, Process, Management, 11(1), 61 – 76.  

Xie, H., Shi, W., and Issa, R. (2011). “Using RFID and real-time virtual reality simulation for optimization in 
steel construction”, Journal of Information Technology in Construction, 16, 291-308. 

 
 

http://opensees.berkeley.edu/

	Yunfeng Zhang and Linjia Bai
	Department of Civil & Environmental Engineering
	University of Maryland, College Park, MD 20742, USA. Email: zyf@umd.edu
	ABSTRACT
	KEYWORDS
	Steel structures, damage, sensor, building information model, structural health monitoring.
	Introduction
	CURRENT BARRIERS OF INTEGRATING BIM WITH SHM
	OVERVIEW OF INTEGRATED BIM-SHM SYSTEM
	Figure 1. Schematic of SHM framework integrated with BIM computing environment
	MIDDLEWARE DEVELOPED IN C#
	CASE STUDY
	Figure 2. Steel I-girders bridge for field test
	Revit Model for Steel Bridge
	Figure 3. Workflow of the proposed RFID-Revit system
	Create BIM Database
	Workflow of the RFID-Revit System
	Figure 4. Close-up view of the steel I-girders bridge model
	Figure 5. Time history and frequency spectrum of sensor data
	Integrating Opensees (FEM) with the BIM and SHM Components
	Figure 6. Illustration of calling the “PlotBeamMemberMoment” add-in in Revit GUI
	CONCLUSION
	References

