
ABSTRACT 

Although structural health monitoring (SHM) and control is continuously gaining 
importance, information about SHM and control systems, referred to as “monitoring-
related information”, cannot be fully described on a well-defined, mathematical basis. 
Monitoring-related information, such as information about the embedded algorithms 
of sensor nodes deployed, about communication protocols, or about the overall SHM 
strategies implemented, can advantageously be used for SHM and control system 
optimization or for the documentation of the SHM and control. The study reported in 
this paper enables monitoring-related information to be described using building 
information modeling (BIM). The BIM-based approach builds upon the Industry 
Foundation Classes (IFC), an open BIM standard facilitating the interoperability of 
BIM models. As will be shown in this paper, the standardized IFC schema will be 
extended, facilitating BIM-based modeling of SHM and control systems in 
compliance with the IFC standard. Using the extended IFC schema, a prototype SHM 
and control system is designed, implemented, and validated on a laboratory test 
structure. 

INTRODUCTION 

Emerging sensing technologies for continuous monitoring of large-scale 
engineering structures have been gaining increasing interest. The declining cost of 
computing and communication technologies has paved the way for low-cost and 
robust structural health monitoring systems that monitor the behavior and evaluate the 
condition of structures [1]. Diverse methods have been proposed in recent years to 
improve the performance and availability of structural health monitoring systems, 
such as artificial intelligence techniques [2], autonomous software [3], biologically-
inspired approaches [4], and agent-oriented concepts [5]. In the past decades, the 
practicability of structural health monitoring (SHM) has successfully been 
demonstrated on large-scale engineering structures, such as bridges, wind turbines, 
and tunnels [6-9]. Also, several standards have been developed to describe sensor data. 
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For example, as part of the Sensor Web Enablement (SWE) initiative of the Open 
Geospatial Consortium (OGC), the Sensor Model Language (SensorML) provides a 
sensor information model and XML encodings for describing sensors and processes 
associated with sensor measurements [10]. The World Wide Web Consortium (W3C) 
has defined an ontology, the Semantic Sensor Network (SSN) ontology, for modeling 
sensors and sensor networks, which describes sensors in terms of capabilities, 
measurement processes, observations, and deployments [11]. The IEEE 1451 
standards family supports modeling network-independent communication interfaces 
for connecting sensors (and other transducers) to microprocessors, instrumentation 
systems, and control/field networks [12]. While “sensor data” can be modeled, stored 
and exchanged accurately using, e.g., well-established database development 
methodologies [13], there is a lack of modeling methodologies that are capable of 
describing monitoring-related information. The term “monitoring-related information” 
refers to a set of local and global information required to fully describe a SHM system, 
such as information about the embedded algorithms of sensor nodes deployed, about 
communication protocols, or about the overall SHM strategies implemented [14, 15]. 

For describing conventional information about the structural system being 
monitored, building information modeling (BIM) provides a means that is widely used 
in the architecture, engineering and construction industry [16]. BIM subsumes tools, 
processes, and technologies for documenting and exchanging 3D digital building 
models enriched with semantic information. To describe and exchange building 
information models, the Industry Foundation Classes (IFC) provide a platform-neutral, 
open file format specification standardized under ISO 16739:2013 in its current 
version IFC4 [17]. IFC adopts an object-oriented approach, in which building 
information is assembled as a set of objects, where each object contains attributes 
describing the object [16]. The IFC schema provides a predefined set of types, classes 
(or entities), rules, and functions used to capture the information relevant to the 
domain of interest, such as architecture or structural engineering. 

While single sensors can be described with the IFC schema, the IFC schema does 
not support the full description of monitoring-related information. This study proposes 
an IFC schema extension, referred to as “IFC Monitor”, for describing monitoring-
related information in compliance with the IFC standard, thus facilitating documenting 
SHM systems and tracking changes over the operational life of SHM and control 
systems on a well-defined formal basis. As will be shown in this paper, a semantic 
model is developed, serving as a technology-independent metamodel to formally 
describe SHM and control systems through monitoring-related information. Then, the 
IFC schema extension based on the schema of IFC4 is proposed based on the semantic 
model, enabling BIM-based modeling of SHM and control systems in compliance 
with the IFC standard. Serving as a testbed for the BIM-based modeling approach, a 
prototype SHM and control system is designed, implemented and validated on a 
laboratory test structure. 

 
 

A SEMANTIC MODEL FOR SHM AND CONTROL SYSTEMS 
 
In this study, a semantic model, representing a metamodel for modeling structural 

health monitoring and control systems, is proposed to describe monitoring-related 
information. As can be seen from Figure 1, a SHM and control system (represented by 



the element SHMCSystem) is composed of a computer system and one or more sensor 
networks. The computer system includes processes and resources required for data 
management and data analysis. A sensor network, characterized by a network 
topology, is generally an aggregation of nodes that may accomplish different tasks 
within a sensor network. In Figure 1, two categories or generic types of nodes are 
introduced, sensor nodes and base stations. A sensor node represents a device that is 
capable of collecting and processing sensor data, controlling actuators, and 
communicating with other sensor nodes. A base station serves as a wireless 
communication gateway between the sensor nodes and the computer system. Nodes of 
both categories require a power unit, a communication unit, and a node specification 
defining location and geometry of a node. In addition, each node category includes 
processes, e.g. for on-board data analysis. Resources of a node may include, e.g., flash 
memory for temporary data storage. Usually, at least one sensor or actuator is attached 
to a sensor node. However, a sensor node may also be used solely for forwarding 
messages of other sensor nodes without sensing or actuating. Thus, sensors and 
actuators are considered optional elements of a sensor node. 

In Figure 1, the gray-colored subset of elements serves as a basis for illustratively 
demonstrating the IFC mapping of the semantic model. Further IFC mapping aspects, 
such as mapping of network topologies or mapping of processes and resources, fall 
beyond the scope of this paper. The following sections focus on extending the IFC 
schema with that subset of the semantic model, which contains monitoring-related 
information about 

1. the aggregation of sensor node subcomponents into sensor nodes (such as 
sensors, actuators, communication units, or power supply units), 

2. the grouping of sensor nodes to a sensor network, and 
3. the composition of sensor networks and computer systems to a structural 

health monitoring and control system. 
 

 
Figure 1. Extract of the semantic model for SHM and control systems. 



IFC SCHEMA EXTENSION 
 
The IFC schema follows an object-oriented approach, containing several classes, 

serving as “templates”, hereinafter referred to as “entities”, to describe building-
related information. The metadata of an entity is specified by a number of attributes. 
Each attribute is composed of a name and a data type for the value to be stored in the 
attribute. Class-based inheritance, a mechanism in object-oriented programming to 
extend general classes (superclasses) by more specific implementations (subclasses), 
is used to generalize the semantic meaning and the implementation of the entities to 
the furthest possible extent. In computer science, instances of classes are often called 
“objects”; not to be confused with the meaning of objects in the context of the IFC, 
represented by the entity IfcObject. The IFC schema captures general constructs of 
object models, such as entities representing objects (IfcObject), properties 
(IfcProperty), and relationships (IfcRelationship). Objects describe any “thing” 
semantically represented, properties cover all characteristics that may be assigned to 
objects, and relationships among objects are mapped as “objectified relationships”. An 
objectified relationship is a special type of relationship between entities without 
explicit attribution to directly represent the relationship. Rather, an additional 
relationship entity holds the information about the entities related to each other. 

In what follows, three entities added to the IFC Monitor extension are exemplarily 
illuminated in more detail. These entities, in Figure 2 gray-colored, are sensor nodes 
(IfcSensorNode), sensor networks (IfcSensorNetwork), and structural health 
monitoring and control systems (IfcMonitoringControlSystem). The entities are 
integrated into the inheritance tree of the existing IFC schema according to their 
distinct semantic meaning. 

 
Sensor nodes 

 
A sensor node, represented by the IfcSensorNode entity as shown in Figure 2, is a 

subclass of the IfcProduct entity that abstractly represents an object (IfcObject), which 
appears in a spatial or geometric context. Thus, a geometric representation and a 
location may be assigned to any IfcProduct entity. Furthermore, a sensor node extends 
the abstract IfcElement entity that represents an AEC (architecture, engineering, and 
construction) product. An IfcElement entity may be connected to other IFC elements, 
e.g. to logically describe the network connection between sensor nodes within a sensor 
network. Looking deeper into the inheritance tree of the IFC schema, a sensor node is 
semantically an element of a distributed system (IfcDistributionElement), or more 
precisely, a control element within a distribution system (IfcDistributionControl-
Element). 

As introduced in the semantic model, a sensor node comprises several 
components, such as sensors and actuators, or, in the context of the IFC schema, 
entities that are derived from the IfcProduct entity. Therefore, inherited from the 
abstract IfcObjectDefinition entity shown in Figure 2, an aggregation between a sensor 
node and the components of a sensor node is represented using the objectified 
relationship entity IfcRelAggregates. In particular, sensors represented by the entity 
IfcSensor, actuators represented by the entity IfcActuator, power supplies represented 
by the entity IfcElectricFlowStorageDevice, and communication units represented by 
the entity IfcCommunicationsAppliance may be part of a sensor node entity.  



 
Figure 2. Extract of the IFC Monitor extension with new IFC entities gray-colored. 

 
 

Sensor networks 
 
A sensor network (IfcSensorNetwork), according to the semantic model, is a 

collection of nodes, i.e. sensor nodes and base stations. In this sense, a sensor network 
is a distinct aggregation of nodes from a topological, non-geometrical grouping aspect, 
represented in the IFC schema through the IfcGroup entity, as illustrated in Figure 2. 
Furthermore, a sensor network possesses the characteristics of a system (IfcSystem), 
i.e. of an organized combination of interrelated parts (here, the nodes), assembled for a 
common purpose to provide a certain service. The relation between the nodes and the 
system, which in the context of SHM and control systems is represented by the 
IfcSensorNode and the IfcSensorNetwork entities, is mapped by an 
IfcRelAssignsToGroup relationship object. 

 
Structural health monitoring and control systems 

 
A structural health monitoring and control system (IfcMonitoringControlSystem) 

is an aggregation of functionally related entities. The SHM and control system consists 
of the sensor network(s) and the computer system. In the IFC schema, a computer 
system is represented by the entity IfcCommunicationsAppliance, while a sensor 
network is represented by the entity IfcSensorNetwork. 



IFC-BASED MODELING OF A WIRELESS SHM AND CONTROL SYSTEM 
 
The proposed IFC extension, IFC Monitor, is validated by modeling a prototype 

wireless SHM and control system to be installed on a laboratory test structure. While 
the structural system of the test structure is modeled with conventional BIM software 
(Figure 3), the monitoring-related information is added, subsequently, with own 
software using the schema file of the IFC Monitor extension, as shown in Listing 1. 
The listing illustrates the extension by new sensor types that are relevant to SHM but 
not included in the standardized IFC schema, such as accelerometers and strain 
gauges. In addition, the definition of new entities included in the IFC Monitor 
extension, are shown (IfcSensorNode, IfcSensorNetwork, IfcMonitoringControl-
System).  

 
… 
TYPE IfcSensorTypeEnum =  
  ENUMERATION OF (..., ACCELERATIONSENSOR, STRAINSENSOR, ...); 
END_TYPE; 
 
ENTITY IfcSensorNode 
  SUBTYPE OF (IfcDistributionControlElement); 
END_ENTITY; 
 
ENTITY IfcSensorNetwork 
  SUBTYPE OF (IfcSystem); 
END_ENTITY; 
 
ENTITY IfcMonitoringControlSystem 
  SUBTYPE OF (IfcSystem); 
END_ENTITY; 
… 

Listing 1. Extract of the schema file of the IFC Monitor extension. 
 
Upon IFC-based modeling the prototype wireless SHM and control system, the 

system is physically implemented and installed on the laboratory test structure, a four-
story shear frame structure. The system features four wireless sensor nodes, a base 
station, and a host computer. As shown in Figure 4, one sensor node is placed at the 
center of each story, while the base station serves as a gateway between the sensor 
nodes and the host computer. The monitoring objective of the prototype wireless SHM 
and control system is to perform automated damage detection through frequency 
domain decomposition. For the sake of simplicity, the actuators of the system are not 
implemented in the prototype system. To showcase the ability of the system to detect 
damage, damage is introduced to the structure by reducing the rigidity of the column-
to-plate connections on one side of the structure. As a result, the deviation of the 
frequencies at the modal peaks in the damaged structural state from the frequencies of 
the modal peaks in the initial structural state, as calculated by the sensor nodes, clearly 
indicates the presence of damage, which, in turn, triggers the nodes to transmit a 
damage detection signal to the host computer. 

 
 
 



 
Figure 3. BIM-based model of the wireless SHM and control 

system prototype. 
Figure 4. Physical implementation of 

the prototype. 
 
 
SUMMARY AND CONCLUSIONS 

 
In this study, an extension of the current IFC schema, the “IFC Monitor” 

extension, has been proposed to describe SHM and control systems using a BIM-
based modeling approach. Based on a semantic model, which serves as a technology-
independent metamodel to formally describe SHM and control systems, a mapping of 
monitoring-related information into the IFC schema has been shown. To validate the 
BIM-based modeling approach, a prototype SHM and control system has been 
designed, implemented and tested in laboratory experiments. The results have 
demonstrated the ability of the proposed IFC Monitor extension to model information 
related to (i) the aggregation of sensor node components, (ii) the grouping of sensor 
nodes into sensor networks, and (iii) the composition of SHM and control systems 
from sensor networks. It can therefore be concluded that with the proposed IFC 
Monitor extension, monitoring-related information can be described on a well-defined, 
formal basis in compliance with the IFC standard facilitating the design process, the 
documentation, and the information exchange regarding SHM and control systems. 
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