
4th International Conference on Structural Health Monitoring of Intelligent Infrastructure (SHMII-4) 2009 

22-24 July 2009, Zurich, Switzerland 

 

 

 

Intelligent Civil Structures: Defining Intelligence and Current 
Challenges 

Naomi Stein1 and Oded Rabinovitch2 
1 Massachusetts Institute of Technology, Cambridge, United States 
2 Technion-Israel Institute of Technology, Haifa, Israel 

ABSTRACT: While the concept of an intelligent structure exists in the field of aerospace 
engineering, transferring this idea to civil engineering requires research to address a number of 
problems specific to the field. Most of these problems stem from the scale, complexity, 
uniqueness of each individual structure, and service conditions of civil projects. The discipline 
of structural health monitoring has perhaps approached these issues most successfully, with 
considerable work existent on constructing sensing networks for large civil structures. 

This paper’s focus is on some of the more systemic issues associated with the application of 
intelligence to civil structures. Beginning with an investigation of the nature of intelligence 
itself, criteria with which to evaluate levels of intelligence are established. Seeking to define a 
clear figure of merit behind applying intelligence to civil structures, two fundamental 
intelligence characteristics, monitoring and control are examined. Higher functions of 
intelligence, the ability to learn and adapt, and a number of systemic issues associated with 
intelligence in complex projects are also examined within the context of civil structures. 
Addressing these issues proves critical to bridging the gap between simpler manifestations of 
structural health monitoring and the promise of true structural intelligence. 

Making the important connection between abstract ideas and actual implementation, a 
representative example from the current state of the art is examined. Using the previously 
defined criteria, an evaluation of the different aspects of intelligence further elucidates the gap 
between potential and current implementation and reveals promising opportunities for making 
intelligence an integral part of civil structures. 
 

1 INTRODUCTION 

1.1 Motivation 

Civil engineering structures are critical to the functioning of modern civilization. Buildings in 
which we live and work are connected by an as important network of roads, bridges, and transit. 
As the physical environment that makes up human life it is imperative that civil structures 
adequately perform under the loads to which they are subjected, be they loads associated with 
use, wind, earthquakes, or simply their own weight. 

In the current world of concern over resource use and sustainability, intelligent structures are a 
new approach to the age old needs of civil structures. Intelligent monitoring systems already 
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provide better information to engineers for structural health monitoring; we hope intelligence 
systems will soon offer opportunities for more efficient design. Ultimately structures may 
become autonomously intelligent, with the capacity to respond more efficiently and effectively 
than traditional structures to the circumstances in which they must perform. This vision of 
intelligence offers the merit of lighter structures that still provide the required service and 
ultimate performance. 

1.2 Origin of intelligent structures and unique aspects of intelligent civil structures 

“Intelligent structure,” is a term that really began its life in the field of aerospace engineering. 
Harsh demands of space and flight and the constant search for better control led to a form of 
intelligence focused on using information from sensors, smart materials, and actuation for 
precision control (Chopra 2002, Zhang & Lu 2008). The application of intelligence to civil 
engineering structures will be considerably more complex in some respects because of the 
following: uniqueness of each individual structure, scale and complexity of projects, 
manufacturing conditions and level of quality control and assurance, a long expected lifetime, 
the user demand for little to no inspection or maintenance, and uncertainty at the design stage 
(Zhang & Lu 2008). 

Structural Health Monitoring (SHM) is already an extensive field devoted to the development of 
components necessary for an intelligent system. Existing literature contains considerable work 
on the technical details of each intelligence building block, primarily: sensors, data transmission 
schemes, information processing, controllers, and actuators (Chopra 2002, ISIS Canada 2008). 
The integration of these fundamental building blocks into a truly intelligent system is still a 
challenge that needs to be faced. This paper attempts to present the most crucial theoretical and 
systemic issues behind implementation of intelligence in complex civil engineering structures 
rather than focus on the (undoubtedly critical) details of individual building blocks. The paper 
aims to set up a framework in which to understand the challenges and motivation of bringing 
true intelligence to civil engineering structures. 

2 THE NATURE OF INTELLIGENCE: THE BASIC FEATURES OF INTELLIGENCE 

Before attempting to define intelligence as applied to civil structures, one must first investigate 
the nature of intelligence itself. Regardless of the field of study, be it biology, psychology, or 
artificial intelligence, intelligence begins with the basic notion of awareness. Self-awareness 
includes knowledge of inner performance criterion (Shea & Smith 1998) and limits. External or 
environmental awareness (Chopra 2002) is equally important. The next criteria for intelligence 
is an ability to make decisions based on awareness. Decisions alone accomplish nothing, so the 
decision-making must be accompanied by the capacity to act or react in a positive way (ISIS 
Canada 2008). Awareness, decision-making, and action may be enough for something to be 
considered smart, but for true intelligence the entity requires a higher level of analysis and 
evaluation (Raducanua & Vitriàa 2008). Intelligence has the flexibility to deal with 
unanticipated circumstances, error, and uncertainty. This flexibility is associated with the 
capacity to evaluate effectiveness and accuracy of previous actions and thus develop or adapt 
through learning (Liu et al. 1994, Shea & Smith 1998). Learning in turn necessitates a sense of 
history or memory and may even allow for the possibility of planning for the future. It will be 
important to keep these criteria for intelligence in mind as we further investigate the field of 
intelligent structures. 
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3 FUNDAMENTAL FEATURES 

Monitoring and control are fundamental features of intelligence and the characteristics we are 
most likely to find in current intelligent systems. Monitoring fulfills the awareness criteria of 
intelligence while actuation and control provide the capacity to act or react. We will begin by 
examining the merits of applying these two intelligent characteristics in the field of civil 
engineering. Following inquiry into these two broad areas of potential we will consider the 
promising integration of monitoring and control. 

3.1 Monitoring 

Monitoring of structural performance and health is currently the most advanced aspect of 
structure-related intelligence. Work within the field of SHM has certainly come farthest in terms 
of technology that is already being implemented. Monitoring systems are useful for damage 
detection within buildings (ISIS Canada 2008, Liu et al. 1994, Song et al. 2008). With extensive 
monitoring comes the prospect that an adequate warning system and early detection of problems 
can, not only avoid catastrophic failure, but also result in less drastic and therefore less costly 
repairs (ISIS Canada 2008). The figure of merit therefore exists both in terms of human safety 
and, as always, in monetary form. On a similar note, if engineers were better equipped to make 
accurate structural health diagnoses, there would be less uncertainty for which to compensate, 
thus making less conservative and/or more precise repairs possible. Post-disaster response is one 
key area that can significantly benefit from monitoring of structures (Liu et al. 1994). Better 
post-disaster safety evaluations, with the help of sensor data, have the potential to minimize life-
threatening human error (Faber & Stewart 2003). Less drastic but not less relevant is the hope 
that, armed with better information, engineers could optimize both inspection and repair periods 
thus saving money in time losses. In terms of planning, SHM can help with predicting 
remaining structural lifetime (ISIS Canada 2008, Liu et al. 1994). Additionally, better 
information about the performance of an entire structure could allow for prioritization of repairs, 
focusing rehabilitation efforts on critical areas with the possibility of failure. Finally, with 
enough assurance of early damage detection and adequate information, engineers may even be 
able to begin designing with smaller factors of safety due to reduced uncertainty in structural 
performance (Mufti et al. 2007). 

The monitoring aspect of intelligence, although advanced technologically, is mainly an 
information collection mechanism.  It is important to note that although better information is 
extremely useful, monitoring on its own only fulfills the awareness criteria of intelligence and is 
therefore limited; it is the first building block of intelligence. Unless the monitoring system is 
combined with other components of an intelligent system, the burden of response and decision-
making remains with the user or engineer. 

3.2 Actuation and control 

Control and actuation comprise another important component of intelligence, providing a means 
of response to stimuli from the environment, as detected by a sensor network, in order to 
improve performance. While there are forms of passive control, mostly for reducing building 
response to earthquakes (Kareem et al. 1999), intelligence really only comes into play with 
active control. With respect to forces, active control may take two general forms, control of 
external loads and control of internal effects (Sobek & Teuffel 2001). Active shape control such 
as changing the airfoil of a structure in response to different wind conditions is an example of 
the former. Actuators with active force or stiffness control used to control internal distributions 
of forces and stress is an example of the latter. In general, controllable parameters of structural 
components include: force, stiffness, damping, mass, and geometry. Actuators could improve 
building performance by better distributing forces within the structure, thus using building 
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materials more effectively and allowing the structures to built with less overall mass. Other 
aspects of a structure’s response such as deformation, vibration, and cracking could also be the 
focus of active control. 

4 HIGHER INTELLIGENCE AND ASSOCIATED SYSTEMIC ISSUES 

Up to this point we have left unmentioned the connection between collected information from a 
monitoring sensor network and an intelligent structure’s appropriate response. Without this 
connection, a decision-making component, monitoring and actuation remain separate functions 
of a yet unintelligent system. Monitoring systems may contain limits defined in terms of pre-set 
criteria (Newhook, J. (Editor) 2008) or even a mechanism for comparison of past and present 
structural performance to identify abnormalities or gradual performance change (Peeters et al. 
2008). Without higher levels of intelligence, however, the burden of decision and response, 
based on collected data, still lies with the human user. Similarly lacking, control apparatus in 
most existing systems have pre-programmed responses with no mechanism for decisions or 
adaptation, and as of yet no strong connection to advanced structural health monitoring. In order 
to bridge the gap between basic and more advanced intelligence, systems must incorporate 
higher-level learning and decision-making. 

4.1 Learning 

Structures are not static entities and smart systems with no facility for learning or adaptation are 
limited (Raducanua & Vitriàa 2008). A structure’s performance will change over its service life. 
For an intelligent system to continue to respond optimally, it must adapt to new conditions, be 
they external environmental changes or internal changes due to damage accumulation. 
Providing intelligent systems with the capacity to learn and update their behavior may also 
minimize decisions that demand human “pre-programming” and therefore minimize human 
error. 

Learning takes two general forms, initial training and continual adaptation (Dhruve & McNeill 
2007, McNeill & Card 2006). One possible use of initial training is to teach a more generally 
designed intelligence system to apply to individual structures. Early stage learning can also be 
used to correct or refine initial design assumptions. Design of complex civil structures always 
incorporates a certain degree of uncertainty. Site conditions change, materials aren’t perfect or 
aren’t perfectly modeled and understood, etc. If an intelligent system’s response is based on 
faulty assumptions, it can never perform as well as would be possible otherwise. It would, 
therefore, be useful to update an intelligent structure’s internal performance models with data 
collected from a monitoring system. A more complicated form of learning concerns the 
continual adaptation of a structure and its intelligent system. True intelligence would include 
mechanisms for evaluating the success of past responses. Based on those evaluations and on 
predictions of likely events, plans can be made for future response. This would require an 
unprecedented amount of data, records or a sense of history, and an advanced decision making 
structure. 

The question of learning in a complex intelligent system naturally leads us to examine two 
systemic issues: the concept of memory and the mechanism for decision-making. Both 
components can be implemented with varying degrees of complexity. 

4.2 Memory and records 

Memory or a sense of history in an intelligent system can allow for upper level functioning such 
as learning and planning. Even simple record keeping, although not inherently intelligent, can 
be useful. The most basic level of memory for a monitoring system would be one that maintains 
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records of data so that a human user can go back and retrieve information (ISIS Canada 2008). 
One level up is a system with the ability to compare past and present performance of the 
structure. Identified changes or novelties (Dhruve & McNeill 2007) in performance are reported 
and engineers are then responsible for addressing any issues. Once actuation is incorporated into 
a system, there is the potential and need for evaluation of actuation effectiveness, using records 
kept of control responses and their effect on structural performance (Chopra 2002). An 
evaluation process for past actuation makes planning and learning possible. The capacity to 
categorize and classify experience, studied in cognitive science, is another ability of living 
things that might be worth mimicking in intelligent systems: Common environmental conditions 
and the corresponding appropriate response can be classified and recorded so as to minimize the 
computation needed to respond to future similar conditions (Glushko et al. 2008). 

4.3 Decision-making 

To bridge the gap between simple monitoring systems and intelligent systems independently 
capable of response, we take the burden of decision-making away from human users and place it 
within the intelligent structure itself. The questions of how and where those decisions are made 
must then be addressed. 

The base level, effectively eliminating decisions altogether, is a system with passive responses 
that require no data. Examples of this are direct actuation with piezoelectrics, relying on their 
combined sensing-actuation capabilities, or self-healing of materials, triggered by damage. Akin 
to this but requiring data collection from sensors, is pre-programmed behavior. In this case the 
response of an actuator is predetermined. The system is closed and reactions are limited to 
specific contexts that have been hard-programmed by the engineer. This concept does not 
include a learning mechanism. 

Another decision structure is that of centralized control and data processing, much like the 
central processing unit (CPU) of a personal computer. The central computer would maintain an 
internal model of the structure that continually updates based on data received from sensors. 
Model results are then analyzed, control decisions are made, and commands relayed back to the 
actuator network. Such a system does have the potential for learning. The limitation of central 
processing is that a huge amount of data must pass through a single point, making calculations 
slow and perhaps unnecessarily complicated. The system is also particularly vulnerable to 
failure: if the central processor fails, so does the entire network of sensors and actuators. 

This concern brings us to examine an alternative: partitioned or hierarchical decision-making. In 
a structure more similar to that of the brain (Potter 2007, Shea & Smith 1998), processing is 
distributed among various controllers, allowing for specialized calculations and decisions that 
are customized to the nearby region within the structure. This distribution of control allows for 
parallel processing and reduced data transmission (Lynch & Law 2002, Lynch et al 2001, Wang 
& Law 2006), as well as reduced physical distance between sensor and controller. The overall 
civil structure could be divided into spatial subsystems (Linderman 2008, Lynch & Law 2002) 
for active control and monitoring. Data would be analyzed within each subsystem and decisions 
made there, instead of at a central processing unit. A limited amount of relevant data could then 
be transferred to a central processor for record keeping or overall system analysis (Lynch & 
Law 2002, Lynch et al 2001, Wang & Law 2006). Communication of key information between 
subsystems might also prove useful (Lynch & Law 2002). Such a system could even incorporate 
a base level of actuators that are hard-programmed because the required response is sufficiently 
trivial that no data processing is necessary. The goal of hierarchical distributed control is to keep 
the system as simple as possible, while still providing the information and detail of control 
needed for optimal actuation (Rao & Sana 2001). 
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5 IN-DEPTH CASE STUDY AND PROMISES FOR FUTURE RESEARCH 

In order to highlight what is thought of as an important starting point on the road to truly 
intelligent civil engineering structures, included here are details of one specific case study. The 
Wireless Modulus Monitoring System, or WiMMS, developed by a team of researchers at the 
John A. Blume Earthquake Engineering Center at Stanford University, is as its name suggests: a 
modular wireless structural sensor system with data processing and signal generation 
capabilities. The system is decentralized: each module converts sensor signals from analog to 
digital and processes data locally. This allows for parallel computing and reduces data 
transmission to the primary transducer or controller. Modules can communicate wirelessly with 
each other and with a central server. An actuation-signal-generation module can be attached to 
the wireless unit, thus giving the system a form of basic “decision-making” capability and 
allowing response to the information provided by environmental awareness of sensors. In 
testing of the WiMMS on a three-story frame and on a bridge, Stanford researchers used 
hierarchical and distributed processing. Individual modules performed basic calculations and 
data analysis and then relayed results to a central server for further processing (Lynch et al 
2001, Wang & Law 2006). This distribution is, as previously mentioned, biomimetic and more 
like the human brain than like a personal computer. 

As its name suggests, the WiMMS is intended as a monitoring system, and therefore not 
explicitly concerned with the fundamental intelligence building blocks of actuation and control, 
but rather in a sophisticated manner with the awareness criterion of intelligence. By virtue of its 
complex distributed processing and analysis structure, and the possible inclusion of actuation-
signal-generation modules, however, this system reveals significant potential for many of the 
other features of intelligence, including decision-making and reactions to the environment as 
well as upper level analysis. 

The WiMMS is promising as a system because of its focus on distributed processing. Future 
research may benefit greatly from the coupling of distributed actuation, a yet underdeveloped 
field, with distributed sensing, a concept that has already met with great success in the field of 
Structural Health Monitoring. Existing capabilities of sensor networks provide considerable 
information on structural performance. By coupling distributed actuators to distributed sensors, 
the system can provide finer control with more flexibility, a generally more “intelligent” system 
(Lynch & Law 2002, Rao & Sana 2001). With many actuators arranged throughout the 
structures instead of in one or two locations, the actuators themselves can be smaller, with a 
smaller stroke, lower power consumption demands, and less complexity. A network of sensors 
and actuators would provide the framework for parallel computing, prioritization of control 
objectives, and hierarchical decision-making. Dividing the control mechanisms into many 
components makes the entire system more robust; if one component fails, the overall system can 
still function. Additionally, by designing a system with components that are distributed among 
common building elements, as opposed to fine-tuned to the entire building’s performance, 
implementation of intelligence in structures could be simplified.  

6 CONCLUSIONS 

In this paper, the fundamental building blocks of intelligence have been designated as a key 
feature of any natural or artificial intelligent system. The application of these fundamental 
features to intelligent civil structural systems has been discussed and this discussion highlights 
the potential figure of merit for such an application, as well as the unique aspects that make this 
development challenging. In particular, the challenges associated with providing a civil 
structure with self and environmental awareness, the ability to act and make decisions based on 
awareness, analysis and evaluation capabilities, a sense of history and memory, means of 
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learning, and the possibility of planning for the future have been designated. Facing these 
challenges defines a road map towards a truly intelligent civil structure.  
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