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ABSTRACT 
 
Critical infrastructures in the United States continue to age, deteriorate and decline in their performance. In its 
2013 Report Card for America’s Infrastructure, the American Society of Civil Engineers (ASCE) assigned a D+ 
to the current status of U.S. infrastructure, and estimated that the U.S. must spend an additional $1.6 trillion on 
infrastructure or $3.6 trillion by 2020 just to maintain a state of good repair. Many stakeholders agree that a lack 
of sufficient investment into maintenance and renewal is a major driver of our current infrastructure situation. 
However, whether we can justify a greatly increased investment into infrastructures without advancing their 
current engineering and management by leveraging transformative concepts and technology tools is also an 
open question. We should further recognize that we are not educating or training many engineers to approach 
our infrastructure concerns as a complex systems problem. Infrastructure preservation and renewal within dense 
urban environments require highly creative designs in the context of multi-objective constrained optimization 
problems. Yet many civil engineering programs continue to teach code-based designs of new constructed 
systems. To begin solving our infrastructure problems, we must not only lobby our government for more money, 
but we must also consider the benefits of reforming civil engineering practice, education and research for 
advancing the engineering and management of infrastructures. Since civil engineering domain knowledge 
remains essential, we cannot expect engineers or scientists from different fields to address our infrastructure 
concerns. This paper offers an overview of the new paradigms and technology tools that need to be implemented 
in an integrative education and practice for effective preservation and renewal of our built environment. If we 
wish to do justice to the engineering and management of infrastructures as a complex design problem 
demanding creative solutions, we need to approach it as a multi-cultural and multi-disciplinary collaborative 
effort that will be coordinated by a new generation of civil engineers as described in ASCE’s Vision 2025. 
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INTRODUCTION TO INFRASTRUCTURES 
 
Infrastructures such as transportation, clean and waste water, fuel and energy, communication and many others 
are complex systems that integrate a myriad of engineered, natural and human elements, serving as the 
backbones of our built environment. The U.S. Government Accountability Office (GAO) (Dalton 2008) states 
that the economic well-being of the U.S. is “dependent on the reliability, safety and security of its physical 
infrastructure.” The National Science Foundation (NSF) identified Civil Infrastructure Systems (CIS) as a 
critical strategic research area since the late 1980’s. As the year 2000 (Y2K) approached, concerns related to 
infrastructure performance due to a truncated designation for the year became a concern and both the U.S. 
Congress and the entirety of the Federal Government became closely involved with both cyber and physical 
security of critical infrastructures. The events on 9/11/2001 added the homeland security concerns to research 
and implementation areas related to infrastructure. 
Civil engineering remains as the engineering discipline with knowledge of design, construction and operation of 
the constructed elements of infrastructures, such as buildings, water distribution systems, highway transportation 
and mass transit. Civil engineering is unique as an engineering discipline in constructing its products while 
every other engineering discipline deals with manufactured products. Constructed systems are distinct in the 
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way they are planned, financed, designed, constructed and operated – especially in terms of the epistemic 
uncertainty in their as-built properties, loading and response mechanisms and especially the challenges in 
understanding and accounting between the empirical and rational ingredients in their design, construction 
operation and preservation. The reality of how constructed systems actually perform and what their designers, 
constructors and operators envision during the various stages of planning, design, construction and operation 
can be extremely different, given that each constructed system uniquely interconnects and interacts with its 
natural environment, site and soil. We have very little factual knowledge of the behaviors of constructed 
systems under external and intrinsic loading at different windows of time and at different limit-states or demand 
scenarios along their lifecycles. 
Since 2007 the American Society of Civil Engineers (ASCE) has issued a Report Card for America’s 
Infrastructure. The 2013 Report Card grades U.S. Infrastructure as a D+, estimating a need for $3.6 trillion 
investment by 2020 to bring U.S. infrastructure up to an acceptable level. The National Academy of Engineering 
(NAE) identified “restoring and improving urban infrastructures” as one of 14 Grand Challenges of Engineering 
in the 21st Century. According to the NAE Grand Challenges site “our infrastructure, along with those of many 
other countries, is aging and failing, and that funding has been insufficient to repair and replace it.” 
“Technology innovations and building better and smarter systems that can be constantly improved” are two 
measures that have been so far identified by NAE Committee Members.  
According to ASCE (2010), the fundamental challenge in virtually every part of the country is persistent 
underinvestment. Five solutions are advocated: (1) increase federal leadership in infrastructure; (2) promote 
sustainability and resilience; (3) develop federal, regional, and state infrastructure plans; (4) address life-cycle 
costs and ongoing maintenance; and, (5) increase and improve infrastructure investment from all stakeholders 
(ASCE 2009: Can we come back from the brink?).  
Given that a national discourse on concerns related to infrastructure conditions and performance has been 
ongoing for decades, and a more intensive discussion of why and how the Nation should be funding its 
infrastructure has been taking place in the last several years, we would expect to have reached a crystal 
understanding and definition of the infrastructure problem by now. However, as in the case of other highly 
complex socio-economic and socio-technical concerns that defy easy framing, there are simply too many 
stakeholders, viewpoints and interests to easily frame our “infrastructure problem.” This challenge requires an 
issues and resolutions study by an academe-industry-government alliance with legislative support. 
 
INFRASTRUCTURES AS COMPLEX SYSTEMS 
 
Infrastructures are multi-domain and multi-scale complex systems where complexity drives most of the 
associated challenges, issues and possible resolutions. Sussman (2007) defined complex, large-scale, 
interconnected, open, sociotechnical systems as CLIOS and identified complexity is due respectively to the 
following attributes: “(a) structural – sheer numbers of different types of elements from different domains; (b) 
behavioral – each element may have simple behaviors, but system behavior may be highly difficult to predict 
such as in emergent systems; (c) nested – physical/engineered systems embedded within 
institutional/organizational systems and policies both with their own complexity; and, (d) evaluative – different 
stakeholders value different aspects of system performance in different ways making decision-making difficult”. 
 
The structural and behavioral complexity of infrastructures are further compounded due to their multi-domain 
(human-nature-engineering) and multi-scale (geometric and temporal) nature – many known, known-unknown 
and unknown-unknown mechanisms involving random and epistemic uncertainty take place at micro-to-
kilometer scales and impact system performance at time-scales of 1/100 seconds to decades. These mechanisms 
are highly interdependent at multiple resolutions – such as vibration and fatigue; cracking and corrosion; 
congestion and air pollution; increasing infrastructure service capacity leading to a surge in increased demands 
for infrastructure services; etc.  
 
STRUCTURING THE INFRASTRUCTURE PROBLEM 
 
Classifying infrastructure related issues and concerns is a difficult task, but may be broken down into the 
following categories: 
1. Ownership — Culture, history and values driving infrastructure ownership, i.e. whether and which 

infrastructures should be public, quasi-public or privately owned and what should be the minimum 
acceptable “free” infrastructure conditions and services provided to the public? How can we evaluate the 
true cost and value of infrastructure services? 

2. Sustainability — The role of infrastructures in defining the balance and interplay between society, 
economy and the environment.   



3. Benefit/Cost Analysis — Planning and feasibility criteria and lifecycle cost analysis methodology – 
integrated and consistent at national, regional and local levels.  

4. Initial Financing and Lifecycle Revenue Mechanisms – related political, legal and organizational issues 
and especially responsibility and accountability: Who decides, who pays and who gains from infrastructure 
and associated services when multiple agencies and governments are involved? How to best take advantage 
of innovative project delivery methods such as Public-Private Partnerships (PPP)? 

5. Infrastructure Project Delivery — Various legal frameworks for project delivery and associated 
challenges related to the quality and accountability in the engineering and management of project 
delivery. Different financing frameworks and organizational models, in conjunction with associated 
metrics, warranty and assurance considerations. 

6. Lifecycle-Cost Management — Cost and effectiveness of lifecycle operation, protection and preservation 
management given various stewardship models and the associated engineering challenges (such as effective 
condition evaluation, performance and preservation management and renewal), with metrics, accountability, 
warranty and assurance mechanisms. 

7. Risk and Fragility — Challenges related to mitigation and management of risks and fragility – multi-
hazards risk mitigation, emergency planning and management for resilience recognizing the intersections 
and interdependencies between all infrastructures. 

8. Workforce and Public Education — A capable and competent workforce education and training issues. 
Promoting a culture of ownership by citizenry. 

9. Transformative Paradigms — Research and innovation related challenges – transformative paradigms 
and associated technology development, integration and leveraging challenges; Creating market-pull by 
problem-focused, applied research and demonstrations; standards and specifications; and by issuing best 
practices. 

10. Managing the Known and Unknown— Understanding, identifying and proactively managing the known 
and unknowns. Optimum frameworks for multi-sector “asset management” based on risk. Mitigating 
unexpected consequences of infrastructure deterioration and inability to meet the demands for services.  

 
It is quite obvious that the 10 categories above are intertwined, and we will need a multi-cultural, multi-
disciplinary group of stakeholders including politicians, policy and legal experts, economists, capital managers, 
financial analysts, urban planners, transportation planners, engineers, social scientists and various user groups 
from academe, industry and government to categorize and crystallize these issues, followed by identifying the 
options for their resolutions. Such an effort should be coordinated, and selection of the best-qualified 
coordinators may become a matter of contention. Civil engineers who have experience in the planning, 
construction and management of projects involving large, complex, multi-domain and multi-scale systems may 
be especially suitable as coordinators (Bordogna, 1998).  
 
INNOVATION 
 
Our dense urban infrastructure has evolved in various manners over centuries starting from the colonies, along 
with their jurisdictional, legal, financial, organizational and economical stewardship models. The associated 
engineering and management practices also evolved over time, influenced by the culture, climate, geography, 
natural hazards, economic drivers and the quality of education providing the local workforce. There are 
significant distinctions between the infrastructure cultures, needs and concerns in the North and Mid-Atlantic, 
South, Mid-West, South-West and the Pacific as well as rural and urban North America. Given these variations, 
a question is whether it is possible to effectively address infrastructure problems by just increasing public 
investment, or by just transferring responsibility for financing, revenue, project delivery, lifecycle operations 
and preservation to private parties. We must acknowledge the importance of new and deeper insights and 
innovation to be additional relevant needs. The challenge is in innovating the art of civil engineering by 
transforming and leveraging paradigms such as performance-based engineering (similar to TQM in 
manufacturing), health and performance monitoring and risk-based lifecycle asset management. 
 
Although federal and state supported research programs in the U.S. as well as programs in Europe and the Far 
East have led to many nondestructive evaluation tools and new materials since 1980’s, our ability to integrate 
and leverage these technology tools for effective condition evaluation, preservation and renewal is lacking. 
While we have sent a robot to Mars to drill into rock, perform chemical analysis and communicate the results 
back to earth, we still rely on human vision to reach, view and inspect (theoretically) every square inch of a 
miles long bridge, and expect that these inspections will provide the basis of operational and structural 
performance management. Given our inability to understand how even simple constructed systems are 
intrinsically loaded, their actual load paths and their deformation kinematics - how deterioration may affect their 
capacity and change their failure modes - expecting to effectively evaluate the conditions and performance of a 



structure by visual inspection shows how far we remain from acquiring the most basic knowledge for effectively 
operating, preserving and managing constructed systems.  
 
The shortcomings in the current civil engineering practice and in the education of civil engineers have been 
addressed many times by the NAE, NSF, ASCE and some of the leading engineering education programs in the 
United States. ASCE’s Vision 2025 released in 2006 recognized the urgent need to transform civil engineering 
so that civil engineers may effectively serve as the caretakers of the built environment – a role that is quite 
different from any that they have played in the past. This is a daunting challenge that demands a renaissance in 
the current education and practice of civil engineering and construction. As the development of printing 
technology in the 15th Century facilitated the European Renaissance, ASCE as well as many federal 
government and congressional stakeholders recognize that an infrastructure renaissance may be facilitated only 
through proper leveraging and implementation of innovative paradigms in conjunction with infrastructure 
policy, planning, financing and stewardship mechanisms (such as Public-Private Partnerships or PPP) that may 
better leverage and accommodate these paradigms. 
 
PARADIGMS FOR INNOVATING ENGINEERING AND MANAGEMENT OF INFRASTRUCTURES 
 
We recognize how Deming’s teachings (1986) led to the Total Quality Management or TQM paradigm 
transforming the auto and aircraft industries, followed by six-sigma, rapid prototyping, robots, supply-chain 
management and lean manufacturing principles which continue to innovate manufacturing. A similar approach 
is overdue for innovating the engineering and management of our infrastructure systems. “Performance-based 
engineering,” “risk-based lifecycle asset management” and “systems-identification, performance and 
health monitoring” are three interrelated paradigms that need to be embraced at the societal, institutional and 
organizational levels by all principal infrastructure stakeholders – and especially by civil engineers – as they 
offer potential to innovate the current engineering and management practices for infrastructures. The 
relationship between these transformative paradigms and the associated knowledge and technology tools needed 
for their applications is presented in Table 1. 
 

Table 1. Paradigms, Knowledge and Technology Needs for Infrastructure Renaissance 
 
Infrastructure Systems-Id, 
Performance & Health 
Monitoring 

1. Wide-area, multi-scale, real-time, multi-modal, integrated sensing, 
communication, computing and decision-assist systems  

2. Drone and robot-supported inspection, evaluation and prognosis  
3. Multi-resolution modeling, identification and control of complex 

(CLIOS) systems by leveraging living infrastructure laboratories  
4. Design of intelligent interventions and renewal materials, processes 

and systems to mitigate performance deficiencies  
Infrastructure Services 
Delivery, Performance and 
Risk Based Asset 
Management 

1. Policy, planning, financing & revenue scenario analysis for decisions 
2. Stewardship models (such as PPP) for more effective services 

delivery; lifecycle operations and preservation management 
3. Decision under uncertainty and risk - unexpected consequences 
4. Network level simulations of interdependent multi-domain 

infrastructure assets at sufficient resolution for multi-objective 
constrained optimization for maintenance, preservation and renewal  

 
Performance – as opposed 
to process – Based 
Engineering 

1. Competitive Valuation of infrastructure projects and services 
stewarded by different organizations and revenue mechanisms  

2. Performance metrics at different resolutions and time-scales for 
interdependent infrastructures and individual asset classes  

3. What should be a minimum and free level of infrastructure conditions 
and service; and how should a society pay for this?  

4. Lifecycle cost and cost/benefit definitions and metrics  
5. Definitions and metrics for sustainability and resiliency 

 
Technology policy and associated research, development and demonstration programs as well as directives and 
incentives to infrastructure owners for technology leveraging would become more effective if technology 
leveraging is structured and directed to serve the paradigms in Table 1. The goal would be the creation of a 
market pull for technology as opposed to just relying on technology push. Without transformative paradigms 
even the most striking technology tools would have a chance for only minor impacts on current infrastructure 
costs and performance.   
 



Table 2 illustrates the linkages between performance limit-states or classes of demands associated with different 
probability of occurrence over various time-scales, the anticipated return periods for the limit-states, the 
performance criteria for each limit-state, and the need for asset management throughout the lifecycle for 
assuring that the performance criteria expected throughout the lifecycle of an infrastructure should be satisfied. 
  

Table 2. Performance Limit-States, Return Periods, Criteria and Management 

Limit 
State 

Utility & 
Functionality 

Serviceability 
and Durability 

Life Safety and 
Stability of 
Failure 

Safety at 
Conditional Limit 
States 

Return 
Period Every day 5-20 Years 100-500 Years 2,500-5,000 Years 
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Operational efficiency, 
safety and security; 
Robust and predictable 
lifecycle revenue 
stream 

Effective and 
economical 
inspection, 
maintenance, 
repair and 
rehabilitation 
during lifecycle 

Assurance of life-
safety, quick 
recovery of normal 
operations 
following a hazard 
(days-months) 

Minimize casualties.  
Protect escape routes, 
evacuation, search 
and rescue needs.  
Economic recovery 
(years) 

L
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cy
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e 
 

A
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et
 

M
an

ag
em

en
t  

Operational 
Management 

Maintenance 
Management 

Multi-hazards Risk 
Management 

Disaster response. 
Planning and 
Emergency 
Management 

 
INNOVATING INFRASTRUCTURE FINANCING 
 
 
   

Increasing challenges in financing new infrastructures and the challenges in assuring quality in infrastructure 
project and services delivery based on the common design-bid-build approach have led to the search for 
different paradigms in finance and in stewardship. Various arrangements of Public-Private Partnerships (PPP or 
P3) are considered as a mechanism for innovating the financing of infrastructure projects and services delivery. 
P3 refers to a contractual arrangement between public and private sector partners pertaining to an integrated 
design, construction, operation, management and finance of revenue generating public infrastructure facilities 
and projects. P3s have been used in industry sectors as diverse as roads, airports, utilities, ports, schools and 
hospitals. Generally, the public sector partner retains the advantages of public ownership of the facility while the 
private partner brings expertise in operations and management, and project execution efficiencies while both 
share in the risks and rewards. 
 
Recently FHWA (2012) issued “Establishing a Public-Private Partnership Program: A Primer” that explores key 
issues involved in establishing a P3 program at a public agency with a focus on P3s for new capacity for 
highway infrastructure: “Building the organizational capacity needed to develop P3s while protecting the public 
interest presents a major challenge to transportation agencies. Transportation agencies will need capabilities 
they have not traditionally possessed in order to identify and develop projects and negotiate and manage 
agreements with private partners. Agencies will need to acquire or develop new policy, legal, technical, 
financial and managerial skills and establish processes and structures, such as specialized P3 units, that allow 
them to apply those skills in a multidisciplinary way.” 
 
Guidelines for Successful Public-Private Partnerships were issued by the European Community earlier (EC, 
March 2003). These guidelines indicate that “PPP arrangements come in many forms and are still an evolving 
concept which must be adapted to the individual needs and characteristics of each project and project partners. 
Successful PPPs require an effective legislative and control framework and for each partner to recognize the 
objectives and needs of the other. There is a broad range of options for involving the private sector in the 
financing, physical development, and operation of transport and environment projects traditionally the domain 
of the public sector (Figure 1).” 
 
 



 
Figure 1. The Spectrum of Infrastructure Procurement Options including PPP (from EC, 2003) 

 
A number of high-visibility PPP projects have been launched in the European Community, the Middle and the 
Far East. In the U.S. several dozen PPP projects are currently in planning, tender or award stage 
(http://infrapppworld.com/pipeline-html/projects-in-usa). An interesting aspect of PPP is in the need for 
documenting the condition of the constructed system as it is commissioned and tracking these conditions while 
the facility is managed by a private concessionaire. Uncertainty and risk would cost much more in the case of 
private as opposed to public financing. The quality of design, construction, operation and preservation of a 
facility should be based on objective and quantitative measures and the conditions and performance of a facility 
have to be monitored in order to take maximum advantage of the PPP paradigm. This differs from the common 
design-bid-build system of infrastructure project delivery, since once a public agency commissions a facility, 
neither designers nor contractors maintain long-term responsibility for any performance deficiencies. It follows 
that innovative financing and project delivery is a driver for innovating the engineering and management of 
infrastructures, and technology leveraging becomes a key for a quantitative measurement of the properties and 
performance of the constructed infrastructure. 
 
STRUCTURING AND CLASSIFICATION OF TECHNOLOGY 
 
We may classify infrastructure technology tools as:  
1. Measurement Technology: Imaging, sensing, scanning or probing and associated data acquisition during 

controlled testing or operational monitoring in the field. 
2. Information Technology: Communication and computing for image and data management, visualization 

and interpretation. 
3. Simulation Technology: Analytical-numerical and/or scaled physical modeling and testing for simulation 

and scenario analyses for infrastructure performance. 
4. Decision Technology: Multi-objective constrained optimization applications involving complex systems 

under uncertainty and risk.  
 

The technology needs that are associated with the innovative paradigms listed in Table 1 may be classified as 
above. Many hardware and software systems are available from various providers, and new tools are being 
developed or transformed every day from defense, space, manufacturing and even medicine. The challenge is in 
the proper selection and seamless integration of the technology tools as they are leveraged to serve the 
paradigms in Table 1. Further, tools in the above categories need to be in the realm of civil engineering 
education and practice.  
 
A new breed of civil engineer is needed to help coordinate integrative applications of: 
1. Wide-area, multi-scale, real-time, multi-modal, sensing, communication and computing for performance 

and health monitoring as well as operational and preservation decision-assist.  
2. Objective and reliable condition and performance evaluation and prognosis;  
3. Effective maintenance and intelligent renewal materials and processes; 
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4. Multi-resolution modeling, systems-identification and demand control of complex systems; 
5. Policy, planning, financing & revenue options analysis for complex systems;  
6. Decision-making under uncertainty and risk including long-term risks due to unexpected consequences;  
7. Network level integrated simulations of interdependent multi-domain infrastructure assets at resolutions 

enabling multi-objective constrained optimization for operational and preservation decision options. 
 

The key for developing and demonstrating the applications listed above is to have access to various classes of 
operating infrastructure to study and experiment with in the context of coordinated, multi-discipline, 
problem-focused field research. The only mechanism for access to actual infrastructures and leveraging them as 
living laboratories is through the development of academe-industry-government partnerships that include 
infrastructure stewards as champions for innovation.  
 
LIVING INFRASTRUCTURE LABORATORIES 
 
To provide best-practice demonstrations for performance-based engineering and lifecycle asset-management of 
infrastructures, living infrastructure laboratories are needed. These laboratories will allow problem-focused field 
research, education and demonstrations of best-practices in the adoption of innovative paradigms and their 
successful applications. In the planning and design of living laboratories, we need to distinguish between 
problem-focused research as opposed to simply testing in the field, by recognizing the following: 
 
1. Design field research by asking open-ended questions on generic phenomena and mechanisms. Questions 

regarding effective solutions to engineering or organizational concerns may be explored only after 
insightful observation for a sufficient time and by collecting all available heuristic knowledge about the 
phenomena and the associated mechanisms that are being researched. Many of the phenomena and 
mechanisms of uncertainty that prevail in real life are still not fully understood due to a lack of basic 
research on actual infrastructures. 
 
For example, whether membranes or chemical coatings offer more cost-effective protection to a bridge deck 
during construction is NOT an open-ended question about phenomena and mechanisms. To answer such a 
question one should start with the desired performance criteria for bridges and bridge decks, and collect all 
heuristic knowledge on the critical mechanisms and associated variables that may impact defects, 
deterioration and damage of bridge decks that may drive a lack of performance. Heuristic knowledge will 
require identifying experts and seeking effective manners of knowledge engineering to transform their 
heuristic knowledge into a mechanistic science-based explanation. This requires integrative analytical, 
laboratory and field research and provide justification for effective multi-cultural, multi-domain and multi-
discipline academe-government-industry partnerships.  
 
We may consider forensic engineering as an illustration of the challenges to successful field research. 
Forensic engineering requires a scientific approach to collecting data and information, followed by bringing 
all the evidence together to understand how a complex system may have failed. Imagination and 
painstaking analysis is required before a definitive conclusion may be reached, and any disputing evidence 
has to be explained. In many cases even when a failure may be captured by video, it often proves to be 
extremely difficult to pinpoint how the confluence of various demands led to the failure and the actual 
failure sequence.  
 

2. Integrate field observations, physical laboratory and numerical simulation with heuristic and mechanistic 
knowledge to formulate hypotheses. In this regard, experienced engineers and researchers with open minds 
and systems-level thinking – as opposed to reductionist thinking - are essential. Application engineers who 
are NOT trained to ask open-ended questions and who are trapped in a process-based world-view may not 
be suitable for making insightful observations, collecting heuristic knowledge and generating hypotheses.  

3. Field research should be coordinated by experienced researchers with domain knowledge with properly 
educated and experienced civil engineers taking the lead. Given that field research on any constructed 
system is in fact stepping into the center of an exceptionally uncertain world involving multiple domains, 
scales and resolutions, and where these dynamically intersect in interdependent manners, successful 
coordination cannot be achieved with a linear-piecewise world-view. Field research involves long-term 
observations and measurements at multiple domains and scales as well as perturbations of the system by 
controlled inputs while measuring outputs. Any data coming from a field test will be affected by all the 
known and unknown mechanisms impacting the system. Hypotheses need to be narrowed down, and even 
partially answered in the field by real-time review and expert interpretation of data to assure the data is of 



scientific quality. This requires a careful design of meta-data, and a-priori predictions through mechanistic 
modeling of the system and the experiment itself. 

 
4. Metadata standards and physical as well as virtual measurement calibration systems provide context, 

structure and content as well as a measure of reliability to the data. Metadata standards have to be dynamic, 
modified as field observations and research move forward, providing increasing insight and knowledge. 
Knowledge, insight and wisdom (through the accumulation of knowledge and experience) require 
hypotheses prior to data collection as discussed above. There may be additional questions or data-based 
modeling requirements after statistical data becomes available, however, without FIRST fully 
understanding the context, structure and content of data as it is being collected, expecting to extract 
knowledge from it in the future by statistical analysis may just be wishful thinking.  

 
CONCLUSIONS AND RECOMMENDATIONS 
 
The motivation for this paper is to articulate the importance and necessity leveraging living infrastructure field 
laboratories for integrative, coordinated multi-domain and multi-discipline problem-focused fundamental 
research to transform the current practice of engineering and managing of infrastructures. The cost of 
maintaining the status-quo in the education and practice of civil engineering to society have become untenable, 
evidenced by the multiple trillions estimated by ASCE to maintain the current minimum levels of infrastructure 
performance. The opportunity cost of not innovating infrastructures by first reforming the civil engineering 
education and research are also going to increase, as civil engineers still remain as essential architects of the 
urban built environment.  
 
A general conclusion is that our societal concerns with the engineering and management of infrastructures 
demand civil engineers to lead a challenging new field of intellectual inquiry and coordinated, collaborative 
research in real-life infrastructure field laboratories with researchers from other domains and disciplines of arts, 
science and engineering. The opportunity for embracing such a new field of inquiry is great since they may plant 
the seeds for a renaissance in the engineering and management of infrastructures while immediately impacting 
the quality of life in their urban area. 
 
We face considerable challenges in the structuring of societal infrastructure concerns so that we may seek 
innovative solutions, and a first-cut preliminary classification of the related issues is presented in this paper. The 
complexity of infrastructures will defy simple, reductionist solutions to infrastructure concerns. We have to start 
by recognizing the need for the adoption of transformative paradigms such as performance-based civil 
engineering and systems-identification, performance and health monitoring as enabling foundations for risk-
based lifecycle asset management. Leveraging these paradigms requires societal, institutional and organizational 
reform in addition to technology integration for new knowledge and best-practices demonstrations. Obviously, 
champions from critical mission agencies of government at federal, state and local levels, in addition to academe 
and industry will be required.   
 
In the past, mission agencies have focused more on technology tools than their integrated application scenarios 
and demonstrations. We now recognize that technology is not a silver bullet and its leveraging for innovation 
requires a more sophisticated approach to policy for integrative field research – and not field testing. It follows 
that all mission agencies should come together and help develop academe-government-industry partnerships 
including infrastructure owners-stewards, and establish the minimum requirements of creating living 
infrastructure laboratories in the field and performing problem-focused research as well as demonstrations at 
these laboratories. 
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