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Foreword 

 

The past century has seen unprecedented technological growth, particularly in terms of 

manufacturing and transportation in the first half of the 20th century and information and 

communication technology in the second half. But the great technologies of the 21st century will 

focus more on the basic necessities of life: clean air and water, energy to power the technology 

that now pervades our lives, and a healthy built and natural environment which will provide for 

our needs and for the needs of generations to come.  

 

Because these challenges mostly occur at the system or infrastructural level, they will fall first to 

the civil engineering community. In response, civil engineers must design and implement 

creative and innovative solutions to meet these needs. It is no longer sufficient to prepare 

students to build another building, bridge, or dam or to modify an existing one. They must all be 

ready to challenge all that has come before in order to build a better one – or to replace it with 

something different entirely. 

 

The radical innovation that is so badly needed cannot come from the end of the design process, 

where optimization is used to improve the performance of an existing idea. It must come from 

the early stages of the design process when constraints are still relatively few. And it must come 

from experts who understand what is needed and what is possible today and in the near future. 

Civil engineers can no longer wait to be given designs to implement or optimize. They must be 

part of the design process from the beginning. As a result, design can no longer be relegated to 

a position of relative unimportance, buried within each of the civil engineering disciplines. In 

order to yield the same kind of impact that it has in other engineering disciplines, design must 

be given the same consideration. To successfully address the challenges of the 21st century, it 

seems clear that design must become a discipline in civil and environmental engineering. 

 

The 1st International Workshop on Design in Civil and Environmental Engineering brought 

together leading scholars from civil, environmental, and geotechnical engineering, mechanical 

engineering, electrical engineering, architecture, and industrial design from Denmark, Italy, 

Korea, Taiwan, and the United States to discuss the past, present, and future of design in CEE. 

The workshop featured 3 keynote presentations and 12 technical presentations which described 

the need for design as a discipline in civil and environmental engineering, explored the state of 

the art in design research and education in civil and environmental engineering, and provided 

insight into civil design from the perspectives of architecture and mechanical engineering. The 

workshop’s three working group sessions addressed issues associated with design as a 

discipline in CEE, building a civil design community, and design education in CEE. 

 

Many thanks are due to all of the authors, presenters, and participants of the workshop for 

sharing their research, ideas, and experiences with us. Their insights and enthusiasm helped to 

make the meeting a great success. Thanks are also due to our local organizing committee and 

international program committee members for their assistance with conference preparations; to 

Prof. Chung Bang Yun, Prof. Hyo-Gyoung Kwak and Prof. Donald A. Norman for their advice 

and support, particularly in the early days of the workshop organization; and Ms. Jieun Choi, Ms. 

Monica Pena, and Mr. Harvey Rosas for their tireless efforts in preparing and running the 

workshop. It would not have been possible without their help. Finally, I would like to thank the 



Korea Advanced Institute of Science and Technology, the KAIST Department of Civil and 

Environmental Engineering, the KAIST Department of Industrial and Systems Engineering, the 

KAIST Smart Infra-Structure Technology Center (SISTeC), the KAIST Urban Infrastructure 

Regeneration Research Center, the KAIST U-Eco City Program, and the Daejeon Convention & 

Visitors Bureau for their financial and logistical support for the workshop. 

 

Based on success of the first meeting, preparations have begun for the 2nd International 

Workshop on Design in Civil and Environmental Engineering. Although the dates are not yet set, 

the meeting is expected to be held in the second half of 2012. I very much hope that you and 

your colleagues will be able to join us for the continuation of this interesting and important 

discussion. I look forward to seeing you next year! 

 

 

 

Mary Kathryn Thompson 

August 1, 2011 
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Establishing Design as a Discipline in Civil and Environmental 

Engineering 
 

Mary Kathryn Thompson 
mkt@kaist.edu 

Department of Civil and Environmental Engineering, KAIST, Korea  

 

Abstract: Design is considered to be a sub-discipline in many engineering fields which hire dedicated design 

faculty, organize design research and education communities, run deisgn conferences and publish design journals. 

Design as both a professional activity and a research field is at least as important in civil engineering, where 

changes to infrastructure and the built enviornment have far-reaching and long-lasting implications for society, 

the economy and the environment, as it is in other engineering specialties. But design has never been considered 

a discipline in civil and enviornmental engineering in the same way that it is in mechanical and aeronautical 

engineering. This paper briefly outlines the current status of design in civil and environmental engineering and 

other disciplines and some of the challenges for establishing design as a discipline in CEE.  

 

Keywords: Design, Research, Education, Civil and Environmental Engineering. 

 

 

Introduction 

Although design is a critical part of civil and 
environmental engineering, it has typically been 
housed within each of the civil domains, shrouded by 
analysis, pushed aside by standards and building 
codes, and unable to cross the disciplinary boundaries 
as it was meant to do. Yet, many of the greatest 
challenges that humanity will face in the 21st century 
will require civil and environmental engineers to 
design creative and innovative solutions that will 
radically alter our infrastructure and the built 
environment. This paper briefly outlines the current 
status of design as a discipline in civil and 
environmental engineering and other disciplines and 
and some of the challenges for establishing design as 
a discipline in CEE 

Defining Design 

The term design means different things to different 
people. Thus, any discussion of design as a discipline 
must begin with a definition of design. In this work, 
design is defined as a "human activity which 
combines resources (knowledge, skills, experiences, 
creativity, tool, materials, etc.) to meet a need, 
accomplish a goal, or create an artifact" (Thompson 
2008). This definition does not exclude art or artistic 
endeavors but it does emphasize the fact that design 
is a purposeful activity.  

Design research is fundamentally 
interdisciplinary and often addresses the designer, the 
designed artifact, and those for whom it as designed. 
Nobel Prize winner Herbert Simon referred to design 
research as the science of the artificial (1996)—as 
opposed to the study of the natural sciences—
implying that it is an equally valid and valuable field 
of study.  

Design is a Discipline 

Design is often considered to be a discipline with its 
own departments and degree programs. These are 
usually organized into "schools of design" like those 
found at Harvard University, Carnegie Mellon 
University, Parsons School of Design in New York 
City and the Rhode Island School of Design. These 
institutions offer programs in fields such as 
architectural design, communication design, fashion 
design, industrial design, interior design, product 
design, and urban design. Design in this context is 
usually more closely related to art than engineering, 
and creativity is often emphasized over rigor. 

Design is a Sub-Discipline in Mechanical and 

Aerospace Engineering 

Design is considered to be a sub-discipline within 
many engineering fields, with its own faculty, 
research and education communities, conferences and 
journals. In mechanical engineering, this is reflected 
in the activities of professional organizations such as 
the American Society of Mechanical Engineers 
(ASME). ASME International has a System & 
Design Group with a Design Engineering Division. 
The ASME Design Engineering Division has six 
associated journals, including the ASME Journal of 
Mechanical Design, and co-hosts the annual ASME 
International Design Engineering Technical 
Conferences. In addition, ASME offers 3 society 
awards, 2 division awards, and 9 technical committee 
awards for design (ASME 2011). 

A similar trend can be seen in the American 
Institute of Aeronautics and Astronautics (AIAA). 
The AIAA has a Design Engineering Technical 
Committee and a Multidisciplinary Design 
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Optimization Technical Committee which co-hosts 

the annual AIAA/ISSMO Multidisciplinary Analysis 

and Optimization Conference. The AIAA also offers 

a number of design-related awards (AIAA 2011). 

The importance of design in mechanical 

engineering is reflected in the structure of its 

academic departments. One of the seven research 

divisions in the MIT Mechanical Engineering 

department is dedicated to "Design, Manufacturing 

and Product Development." Of the 19 faculty 

members associated with that division, 7 work 

primarily in engineering and product design. The 

MIT ME department offers 18 undergraduate and 

graduate level courses related to design. Three of 

those courses (2.007: Design and Manufacturing I, 

2.008: Design and Manufacturing II, and 2.009 The 

Product Engineering Process) are required to earn a 

bachelor's of science in mechanical engineering. In 

addition, graduate students in the ME department are 

required to take 3 qualifying examinations from 11 

categories including design. The two design-related 

qualifying exams are "Design" and "Mechanical 

Elements & System Design" (MIT 2011). 

The status of design-as-a-discipline in 

mechanical engineering is also reflected in the variety 

of engineering design textbooks which are available. 

Popular texts include Genrich Altshuller's 40 

Principles (2005); Nigel Cross's Engineering Design 

Methods (2008); Clive Dym's Engineering Design: A 

Synthesis of Views (1994) and Engineering Design: 

A Project-Based Introduction (2009); Otto and 

Wood's Product Design: Techniques in Reverse 

Engineering and New Product Development (2001); 

Pahl and Beitz's Engineering Design: A Systematic 

Approach (1995), Nam P. Suh's The Principles of 

Design (1990), Axiomatic Design: Advances and 

Applications (2001), and Complexity: Theory and 

Applications (2005); Ulrich and Eppinger's Product 

Design and Development (2008); and Voland's 

Engineering by Design (1999).  

Design is not (Yet) a Discipline in Civil and 

Environmental Engineering 

In contrast, design has never been considered a 

discipline within civil and environmental engineering. 

The American Society of Civil Engineers (ASCE) 

does not have any technical groups or institutes 

dedicated to design. Design is mentioned in the 

mission statements of a number of the ASCE 

Institutes. For example, the Architectural Engineering 

Institute's mission is to "serve the building 

community by promoting an integrated, multi-

disciplinary approach to planning, design, 

construction and operation of buildings and by 

encouraging excellence in practice, education and 

research of architectural engineering." Similarly, the 

Transportation & Development Institute's mission is 

"to promote the interdependence of transportation, 

land development, and the environment, while 

uniting the disciplines of planning, design, 

construction, operation, maintenance and research in 

support of sustainable development." But even within 

these institutes, design is rarely present. 

The only ASCE Institute to have design-related 

sub-committees is the Structural Engineering Institute. 

Example of these committees include: Aesthetics for 

Design, Concrete Bridge Design, Design of 

Engineered Wood Construction Standards, and so on. 

Even its two most general committees—Methods of 

Design and Special Design Issues—are still very 

specialized. The stated purpose of the design methods 

technical committee is to “interpret and disseminate 

information on new and existing methods of steel 

structures and to stimulate research and publication 

of technical papers in this area."  

There are no dedicated ASCE awards for design. 

The only opportunity to reward outstanding 

achievement in design is through the Outstanding 

Projects and Leaders (OPAL) Awards, which 

recognize outstanding achievement in design, 

construction, government, education, and 

management. OPAL nominees in the design category 

must be "practitioners who are directly changed with 

hands-on design projects." Nowhere are the 

contributions of civil designer researchers considered. 

There is no ASCE Journal of Civil Design or its 

equivalent. There are no ASCE design conferences. 

And there seems to be no point at which design 

crosses the boundaries of the technical divisions in 

ASCE (ASCE 2001). 

This trend is reflected in the structure of civil 

engineering departments across the world. Most 

traditional CEE departments have a structural 

engineering division, an environmental engineering 

division, and a geotechnical engineering division. 

Many others also include mechanics and materials, 

transportation systems engineering, construction 

engineering and project management, architectural 

engineering, coastal and ocean engineering, and 

water resources management and engineering. 

Sometimes a systems division which focuses on 

network optimization may be present. But there is 

never a design division. 

This trend also affects civil design education. 

The subjective nature of engineering design makes 

design education challenging in all fields. However, 

design education in civil engineering is particularly 

difficult because of the scale and complexity of the 

problems involved. Unlike mechanical engineers, 

civil engineering students cannot start with problem 

definition, go through the conceptual and detailed 

design stages, and complete a build-and-test cycle in 

a single semester. As a result, CEE design subjects 

often become thought experiments, analysis projects, 

or optimizations problems. In some cases, civil 

"design" courses are design courses in name only. For 

example, courses on the design of concrete structures 

cover topics related to concrete (contents, properties, 

etc.) and structures (beams, columns, slabs, etc.), but 

not design in the context being discussed here.  
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The prevalence of capstone design courses and 

core courses in civil and environmental engineering 

is increasing. For example, MIT requires 1.101 and 

1.102 Introduction to Civil and Environmental 

Engineering Design I and II for all students, and 

1.013 Senior Civil and Environmental Engineering 

Design for students in the 1C (civil) and 1E 

(environmental) tracks. The National University of 

Singapore requires a capstone design project 

(CE4103: Design Project) for all civil engineering 

students. Students at Texas A&M university must 

take one of four senior capstone courses (CVEN 400: 

Design Problems in Civil Engineering; OCEN 407: 

Design of Ocean Engineering Facilities; CVEN 456: 

Highway Design; and CVEN 483: Analysis and 

Design of Structures) depending on their chosen 

specialization. And National Taiwan University 

began offering an elective capstone course in 2010. 

However, this does not necessarily indicate that the 

department faculty members are comfortable offering 

these courses. It is still common for capstone courses 

to be listed in course catalogs but not taught due to a 

lack of faculty members who are able to do so. I 

mentioned this to a civil engineering colleague at a 

top US research university who replied "We don't 

know how to teach design in civil engineering either, 

but we try to do it anyway." 

One obstacle to increasing the number of civil 

design courses offered is the lack of civil design 

textbooks, particularly those that teach design process 

and theory. In Introduction to Design for Civil 

Engineers by Narayanan and Beeby (2001), a total of 

9 pages out of 196 are dedicated to design and the 

design process. The rest of the book covers 

mechanics and strength of materials. A Systems 

Approach to Civil Engineering Planning and Design 

by Jewell (1986) is a little better. It spends the first 47 

pages on design and the design process before 

dedicating the remainder of the book to optimization. 

Design and Operation of Civil and Environmental 

Engineering Systems by ReVelle and McGarity 

(1997) goes straight into domain specific modeling 

and optimization, skipping the design process entirely. 

And Ying-Kit Choi's Principles of Applied Civil 

Engineering Design (2004) focuses exclusively on 

engineering drawings, technical specifications, and 

cost estimation. In the absence of an understanding of 

what it means for design to be a discipline within 

CEE, design has been replaced by related subjects 

that are well defined and better understood. There do 

not seem to be any general civil design texts which 

serve the same role that Pahl and Beitz, Ulrich and 

Eppinger, Dym and Little, Voland, and others play in 

Mechanical Engineering.  

Civil Design is a Hidden Discipline 

The discussion above is not meant to imply that 

design is not present in civil and environmental 

research. Instead, its purpose is to acknowledge that 

design research in CEE is decentralized, often 

misunderstood, and occasionally mislabeled. When 

design research is not housed within the technical 

disciplines in CEE, it is often found under the label 

“sustainability.” There is no question that design and 

sustainability go hand in hand, particularly in civil 

and environmental engineering, but they are not the 

same. The fact that design research is not recognized 

as such has kept the civil engineering design 

researchers separated from other design research 

communities, even as research communities 

interested in sustainability grow.  

Researchers interested in design and various 

aspects of the design process can also be found in 

construction management, operations research, and in 

the systems division of civil engineering departments. 

Many of these faculty members are aware that they 

are doing civil design research and are in contact with 

their counterparts in other design fields, but generally 

do not volunteer this information because it is not 

understood or valued in the context of promotion and 

tenure. 

Civil Design Research is Welcome 

This discussion is also not meant to imply that civil 

design research is unwelcome. A number of general 

design research journals, such as the Journal of 

Engineering Design, Research in Engineering Design, 

and Design Studies, will accept civil design research. 

A number of design conferences, like the CIRP 

Design Conference and the International Conference 

on Axiomatic Design, will accept civil design 

research, particularly if the methods used come from 

that community or the paper's contributions are 

applicable to engineering design in general. 

Educational conferences, like the American Society 

of Engineering Education's Annual Conference, will 

accept civil design education papers. They can be 

presented either in the civil engineering education 

track or the design education track. And many civil 

engineering conferences will accept design papers as 

long as the work has an application or case study that 

is relevant to one of the conference themes. But there 

is currently no journal or conference dedicated to or 

offering specific sessions for civil design research. As 

a result, civil design researchers are scattered across 

many technical disciplines within civil and 

environmental engineering, with no infrastructure to 

unite them. 

Establishing Design as a Discipline in Civil 

and Environmental Engineering 

The First International Workshop on Design in Civil 

and Environmental Engineering is intended to 

address the issues described above. During the 

workshop, participants will explore what it would 

mean for design to be a discipline within CEE, what 

it means for design to be a discipline in other areas of 

engineering, and the implications for interdisciplinary 

design in cooperation with other fields such as 
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architecture, urban planning, industrial design, 

product design and more. It is hoped that this 

workshop will lay the foundation for a civil design 

research community and improved understanding of 

engineering design, increased design research, and 

improved design education within civil and 

environmental engineering. 
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Approaching Design as a Scientific Discipline 
 

Christopher A. Brown 
brown@wpi.edu 

Mechanical Engineering Department, Worcester Polytechnic Institute, Worcester, Massachusetts, USA 

 

Abstract: Scientific disciplines are those that have a few simple laws or rules that can be applied to solve a wide 

variety of problems in that discipline. Engineering design is, of course, a technological discipline. It relies on 

scientific findings and the scientific method. This paper examines the premise that design is governed by axioms 

and could be a scientific discipline. Scientific disciplines are easier to teach and to learn than experiential and 

artistic disciplines. The products of scientific disciplines should be easier to evaluate, and the development of 

solutions to problems in scientific disciplines should be more systematic than in experiential and artistic 

disciplines. Axiomatic Design (Suh 1990) utilizes two axioms with which, it is claimed, all good designs are 

consistent. This paper examines Suh’s axioms, maximizing the independence of the functional elements and 

minimizing the information. If design can be a scientific discipline, then how can we know these are the correct 

axioms? Axioms cannot be proven, only disproven. Can there be sufficient conditions for the assuring that Suh’s 

axioms are appropriate? Arguments about Axiomatic Design and domain of applicability of Axiomatic Design 

are examined. Suh’s axioms are found to be consistent with the basic nature of design and transform engineering 

design into a scientific discipline. 
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Introduction 

The objective of this paper is to examine the premise 
that design is a scientific discipline, and, that as a 
scientific discipline, engineering design can be based 
on the axioms proposed by Suh (1990). Scientific 
disciplines in this sense are those that have a few, 
simple laws, or axioms, which can be applied to solve 
a wide variety of problems in that discipline.  

If engineering design could be treated as a 
scientific discipline, governed by axioms, then the 
practice of engineering would be facilitated 
significantly. Axioms could be used for the evaluation 
of the quality of solutions to design problems. 
Scientific disciplines are easier to teach than 
experiential and artistic disciplines. The development 
of solutions to problems in scientific disciplines is 
more systematic and less subjective than in 
experiential and artistic disciplines.  

The fundamental job of engineers is to design, 
i.e., create. Engineering design is about finding and 
developing new solutions to problems that face 
humanity. Scientists study things as they are and try 
to discover underlying principles that advance the 
understanding of the compact nature of the universe 
(Baum 2004). Scientists use a method of hypothesis 
formulation and testing. Engineers create new things 
for the service of humanity. Engineers use a process 
of design.  

Engineers spend much of their training learning 
how to analyze (e.g., Norton 2003). The analysis is 
used, for example, to find the dimensions of a beam 
that will carry a certain load, or to find the size of an 

exchanger that will dissipate a certain amount of heat. 
In this way, part of engineering is an effort to predict 
the future, e.g., a bridge will support certain sized 
trucks and an exchanger will dissipate enough heat to 
maintain a certain temperature. Analysis is important 
because it provides predictions on the chance of 
success of designs. Analysis supports design, and it is 
a necessary component of design. However, analysis 
is not synthesis. It does not create. Design is synthesis. 
It creates. And it is the primary objective of 
engineering. 

Nearly all things that humans encounter or 
interact with are designed: objects, devices, systems, 
organizations. Therefore, the methods by which 
things are designed impacts nearly everything in the 
human experience. Furthermore, it is proposed that 
all problems can be construed as engineering design 
problems. If this is true, then all problems could be 
addressed using the process of engineering design. 

Engineering design is, of course, a 
technological discipline. Engineering design relies on 
scientific findings and the scientific method. 
Nonetheless, it does not necessarily follow that 
engineering design is itself a scientific discipline. 
However, if engineering design could be formulated 
as a scientific discipline, then it should be possible to 
make compelling arguments for the appropriateness 
of certain axioms, which would underlay the practice 
of engineering design. 

Traditionally the design processes that have 
been taught in engineering schools are 
algorithmically based (e.g., Norton 2003). These 
kinds of design processes imply that good designs are 
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discernible because they result from the application 

of a good procedure. This basic concept of using a 

good procedure obviously has a lot of merit. However, 

it is not as useful or powerful as an understanding of 

design that is based on clear and simple criteria for 

quality, i.e., axioms, which can be applied regardless 

of what is being designed or what is known about the 

procedure that created the design.  

The Nature of Design Axioms 

Axiomatic Design is distinguished from other 

engineering design methods by the utilization of two 

axioms. It is claimed that all good designs are 

consistent with these two axioms (Suh 1990). The 

first, or independence, axiom is: maximize the 

independence of the functional elements. This makes 

the design adjustable and controllable. The second, or 

information, axiom is: minimize the information 

content. This maximizes the probability of success. 

These two axioms form the basis for axiomatic 

design.  

In order to apply the axioms, the design must be 

structured in a certain way, and decomposed 

appropriately. Of course, a procedure is required in 

order to achieve an appropriate decomposition 

consistent with the axioms. Therefore the practice of 

axiomatic design also relies on an algorithm. Finally, 

it is observed that the process of utilizing axiomatic 

design has three principle components: the axioms, 

the structure, and the procedure (Brown 2005).  

The structure includes a lateral decomposition 

into domains, principally the functional and physical. 

The structure also includes a hierarchical 

decomposition, from abstract to specific, within the 

domains. The process includes a top down zigzagging 

between the domains, decomposing the design 

through levels of abstraction. The process also 

includes the compilation of the basic elements of the 

physical domain, which result from the 

decomposition, into a complete, integrated solution.  

The axioms themselves are different from the 

procedure of applying the axioms, the practice of 

which has been called “axiomatic design”. Clearly 

the axioms themselves are the most important 

component of axiomatic design, as they supply the 

basis for the procedure and its practice. Nonetheless, 

there are aspects of the procedure and practice of 

axiomatic design that have utility beyond the axioms 

themselves. 

Axioms cannot be proven, only disproven. This 

work proposes logical arguments explaining why 

Suh’s axioms and axiomatic design are a useful and 

natural foundation for the practice of engineering 

design. The practitioner decides if these arguments 

are compelling. In this endeavor, to argue in favor of 

the axioms, it should be sufficient to establish that 

there is a significant utility for the axioms and for the 

procedures for using axiomatic design to solve design 

problems. Suh’s design axioms could be disproven by 

finding one good design that violates them, or one 

design that would be made better by ignoring them. 

In this regard, some types of apparent candidates for 

failures of axiomatic design will be discussed. 

Design axioms are fundamentally different than 

scientific laws, in that scientific laws cannot be 

violated, e.g., all ordinary mechanical systems 

comply with Newton’s laws. Designs do not have to 

comply with the axioms. Designs are human 

creations and humans can create poor designs. 

Therefore, designs can be created that do not comply 

with the axioms. However, the similarity between 

scientific laws and design axioms is that the basic 

hypothesis of axiomatic design is that the best design 

solutions are those that comply with Suh’s axioms.  

Newton studied physical systems, the motion of 

the planets and objects falling towards earth, to 

identify the commonalities and thereby discovered a 

more compact understanding of the physical universe 

(Gleick 2003). To develop the design axioms Suh 

studied designs to find what good designs had in 

common, and he transposed those commonalities to 

the axioms (Suh 1990). Suh’s process for determining 

how to assess the value of designs early in the design 

process relied on examining successful designs 

whose success had been verified through their 

implementation. Suh’s design axioms provide a more 

compact understanding of good design. Suh’s design 

axioms should be as fundamental to the practice of 

engineering design as Newton’s laws are to the 

understanding of mechanics. 

The Nature of Engineering Design 

The human species is distinguished in part by its 

ability to create an abundance of new things. A basic 

ability to design appears to some degree to come 

naturally to many humans. Simple design problems 

are routinely solved by people intuitively. However, 

sufficiently intricate design problems may not be 

readily solved, or solved as well, using innate 

intuition. In these situations some process to extend 

intuitive design capabilities must be used. Design 

processes have been created to assist with design 

problems that are sufficiently large and intricate that 

they cannot be solved intuitively.  

Engineering design is the process of discovering 

and describing solutions to problems that face people. 

Engineers design things that fulfill human needs. The 

first cannon of engineering ethics is to protect the 

health and welfare of the public. This cannon, it could 

be argued, obliges engineers to use their intellectual 

abilities to improve the human condition. Engineers 

are enjoined by the first cannon to mitigate things that 

would otherwise adversely impact people’s health 

and welfare by designing devices and systems. 

Engineers also design things to be consumed for 

enjoyment beyond needs, things that people are 

willing to pay for. In any event, the solutions to 

design problems have value. The process of designing 

creates value.  

Engineering Design is functionally oriented. A 
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design solution is intended to fulfill certain functions. 

These functions are the design goals, or the functional 

requirements. Success of a design is defined by the 

ability of the product that is designed to fulfill these 

functions. It is in this success that the design attains 

its value. The actual value to humanity, however, is 

only realized when the product described by the 

design is realized. All projects above some simple 

level of intricacy require a conscience design effort to 

have any reasonable chance of success.  

This design effort is a linking, or mapping, of 

the functional requirements (FRs) to the physical 

attributes, or design parameters (DPs) that fulfill or 

accomplish the FRs. This mapping process between 

functional and physical spaces, or domains, is 

fundamental to the nature of design. The 

manifestation in the physical domain is what is often 

referred to as the design. The functional space could 

be said to contain the design intent and the physical 

space contains the design solution. 

Creating Value by Thinking 

Essentially, an engineer creates value by thinking. 

Engineering design involves conceiving and detailing 

solutions to problems and then communicating the 

solutions, so that they can be implemented. The act of 

the creation of the designed product can be said to be 

separate from engineering design. The final product 

of an engineer’s efforts is the communication of the 

design solution. This is the description of the product, 

and not the product itself. The engineer’s contribution 

to the product is thought, in the embodiment of a 

design solution. 

Thought has been said to be all about semantics 

(Baum 2004). Thought in engineering design, at the 

least, requires semantics. Thought in design is about 

finding physical solutions to functional requirements. 

The thought itself is not physical and therefore must 

be symbolic. In solving analytical problems, 

engineers are comfortable reducing the problem to 

mathematical symbols and finding the solution 

symbolically.  

The product of the design process is symbolic, 

usually a set of drawings or instructions. The 

semantics and pragmatics of the symbols in 

mechanical drawings are precisely defined by 

engineering committees like ASME Y14 and ISO 

TC213. These committees, however, do not address 

the semantics that can be used in the process of 

discovering elements of the physical domain that can 

fulfill the FRs.  

The elements in the functional domain, as 

defined by human (or customer) needs, and the 

physical domain can be described symbolically (Suh 

1990). These symbols can be manipulated and 

solutions can be analyzed for their ability to succeed.  

Success is evaluated by the compliance with the 

axioms. The degree to which designs can satisfy the 

axioms indicates their chance of success. Initially 

compliance with the axioms can be evaluated early in 

the conceptual stages of the design, long before the 

physical elements of the design are transposed into 

the precise language of engineering drawings. 

Design Metrics 

The fact that design creates value, suggests that a 

method for quantitatively assessing designs is by the 

value they create. This implies that some designs are 

certifiably better than others. Without the axioms, 

assessment of designs by the value they create might 

have to wait until the value is realized, i.e., after the 

transformation of the design into a useful product.  

Lord Kelvin is supposed to have written that 

measurement, i.e., the ability to express something in 

numbers, is a requirement for improvement and 

management. Management of the design process is 

impossible without metrics that can be used during 

the process. This can be difficult, especially in the 

conceptual stage. Without the axioms, progress can 

be measured by steps through the algorithmic process. 

However, as discussed above, this lacks a metric for 

quality. 

There is important value in being able to 

evaluate value of designs early in the design process. 

This would be to measure the level of certainty that 

given DPs will be able to fulfill the FRs of the design. 

This is assessed by the compliance with the axioms. 

This compliance can be evaluated in the conceptual 

stages of the design process, allowing design 

solutions to be compared without making larger 

investments in the detailing of designs or in modeling 

and prototyping. 

Adjustability and Controllability – Axiom 

One: Maximize Independence 

Two features that appear to be common to all designs 

and design activities are: the ability to adjust to 

changes, and the ability to control the output of the 

designed product. 

In a large sense, designed products need to 

adapt to the ubiquitous change that is a feature of our 

universe. In a smaller sense, even a designed 

component, which is relatively removed from 

external changes during operation, was, during the 

design process, adapted to its particular environment 

or conditions. These conditions might include, for 

example, the loads and temperatures in which it must 

operate. During the analysis that is part of the design 

process, that environment becomes better known and 

defined. The size, shape and materials of the designed 

product are better defined or adapted. The knowledge 

of some aspect of the environment might change 

during the design process and some corresponding 

parameter in the design of the component may also 

change, in order to adapt to the change in the 

knowledge of conditions. In any event, adaptability is 

a common feature to design.  

In that the product of the design is attempting to 

accomplish some function, some measure of control 
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is required. The success of the designed product is 

determined by the success in fulfilling the FRs. 

Determination of success implies the ability to 

measure the degree of fulfillment of the FRs. Too 

much or too little, or maybe both, of whatever the FR 

requires, would indicate failure of the design. This 

means that there is some kind of functional tolerance 

that indicates the target for success. Achieving a 

tolerance implies a need to control the quantities 

specified in the tolerance. 

A fundamental feature of effective control 

strategy is the ability to control the functional 

elements independently. One of the principles of 

developing the functional requirements is a definition 

that specifies that function requirements are things 

that need to be controlled separately. Lack of 

independence means that in attempting to adjust one 

parameter, for example DPi, to satisfy FRi, another 

function, maybe FRj, is taken out of tolerance. Then 

some other parameter, maybe DPj, needs to be 

adjusted to bring FRj back into tolerance. In a fully 

coupled design this could take FRi back out of 

tolerance, requiring another adjustment to DPi. This 

iteration process might converge by bringing both 

FRi and FRj into tolerance, and then again, it might 

not. At best, these kinds of iterations take time to 

reach a solution, and they do not add value. Axiom 

one addresses this problem.  

Axiom one states that good designs maximize 

the independence of the functional elements. This 

makes the design adjustable and controllable and 

avoids unintended consequences.  

Simplicity for Success – Axiom Two: 

Minimize Information 

In science, when considering competing hypotheses 

that can explain the observed data, the simplest 

explanation is chosen. This is referred to as the 

principle of Occam’s razor or lex parsimoniae. 

Similarly, in engineering, when considering 

competing designs that are equivalently able to fulfill 

the customer needs, the simplest should be chosen.  

In order to apply a criterion of greatest 

simplicity, simplicity should be defined. In science 

the simplicity of the hypothesis is indicated by 

succinctness and the number of assumptions. In 

engineering, the simplicity of the design could be 

indicated by the independence and the information. 

Suh’s two axioms could be said to be a 

decomposition of simplicity into more basic 

elements. 

The probability of success in the design, i.e. 

fulfilling the FRs, is improved by simplicity. An 

important part of simplicity is ease in adjustment, and 

axiom one addresses that. Axiom one should be 

applied before axiom two (Suh 1990).  

Axiom two addresses the probability of success 

directly. Information content (I) is defined as the log 

of the inverse of the probability (p) (Suh (1990): 

I = ln (1/p)                (1) 

If the design is not adjustable, then the probability of 

success is low. Axiom one could be viewed as 

addressing a component of achieving success - a 

component that is special enough to deserve its own 

axiom. In practice, many advantageous applications 

of axiom one can be found. 

Simplicity is an indication of the certainty of 

success. Complexity, the opposite of simplicity, is 

therefore an indication of the uncertainty in achieving 

success – the greater the uncertainty the greater the 

complexity. Minimizing the complexity therefore 

maximizes the probability of success. 

Uncontrollable and unpredictable elements 

cannot be completely designed out of any system. For 

example, the universe has significant chaotic 

components, like the weather, and all manufacturing 

processes have some variance. Axiom two addresses 

robustness in design by selecting solutions that are 

less sensitive to chaotic conditions and variance. 

Products of design should show a consistency, or 

symmetry, in fulfilling the FRs with respect to 

changes.  

Consideration of Apparent Failure 

Candidates 

The author is unaware of any failure of the axioms to 

indicate the best design solution. This experience 

includes more than a quarter of a century of using 

axiomatic design, as well as teaching it to engineering 

students and design practitioners. During this time 

everyone has been invited to find violations of the 

axioms. No one has found a design that would be 

better if it violated the axioms. Some people, however, 

have struggled with the process of axiomatic design.  

There have been failures in use of axiomatic 

design. These arise principally through difficulties in 

finding good decompositions. The failure of the 

practitioner to be able to develop a good 

decomposition is not a failure of the axioms. Poor 

decompositions are an impediment to utilization of 

axiomatic design, and need to be addressed 

separately. 

Axiom one has been misconstrued to mean that 

each function needs a separate component. In fact, 

many functions can be fulfilled with the same 

component. DPs can be physically integrated on one 

part, as long as the functions can still be fulfilled 

separately (Suh 1990). Physical integration of DPs 

tends to reduce the information content in 

manufacturing and can reduce the information 

content in the product. 

Most failure candidates are poor designs 

resulting from an axiomatic design process. These 

usually result from failures to appropriately define the 

FRs. A design can be no better than the FRs (Suh 

1990). The FRs need to translate the customer needs 

into elements that can be used in the design process.  

In the design process, time needs to be allocated 

to the development of FRs, particularly at the highest 

levels. Everyone involved in the design needs to 
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understand the value in defining good FRs at the 

highest levels and devote resources appropriately. 

Poor choices of FRs at the highest levels cannot be 

corrected at the lower levels. The design process 

defines its own metrics for success: the FRs. The FRs 

define what the design is supposed to do. The design 

solution is developed to fulfill the FRs.  

Usefulness and Axiomatic Design 

Usefulness in the design process is something that 

will assist designers in arriving at a better design in a 

shorter time. A legitimate concern with axiomatic 

design is the time and effort required to reach a 

design solution. Even though it might be agreed that 

the application of some systems could result in a 

better design, the extra burden in terms of time and 

effort required for their application needs to be 

justifiable. 

The practice of axiomatic design has been 

found to significantly reduce the time required to find 

design solutions, when compared to the system that it 

replaced. This reduction is despite what might be 

construed as the extra effort required for the 

axiomatic design process. This raises the question: 

how could this process, with the extra burden of 

applying the axioms and developing the requisite 

structure to apply them, also reach a better solution in 

less time than other methods that don’t have that 

burden? To address this question, the design process 

must be decomposed into value adding steps. Then, 

the process for achieving these steps needs to be 

examined.  

If the design process is only evaluated after a 

detailed design is completed, perhaps through a 

number of specific reviews, the process of getting to 

the details will be difficult to evaluate. It is useful to 

have some progress metrics during the design 

process. 

Value added during the design process could be 

defined as reaching consensus among the 

stakeholders on certain intermediate decisions that 

are essential for arriving at the detailed, final design. 

In this way, a value stream can be mapped and 

non-value adding processes recognized.  

Early in the design process, the links to the final 

design may seem distant. This is similar to evaluating 

the early moves in chess. Even when checkmate or 

the capture of a major piece may be remote and 

uncertain, some moves are better than others. It is not 

enough to make a decision early in the process of 

developing the design, there must be some method of 

evaluation of the quality of that decision. The axioms 

can supply that evaluation. Axiomatic design 

supposes that the best design will be that which 

maximizes the independence then minimizes the 

information. If this is true, then appropriate 

application of the axioms can assure that the best 

design decisions are being made.  

The development of the design solution in 

axiomatic design process suggests some metrics. The 

zigzagging decomposition is a top-down development 

from abstract concepts to specifics. At each level, the 

FRs are developed from the customer needs, or from 

an appropriate decomposition of the next higher level 

FRs. The DPs that can satisfy the FRs at that level of 

abstraction are selected and then compliance with the 

axioms is tested. As discussed above, the obvious 

metrics for design progress are: the level of 

abstraction to which the design solution has been 

decomposed, the degree of independence, and the 

information content.  

The use of metrics in assessing the quality of 

design options for comparison can help to build 

consensus on design options, moving the decision 

making process from argument to analysis. The 

axioms and structure supply rules that are used in 

making design decisions. This kind of rule-based 

decision making thereby eliminates some 

non-productive discussions. 

Communication of the design intent is also 

important in building consensus. The association of 

FRs and DPs in the process of axiomatic design 

clearly specifies the intent at every level of 

abstraction in the design.  

When the independence is incomplete, the 

knowledge of unintended interactions indicates orders 

of development that that avoid unnecessary iterations, 

and the extent of the influence of changes in the 

design.  

It is proposed that the systematic decomposition 

and application of the axioms reduces the time to 

produce a completed design, because it organizes the 

design process appropriately, focuses discussions on 

essential elements, reduces the time to make design 

decisions, and eliminates unnecessary iterations in the 

design process.  

Conclusions 

Five conclusions can be drawn from this work: 

• Engineering design can be approached as a 

scientific discipline. 

• Suh’s axioms have a natural basis in 

engineering design.  

• The process of axiomatic design can find the 

best design solutions for a given set of 

functional requirements. 

• The practice of axiomatic design can provide 

progress metrics for value added during the 

development of design solutions. 

• Axiomatic design provides useful design 

procedures. 
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Abstract: Most engineering design processes rely on iteration and build-and-test cycles to ensure the success of 

the final artifact. However, this type of iterative cycle is not possible during the design of geotechnical systems 

because of the cost, scale, and complexity of these projects. Geotechnical engineers rely on reduced-scale 

physical modeling to evaluate the performance or to verify the behavior of the geotechnical systems. 

Geotechnical centrifuge technology is widely adopted for this purpose. This paper introduces the role of physical 

modeling using a geotechnical centrifuge in the design and analysis of geotechnical systems. The fundamentals 

of geotechnical centrifuge technology will be briefly introduced. Case studies on landmark design projects 

around the world such as super long span bridges are introduced to demonstrate how the physical modeling 

technique is involved in geotechnical engineering design. Finally, case studies related to investigations of natural 

disasters will provide some insight about how we can utilize this technique in the research and practice of civil 

engineering design. 

 

Keywords: Geotechnical Engineering, Physical Modeling, Centrifuge, Design 

 

 

Introduction 

Most engineering design processes, particularly those 
related to product and machine design, rely on 
iteration and build-and-test cycles to ensure the 
success of the final artifact. This usually involves the 
creation of a series of full scale models and 
prototypes, ranging from simple mock ups to fully 
functional pre-production prototypes, to aid in 
technical, market, and user testing. However, this 
type of iterative build-and-test cycle is not possible 
during the design process of civil engineering 
projects, especially geotechnical systems, because of 
the cost, scale, and complexity of these projects. In 
addition, the behaviors of these systems are very 
difficult to simulate numerically because of the 
uncertainties surrounding material characteristics and 
environmental conditions. However, it is still 
important to include modeling and iterative 
build-and-test cycles in the design of geotechnical 
systems because evaluating in advance the 
performances of these systems during the 
construction and operation stages is necessary to 
guarantee the safety and success of the project. 

Figure 1 illustrates the design process of general 
infrastructures. Once a project is launched in line 
with social or economic demands, civil engineers 
start the design process according to these steps. 
Geotechnical systems generally consider design 
parameters according to the code of practice and it is 
highly recommended to analyze the performance of 
the system using appropriate methods such as 
numerical or physical modeling, especially in the 

cases of highly important infrastructures or new 
conceptual designs. This analysis is usually 
conducted after the preliminary design step to verify 
the design method and/or after the detailed design 
step to confirm its serviceability. 
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Figure 1. General Design Process for Infrastructures 
or Geotechnical Engineering Systems (Modified 
from Structural Design Process of Gaylord and 

Gaylord 1979) 
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Geotechnical engineers rely on reduced-scale 

physical modeling to evaluate the performance or to 

verify the behavior of geotechnical systems. 

Unfortunately, reduced-scale physical modeling 

cannot replicate the behavior of a full-scale prototype 

because the reduced scale causes differences in the 

self-weight stress level and the mechanical 

characteristics of soil are highly dependent on the 

confining stress. To address this problem, 

geotechnical centrifuges are commonly used for 

physical model tests to compensate for the stress 

level and this technique is widely adopted in most 

geotechnical engineering fields these days. 

This paper will introduce the role of physical 

modeling in the design and analysis of geotechnical 

systems. The fundamentals of geotechnical centrifuge 

technology will be briefly introduced. Case studies on 

landmark design projects around the world such as 

super long span bridges and applications on offshore 

foundation systems will be introduced to give 

examples of the design process for geotechnical 

engineering systems and to demonstrate how the 

physical modeling technique is involved in 

geotechnical engineering design. Finally, case studies 

related to investigations of natural disasters will 

provide some insight about how we can utilize this 

technique in the research and practice of civil 

engineering design. 
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Figure 2. Concept of Physical Modeling using a 

Geotechnical Centrifuge 

Physical Modeling in Geotechnics 

Geotechnical Centrifuge Modeling 

The basic idea of centrifuge modeling in geotechnical 

systems is accelerating a reduced scale geotechnical 

structure to an appropriate high g-level to simulate a 

prototype scale stress field in the model structure. 

When the model is made on a reduced scale of 1:N, it 

is accelerated at N times Earth’s gravity using a 

centrifuge. In this case the stress level at any point of 

the model can be similar to the corresponding point 

of the prototype as shown in Figure 2. The centrifuge 

models are the same shape as the prototype structure 

at the reduced-scale so users can easily observe the 

structural behavior of the model. 

Since large scale centrifuge equipment has been 

available in geotechnical engineering, it has been 

applied to various geotechnical problems. From the 

applications to slope stabilities and consolidation 

problems, centrifuge modeling has been used for 

almost every geotechnical engineering field. With 

developments of advanced testing equipment such as 

in-flight shaking tables, it has been widely used for 

earthquake related problems such as the structural 

stability of earth structures and liquefaction analysis. 

Recently, the needs from the petroleum industry have 

activated centrifuge research on offshore foundation 

systems. 
 

 

 

Figure 3. Geotechnical Centrifuge at KAIST 

Principles of Geotechnical Centrifuge Modeling 

Scaled model experiments must be designed based on 

similarity laws derived from the fundamental 

equations governing the phenomena to be 

investigated. The basic scaling law for the 

geotechnical centrifuge testing is derived from the 

need to ensure stress similarity between the model 

and corresponding prototype. When an acceleration 

of N times Earth gravity (g) is applied to a material of 

density ρ, the vertical stress, σ
v
 at depth h

m
 in the 

model is given by: 

vm m
Ng hσ ρ= ⋅ ⋅         (1) 

In the full scale prototype, indicated by the subscript 

p, the vertical stress is expressed by: 

vp p
g hσ ρ= ⋅ ⋅         (2) 

From the fundamental idea of the centrifuge 

modeling, the vertical stress in the model and the 

prototype is identical  

      σvm 
=

 
σvp, hm = hpN

-

        (3)  

hence the scale factor for linear dimensions is 1:N. 

Basic scaling factors for physical quantities in 

centrifuge testing are derived based on dimensional 

analysis using this linear dimension scale. Since the 

mechanical properties of geomaterials used for 

general centrifuge models are identical with the 

prototype materials, those physical quantities can be 

easily derived. In case structural components, such as 

pile foundations, need to be simulated in the 



First International Workshop on Design in Civil and Environmental Engineering, April 1st-2nd 2011, KAIST 

 

13 

 

centrifuge model, the design of those components 

must consider what kind of physical quantities are 

governing the behavior of the structure. For example, 

the bending stiffness of the pile foundation is the key 

parameter for simulating the behavior subjected to 

lateral loading, so it must follow an appropriate 

scaling factor. The scaling factors for basic quantities 

in centrifuge modeling are listed in Table 1. Most of 

the scaling factors for the modeling can be derived 

from these bases. Details for the centrifuge modeling 

principles can be found in Taylor (1995). 

Table 1. Scaling Factors for Basic Quantities in 

Centrifuge Modeling 

 

Item S.F. Item S.F. 

Stress, modulus 1 Force, load N
-2 

Density 1 Mass N
-3 

Length N
-1 Diffusion time N

-2 

Gravity N Wave velocity 1 

Strain 1 Acceleration  N 

Case Studies 

Foundation Design of the Rion Antirion Bridge
a

, 

Greece 

The Rion Antirion Bridge, which opened to traffic in 

2004 after a 6 year construction period, connects the 

Peloponnese and the Continent across the western 

end of the Gulf of Corinth to replace the ferry system. 

It is a multiple span cable stayed bridge with four 

main piers. The three central spans are 560m long 

each and are extended by two adjacent 286m long 

spans (Figure 4). 

The process of foundation system design is 

shown in Figure 6. Once the project is launched and 

the conceptual design of the bridge is decided, 

geotechnical engineers focus not only on the 

performance requirements but also on the 

environmental conditions of the construction site for 

the reliable design of the foundation systems. Major 

factors which must be considered in foundation 

design are as follows: 

• Geological conditions: deep soft clay 

deposits, shear strength, spatial variability  

• Environmental conditions: ship collision 

impact load, seismic activities, tectonic 

movements 

• Structural conditions: potential damage to 

the superstructure due to seismic behavior 

In the early design stage of the Rion Antirion Bridge, 

it turned out that the most important factor was the 

seismic demand imposed on the foundations. Finally, 

an innovative foundation concept was adopted which 

consists of a gravity caisson (90 m in diameter at the 

sea bed level) resting on top of the reinforced natural 

ground (Combault et al. 2000). The details of the 

                                                  

a

 This case study is introduced by Pecker (2006). 

design for the ground improvement were confirmed 

after a series of analysis. The ground reinforcement is 

composed of steel tubular pipes, 2m in diameter, 25 

to 30m long driven at a grid of 7m×7m below and 

outside the foundation, covering a circular area of 

approximately 8000m2. The total number of 

inclusions under each foundation is on the order of 

150 to 200. In addition, the safety of the foundation is 

greatly enhanced by interposing a gravel bed layer, 

2.8 m thick, on top of the inclusions just below the 

foundation raft with no structural connection between 

the raft and the inclusion heads. 

 

 

 

Figure 4. Rion Antirion Bridge, Greece (Source: 

Wikipedia) 

To guarantee the safety of superstructure, the 

performance criterion and the design guideline of the 

project clearly states that permanent sliding 

displacement of the foundation system in a limited 

range after seismic event is acceptable, but rotational 

failure has to be prevented. To confirm this criterion, 

the design team implemented three-stage process as: 

• Development of design tools based on a 

limit analysis theory 

• Verification of the final layout with a 

nonlinear two- or three-dimensional FEA 

• Experimental verification of the design tools 

with centrifuge model test  

The design tools are based on the Yield Design theory 

(Salençon 1983) and the analytical result can define 

the requirement for the soil improvement or the pile 

inclusions layout. The physical model tests using 

geotechnical centrifuge was involved not only in the 

preliminary design stage to verify the design concept 

but in the detailed design stage to assess performance 

under realistic loading conditions in the design 

process shown in Figure 5. 

Experimental validation as well as theoretical 

analysis was strongly required to confirm the 

behavior of this innovative design. Since the 

soil-foundation system is sophisticated, theoretical or 

numerical tools have limitations in modeling all the 

details of the system (e.g. soil-pile interaction) and 

characterizing its behavior. Therefore physical 

modeling using a geotechnical centrifuge was 

conducted with following objectives: 

• To validate the theoretical predictions 

• To identify the failure mechanism 

• To assess the behavior of the foundation 

under various cyclic load paths 
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Figure 5. Design Process and Major Engineering Aspects for Rion Antirion Bridge Foundation System 

 

 

 

Figure 6. The Foundation System of Rion Antirion 

Bridge (Pecker 2006) 

The centrifuge tests were conducted at the LCPC 

Nantes center by modeling soil-foundation system of 

the design illustrated in Figure 6. The experimental 

result showed that the failure mechanism and the 

behavior could be observed from these tests as 

anticipated by the theoretical and numerical 

calculation (Figure 7). Consequently, the design 

concept for soil improvement and the performance of 

the foundation system during earthquake could be 

accepted as a final foundation system design for 

construction. 

 

 

 

Figure 7. The Foundation System of Rion Antirion 

Bridge after Simulating Sliding Failure in 

Geotechnical Centrifuge (Pecker 2006) 
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Ship Collision Protection System of Incheon 

Bridge
b
, Korea 

One of the key issues related to the safety of long 

span bridges in the coastal area is that there are 

non-negligible possibilities of ship collisions with the 

piers, especially near harbors. Tragic cases around the 

world show that these collisions often cause severe 

damages to or even the collapse of the entire bridge 

system. Engineers generally solve this problem by 

constructing protection systems around the major 

piers. There are two types of solutions for the 

protection of bridge piers from ship collisions; 

building artificial island or several circular column 

type structures (dolphins) around major piers. 

 

Ship protection systems

 
 

Figure 8. Incheon Bridge, Korea (Source: 

www.incheonbridge.com) 

For Incheon Bridge, circular sheet-pile cells, or 

dolphins, with a diameter ranging from 20 to 30m 

were selected as the preferred solution to provide the 

protection (the circular structures around main piers 

in Figure 8). The design parameters for this system 

are determined from a probabilistic analysis 

considering the traffic conditions and characteristics 

around the bridge. This structure is made to minimize 

the damage to the bridge by sacrificing itself allowing 

significant deformation. The problem in design 

process is that the engineers have to determine the 

resistance of the structure when subjected to large 

deformations during the collision to confirm its 

performance requirements. The analysis method 

involved here uses a 3D, non-linear finite element 

model (FEM). However, the performance of the 

structure as well as the numerical simulations had to 

be verified by experimental techniques. 

The centrifuge tests for this project were 

conducted by GeoDelft, Netherlands in 2006 with 

objectives to provide the following information: 

• Experimental results for the response of an 

idealized prototype dolphin structure that 

can be used for verification of the FEM 

model of the same structure 

• Critical failure modes governing the 

response of the dolphin for drained static 

loading and for impact loading 

• Impact force-displacement behavior 

                                                  

b
 This case can be found in the technical report from GeoDelft, 

(2006). 

simulating a realistic ship impact mass and 

velocity 

The experimental setup and details of the model are 

presented in Figure 9 and Figure 10. A total of 29 

centrifuge tests were carried out in this project and 

the results were similar to the expectation, which 

means that the experimental data obtained using the 

centrifuge for this project is reliable. The tests 

verified the effect of the design parameters such as 

soil or fill material properties, the failure mechanism 

subjected to the loading characteristics, the response 

of soil materials during the failure of the structure, etc. 

This example shows that there are demands for the 

performance verification of structures in design stage 

hence centrifuge modeling can play a key role in 

providing adequate experimental predictions in 

response to FE analysis. Especially when the 

structural behavior is not completely understood or 

the failure mechanism cannot be fully simulated by 

numerical methods, geotechnical centrifuge modeling 

provides alternative but valuable insights for 

geotechnical engineering design.  

 

 

 

Figure 9. Centrifuge Testing Setup for Ship 

Collision to the Protection Cell (GeoDelft 2006) 

 

 

Figure 10. Centrifuge Testing Setup Details: 

Protection Cell, Moving Mass and Deformation 

Measurements (GeoDelft 2006) 
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Design of Offshore Foundations 

For the last few decades, one of the biggest needs for 

geotechnical centrifuge technology has come from 

the offshore oil and gas industries. Since the first trial 

in the 1970s, researches have focused on determining 

general failure mechanisms or understanding 

soil-structure interactions. By adopting the centrifuge 

approach in this industry, people were able to 

replicate the field soil and installed conditions so the 

experimental results could provide immediate 

duplications of real situation. Currently tests are 

conducted for quantitative and/or qualitative 

predictions of the structural behavior under 

investigations.  

The topics in offshore foundations using 

geotechnical centrifuges are mainly the installations, 

soil-foundation interactions, loading capacity and 

extractions, etc. Gaudin et al. (2006) listed the major 

objectives of centrifuge modeling in investigating 

offshore geotechnical engineering issues as follows: 

• Feasibility of a new conceptual design 

• Validation of a specific design approach by a 

scaled model of the true prototype 

• Qualitative insight into behavior or 

mechanisms 

• Quantitative validation of analysis or design 

model 

• Developing a design methodology 

Recent advances in measurement techniques such as 

GeoPIV (White et al. 2003) have provided some 

insights into understanding the mechanisms of 

foundation behavior. For instance, a soil model can 

be prepared in a strong box with a transparent 

plexiglass wall and a half-spudcan model can be 

pushed into the soil capturing photographs of soil 

deformation from the front. Figure 11 presents a 

GeoPIV analysis for the photographs taken during a 

spudcan installation test in the centrifuge. A series of 

such studies can provide a general idea about the 

deep penetration mechanisms of a spudcan into soft 

clay, and the result from a parametric study can 

sometimes improve the design guidelines for the 

practice. 

 

Buhang Damc

, Korea 

Centrifuges test are often conducted during the 

design process to verify the desired conceptual 

behavior of geotechnical systems. A recent study on 

Buhang dam which was built as a concrete faced 

gravel-fill dam (CFGD) represents a good example. 

The main concept of CFGD is that the seepage 

instability is primarily prevented by the watertight 

design of a concrete face slab. This provides many 

advantages, including simple design and construction, 

shorter construction periods, and enhanced stability 

in the event of an earthquake. However, the concrete 

face slab is not permanently water proof due to the 

                                                  

c

 This case study can be found from Choo et al. (2010). 

possibility of damage to the face slab by structural 

flaws, aging, and earthquakes. In the case of Buhang 

dam, it was designed to have a selected zone (marked 

as 3Bs in Figure 12) with high permeability in the 

main gravel-fill zone to enhance safety against 

accidental water infiltration into the dam. The 

drainage performance of this zone was considered 

during the initial stage of design and was evaluated 

by centrifuge tests comparing two different models: 

one which included the selective zone and the other 

without that zone.  

 

 

Figure 11. Spudcan Punch-Through on 

Stiff-Over-Soft clay (from the GeoPIV Analysis: 

Axes in Millimeters and in Model Scale, after 

Hossain and Randolph 2010) 

Two experimental cases were compared to 

evaluate the benefit of adding the selective zone. In 

order to simulate cracks on the concrete face slabs, 

the water level in upstream was raised over 

pre-implemented cracks on the face slab. From the 

results of pore water pressure measurements at the 

bottom of the dam, the pressure level merged to a low 

level as expected when the selective zone was 

included while it continuously increased when the 

model was built without the selective zone. The 

models were excavated after the tests and the water 

flow path could be traced as shown in Figure 13 by 

dyes (originally added to the infiltrating water) which 

remained attached to the soil particles. It was possible 

to observe the water trace which was clearly marked 

on the selective zone and this result is consistent with 

modelling revealed that the drainage zoning of the 

Buhang CFGD adequately drains off the infiltrated 

water out of the dam in a short time. 
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Figure 12. Design of Buhang Dam (Choo et al. 2010) 

 

 
 

Figure 13. Evidence of Water Flow Path in the 

CFGD Model (Visual Inspection after Excavating 

the Model) 

 

Studies on Natural Disasters and Prevention 

Physical modeling is also used for replicating 

loading conditions arising from natural disasters 

and/or for investigating failure mechanisms of 

geotechnical systems subjected to such disasters. In 

2006, intensive investigation was conducted on the 

failure mechanism of levees in the New Orleans 

area due to hurricane Katrina in 2005. Centrifuge 

modeling of levees at London North Avenue and 

17th street were conducted and the failure of the 

levees was simulated by controlling the water level 

on the canal side (Figure 14, Sasanakul et al. 2008). 

It was found that the water pressure pushed the 

sheet pile and this hydrostatic force was big enough 

to create a gap between the sheet pile and the levee 

even though the water level was below the highest 

allowable point. This gap acts as a water flow 

channel, allowing huge amounts of water to flow 

from the canal side to the residential areas on the 

other side. This failure mechanism could also be 

confirmed by numerical simulations which 

considered the gap between the levee and the sheet 

pile. 

 
 

Figure 14. Failure of New Orleans levee (London 

North, tested at Rensselaer Polytechnic Institute, 

Troy, NY, Sasanakul et al. 2008) 

 

Conclusions 

The role of physical modeling in the design and 

analysis of geotechnical systems was introduced in 

this paper. It is highly recommended that the 

performance of the geotechnical engineering 

system be analyzed during the design process. 

Physical modeling is often necessary to do so, 

especially in the cases of highly important 

infrastructures or new conceptual designs. This 

analysis is usually conducted after the preliminary 

design step to verify the design method and/or after 

the detailed design step to confirm its serviceability. 

Geotechnical centrifuge testing is one of the most 

preferred methods for this purpose. In this work, 

five case studies provided examples of how the 

centrifuge technology is applied in actual civil 

engineering design practices and research projects. 
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Abstract: This study aims to improve the evaluation and selection of environmental infrastructure with a focus 

on urban sustainability. In this paper, the urban environment is compared to natural ecosystems. The success 

metrics of healthy and enduring ecosystems including evolution, adaptation, ecological networks, the maximum 

power principle, dispersal, and ecosystem hierarchy are examined. Based on these ecosystem processes and 

structures, we consider how environmental infrastructure should be evaluated to contribute to urban 

sustainability. Evaluation criteria such as inherent innovation, interconnectivity, maximizing efficiency, 

compactness, decentralization, conservation of the natural ecosystem, convenience coupled with histories and 

cultures of the region, and stepwise greenization are suggested. Finally, these criteria are compared to those used 

in several well known sustainable cities around the world. 
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Introduction 

More of the half of the world population is now 
living in urban areas. Additionally, the urbanization 
rate of the world is increasing and thus urban 
sustainability has become a worldwide issue. The UN 
Department of Economic and Social Affairs 
Population Division (2008) announced that the urban 
population in developing countries is growing at the 
rate of 3% per year. Rapid and intensive urbanization 
has caused chronic problems such as slumism, heavy 
traffic, environmental pollution and the heat island 
effect. Moreover, excessive fossil fuel use has led to 
the accumulation of greenhouse gases (GHG) within 
the atmosphere and global climate change. Climate 
change, in turn, is very likely to increase the severity 
and frequency of extreme weather events. Since 
urban areas are responsible for approximately 70% of 
GHG emissions (Figure 1), much attention should be 
paid to reducing the need for fossil fuels which are 
involved in urban development. This includes energy 
used for transportation, residential and commercial 
buildings, and industrial activities (IPCC 2007). In 
this regard, it can be said that planning or evaluating 
urban and environmental infrastructures is crucial for 
sustainable development. However, the traditional 
evaluation process does not take sustainable 
development seriously. The purpose of this study is to 
determine evaluative criteria which might be useful 
in evaluating environmental infrastructures from the 
viewpoint of sustainable development. 
 

 
Figure 1. GHG Emissions by Sector (Data from 

IPCC 2007) 

Evaluation Methods and Criteria 

In general, when planning environmental 
infrastructures, alternatives are proposed, compared 
through an evaluation process, and finally ranked 
according to expected effects on the predefined goals 
(Figure 2). Lichfield, Kettle and Whitbread (1975) 
define evaluation as “the process of analyzing a 
number of plans or projects with a view to searching 
out their comparative advantages and disadvantages 
and the act of setting down the findings of such 
analyses in a logical framework”. For the comparison 
of alternatives, a decision-maker should consider 
various aspects from political, technical, economic, 
and other viewpoints, which all are defined in terms 
of evaluative criteria (or evaluation factors). The 
process of ranking the alternatives is then determined 
by the evaluative criteria that have been determined.  
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Figure 2. General Design Process in Urban Planning 

 

In principle, there are three grounds for determining 

evaluative criteria (Ortolano 1997); 1) institutions 

such as laws, policies, and local programs, 2) 

community-based opinions and 3) technical and 

scientific judgments. Evaluative criteria are mostly 

defined by discussions among government, local 

public, and technical or scientific experts whose roles 

are often ignored in many decision-making processes. 

As methods for evaluation processes, 1) benefit 

and cost analysis (BCA), 2) extended BCA, and 3) 

the weighted factor scores approach (WFSA) are the 

most widely used methods. As long as the BCA and 

extended BCA are applied, alternatives are 

quantitatively evaluated with consideration of the 

estimated monetary values as criteria. In contrast, the 

WFSA incorporates various values into evaluative 

criteria, irrespective of whether or not the values are 

quantifiable. In addition, the WFSA has a great 

advantage; once the evaluative criteria and weight 

factors are determined, only simple arithmetic is 

required for evaluation (Ortolano 1997). It should 

also be noted that the WFSA is subjective and 

qualitative in determining evaluative criteria, 

assigning weight factors, and marking the scores. 

However, this method is thought of as preferable, in 

particular when decision-makers pay attention to 

broad effects of environmental infrastructure projects. 

Still, of concern is how sustainable development is 

incorporated into the application of the WFSA for 

environmental infrastructure projects. This question 

does not seem to have been discussed sufficiently in 

the scientific communities yet. Thus, this study uses a 

scientific approach to incorporate sustainable 

development in an ecological view to determine 

evaluative criteria for environmental infrastructure. 

Ecosystems and Urban Sustainability 

Ecosystems sustain every life-supporting function on 

the planet such as: climate regulation, water filtration, 

soil formation, foods, fibers, medicines, erosion 

controls and many other natural features of historical, 

spiritual and scientific value (Millennium Ecosystem 

Assessment 2010). The main objective for these 

ecosystems is the survival of organisms and the 

ecosystem itself, which is maintained by inherent 

features like evolution, interconnectivity, and 

adaption. The term ‘ecosystem’ usually indicates the 

natural environment where there is no artificial 

intervention. However, urban areas or cities have 

similar characteristics to ecosystems, although they 

are the outcomes of human efforts (Savard 2000, 

McDonnel 1990). Moreover, the growth curve of 

species observed in ecosystems is similar to the 

growth curve of human welfare and populations.  

Urban sustainability is interpreted in an 

ecological view as follow. As illustrated in Figure 3, 

human welfare is first viewed as growing 

exponentially (curve (a)). If the curve is true, the 

future generations might always enjoy better welfare 

than the current generation. However, it is impossible 

for welfare to grow forever because of carrying 

capacity; e.g. the limits of resources. Thus, it is 

anticipated that welfare first grows exponentially, 

then the growth rate is diminished, and finally it 

converges to an equilibrium (curve (b)). However, as 

the population and scale of an urban area increases, 

the carrying capacity decreases and finally the most 

realistic curve become an ‘overshoot and collapse 

curve’. Many studies (ASCE 1998, Meadows 1972) 

regard this curve as being negative and the most 

realistic path of future development. In addition, 

curve (b) is regarded as a sustainable development 

path because; 1) the carrying capacity in urban areas 

can be conserved, 2) the welfare of future generation 

is not sacrificed and 3) it is ensured that the future 

generation enjoys more welfare than the current 

generation although it is not an exponential growth. 

Therefore, urban sustainability is interpreted as a 

survival of human welfare or a population in urban 

area conserving the carrying capacity and ensuring 

the future generation in an ecological view.  

 

 
 

Figure 3. The Development Curves (Meadow 1972)  
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Criteria Derived from Ecological 

Concepts for Survival 

Although urban sustainability has been defined as a 

development like the one shown in curve (b), it is still 

not clear to show how urban areas should be changed 

to meet that goal. Hence, this study looks over the 

characteristics and structures of ecosystems which are 

required for survival. From these characteristics, this 

study considers the role of environmental 

infrastructure to achieve urban sustainability.  

From the consideration of survival in an 

ecological view, evaluative criteria for environmental 

infrastructures are depicted in Table 1. In total, eight 

criteria have been derived from five ecological 

characteristics for survival. The details of these 

evaluative criteria are shown in Table 2. The 

connections between the ecological characteristics 

and the evaluative criteria are as follows.  

 

Evolution and Adaptation  

Evolution is a process of adapting to the environment 

which surrounds an organism. The survival of the 

fittest says that the species that adapt best (are most 

fitted) to the environment with limited resources and 

given constraints will survive. The ‘fitting’ is a 

genetic evolution of inherent changing for the species 

for adaptation. Yet, not every evolution succeeds. 

Some mutants, which are the first start of evolution, 

might not be ‘selected’. ‘Natural selection’ is the 

invisible force that selects which evolutionary 

branches will survive or not in the given environment 

(or resource) (Krebs 2001). Evolution is based on the 

key feature of ‘inherent change’. Evolution is a 

change of self, not a changing of the circumstances 

for adaption, and thus for survival. Thus from this 

characteristic for survival, ‘inherent innovation’ is 

derived.  

As the objective of evolution is to adapt to the 

environment, adaptation is another key feature. 

Adaption for environmental infrastructures is 

represented by ‘convenience with historical/cultural 

coupling’ and ‘stepwise greenization’. These criteria 

show how the environmental infrastructure should be 

changed from the perspective of adaptation to 

achieve urban sustainability. 

 

Ecosystem Networks 

An ecosystem is comprised of a network of systems 

with the purpose of exchanging materials and energy 

for metabolism because there is neither organism nor 

system that can live in isolation. This network shows 

the flow of energy and materials within and between 

systems, and thus shows the path of metabolism. 

From a systematic view, it is considered that the 

ecosystem is an aggregation of connections between 

smaller systems (Capra 1996). Networks in 

ecosystems, in other words the connection between 

ecosystems, have been an important component for 

understanding ecosystems. Additionally, it has been 

considered that understanding the connections of the 

ecosystem helps us to understand the ecosystem itself 

(Patten 1991). This is because understanding the 

connections makes it possible to understand the 

interdependency of the system and organism which is 

important for survival of the ecosystem and other 

smaller systems included in it.  

This concept of interconnectivity has already 

been adopted in human activities. Industrial ecology 

is a system-based, multidisciplinary discourse that 

seeks to understand the emergent behavior of 

complex integrated human and natural systems (Brad 

2006). The concept of industrial ecology is illustrated 

in Figure 4. Industrial ecology highlights the concept 

of interconnection for the use of by-products from 

one industry as a source for other industries. 

Similarly, this concept of connection observed in the 

natural ecosystem can derive ‘interconnectivity’ 

which emphasizes the connection between systems 

from which additional benefits of environmental 

infrastructure can emerge.  

 

Maximize Power Principle 

In natural systems, like biological cells, energy is 

stored by transformation and the stored energy sends 

feedback to the energy source to accelerate energy 

inflow. This enhances energy flow for valuable 

activities. In nature, it is known that survival is a kind 

of competition in obtaining as much available energy 

as can be taken (Odum 1983). Lotka (1922) 

suggested the “maximum power principle” which 

states that “a system which develops an energy 

structure that can maximize the energy flow for 

valuable activities will spread wider than other 

systems” (Figure 5). Due to this principle, it is 

assumed that a more efficient system will have more 

possibilities to survive. Efficiency in the system can 

be divided into two parts: 1) a systematical efficiency 

which considers the total performance per input and 2) 

an individual efficiency which is the efficiency of the 

components in the system. The systematical 

efficiency is emphasized by the features of 

interconnectivity. For individual efficiency, 

maximizing the efficiency of the components 

maximizes the total efficiency. By achieving 

efficiency in both parts, the system will have 

maximum efficiency which can lead to survival. Thus, 

urban environmental infrastructures should also 

achieve maximum efficiency to achieve urban 

sustainability. To do this, the infrastructure has to 

enhance efficiency in a systematic view (this is 

highlighted by the criterion ‘interconnectivity’) and 

has to enhance the efficiency of the components 

which are the element technologies for infrastructure. 

Hence the evaluative criterion “maximizing 

efficiency” is derived. 
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Table 1. Evaluation Criteria Derived from Ecological Characteristics for Survival 

 

Ecological concepts Evaluation criteria 

1. Evolution and adaptation 1. Inherent innovation 

7. Convenience with historical and cultural coupling 

8. Stepwise greenization 

2. Ecological network 2. Interconnectivity 

3. Maximum power principle 3. Maximizing efficiency 

4. Compactness 

4. Dispersal 5. Decentralization 

5. Ecosystem hierarchy 6. Conservation of the natural ecosystem 

 

Table 2. Details of Evaluation Criteria 

1. Inherent innovation:  

This stands for solving urban problems not only through circumstantial changes like enhancing efficiency or 

reducing waste but also through innovative changes of the subject itself. For example, reducing consumption 

and GHG emissions in the energy sector which depends mostly on fossil fuel is a way to solve urban 

contributions to climate change. Yet, by changing the energy system itself from fossil fuel to renewable energy 

sources is another way to solve the problem. This kind of inherent innovation should also be considered in 

solving urban problems and achieving urban sustainability.  

2. Interconnectivity:  

From a systematic view, enhancing connectivity between technologies applied in environmental infrastructure 

will maximize the overall efficiency in the system. This concept is already used in industrial ecology, which 

tries to enhance material consumption efficiency through connecting industries. Additionally, through 

enhancing interconnectivity in the system, other benefits can emerge which cannot be obtained individually. 

3. Maximizing efficiency:  

Through interconnectivity the total efficiency of the system can be enhanced. Moreover, it is obvious that 

enhancing the individual efficiency will also contribute to the total efficiency. Maximizing efficiency is a term 

of emphasizing the individual efficiency of element technologies in space, time and material consumption.  

4. Compactness:  

In controlling entropy in material consumption and movement for increasing efficiency, compactness is 

emphasized. Through the integration of space for infrastructures, the movement and consumption of materials 

and energy will be minimized. 

5. Decentralization:  

Compactness is useful to control entropy in a certain level. However, there is a limit for compactness. Above a 

certain level of compactness, it disturbs efficiency enhancement and entropy reduction. Additionally, to make 

the urban system flexible for uncertain external interferences, the system should be decentralized for 

adaptation. Although there are disadvantages like the fact that complex management is required, it is essential 

because the risk and expected damage is larger for infrastructures. 

6. Conservation of the natural ecosystem:  

From an ecological view, an urban system is a system inside the natural ecosystem. For survival of the urban 

system, the natural ecosystem which is in the upper hierarchy should sustain its homeostasis. In order to sustain 

homeostasis, the urban system should discharge loads, e.g., environmental loads, to the ecosystem in the range 

of its carrying capacity. Yet the carrying capacity of the ecosystem is not known, so the environmental loads 

from the urban system should be minimized as much as they can be.  

7. Convenience with historical/cultural coupling:  

As environmental infrastructure attempts to achieve urban sustainability, it becomes more complex and difficult 

to be used or managed. However, infrastructure is necessary to attract users (residents). In addition, the 

infrastructure has to be well implemented wherever it is needed. Hence, the infrastructure has to offer 

convenience to the users and have consideration of urban areas in order to not be abandoned.  

8. Stepwise greenization:  

Every country has different circumstances according to its social, economical, and geographical conditions. 

Therefore, it is inappropriate to ask for the same levels of sustainable development from each country. For 

example, developed countries have large amounts of investment with advanced technologies which cannot be 

afforded in developing countries. Although it is a lower level of greenization, it may be be more reasonable to 

apply more less advanced but more affordable technologies depending on the conditions of a given country.  
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Table. 3. Common Features Between Criteria and Actual Cases 

 

Evaluation Criteria Freiburg Hammarby Masdar 

1. Inherent innovation O  O 

2. Interconnectivity  O O 

3. Maximizing efficiency O  O 

4. Compactness   O 

5. Decentralization  O  

6. Conservation of the natural ecosystem O O O 

7. Convenience with historical and cultural coupling  O  

8. Stepwise greenization O O O 

 

In this regard, this concept is required for 

environmental infrastructures to gain flexibility. Thus, 

dispersal derives “decentralization” for 

environmental infrastructure. By decentralization, 

variety can be enhanced and the flexibility for 

managing external interferences can be increased 

giving an advantage to risk management.  

 

Ecosystem Hierarchy 

As mentioned previously, an ecosystem is a network 

of systems that can be considered as an aggregation 

of connections of smaller systems (Capra 1996). In 

the view of smaller systems which compose the entire 

ecosystem, the pressure, e.g. environmental burden, 

which is loaded to another system or the overall 

system, should be affordable in terms of that systems' 

carrying capacity. If not, the total system will 

accumulate loads that it cannot afford and this will 

threaten the survival of the system as well as the 

smaller systems that are contained within it. 

An urban system can be considered as a 

smaller system included in the natural ecosystem. If 

the loads from the urban system, such as 

environmental pollution, pressure the ecosystem, it 

may threat the survival of the ecosystem and also the 

urban system itself. Thus, urban system should apply 

loads to other systems in the range that is affordable. 

However, the carrying capacity of the nature 

ecosystem is not clearly measurable. Therefore the 

urban system should minimize the pressure to other 

systems as much as possible. This is emphasized 

through ‘conservation of the natural ecosystem’.  

Applicability of the Evaluative Criteria 

Eight evaluative criteria have been derived from five 

ecological characteristics to achieve urban 

sustainability. Recently, there have been actual cases 

of projects attempting to achieve urban sustainability. 

These cases are Freiburg in Germany, the Sweden 

city of Hammarby, and Masdar city of the UAE. 

These cities try to achieve urban sustainability 

through regenerating or developing infrastructures 

(Shin 2010). Some common features have been found 

in the evaluative criteria derived from this study and 

the actual cases in progress worldwide. The common 

features are shown in Table 3. However, the 

evaluative criteria do not totally fit with each case. 

Nevertheless, the evaluative criteria agree with the 

actual cases in achieving urban sustainability. Thus, 

the evaluative criteria are useful in incorporating 

urban sustainability in the evaluation process.  

Conclusions 

As more people gather in urban areas, urban 

sustainability is becoming a worldwide issue. To 

achieve urban sustainability, planning and evaluating 

urban and environmental infrastructure is a crucial 

process. However, the traditional evaluation process 

does not take sustainable development seriously. 

Moreover, this concern has not been discussed 

sufficiently with a scientific approach yet.  

As a scientific approach, this study attempts to 

determine evaluation criteria in an ecological view 

focusing on the characteristics of ecosystems for 

survival. Through these characteristics, eight 

evaluative criteria have been derived from five 

ecological characteristics. The evaluative criteria are; 

1) inherent innovation, 2) interconnectivity, 3) 

maximizing efficiency, 4) compactness, 5) 

decentralization, 6) conservation of the natural 

ecosystem, 7) convenience with historical and 

cultural coupling, and 8) stepwise greenization.  

In addition, several projects to achieve urban 

sustainability have been undertaken recently. 

Through an overview of these actual cases, some 

common features between the derived evaluative 

criteria and those used in the actual projects have 

been found. The evaluative criteria agree with the 

actual cases in achieving urban sustainability. 

Therefore, from the ecological approach for survival 

and the connection with actual cases, the suggested 

evaluative criteria are regarded to be useful in 

planning and evaluating urban and environmental 

infrastructure in the view of urban sustainability. 
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Abstract: Civil structures are constantly exposed to various external loads such as traffic, wind, and wave loads. 

As a result, it is essential to regularly inspect structural conditions and be able to do so at any time. In particular, 

structural displacements, which are one of the important categories of structural health monitoring (SHM), must 

be estimated to inspect the structural safety. This work describes the design of a robot to measure structural 

displacements directly with high accuracy and low cost. The robot is composed of two screens facing with each 

other each with one or two lasers and a camera. By cascading single modules, the proposed inspection robot 

system can estimate displacements over the entire structure. Although the proposed robot can estimate 

translational and rotational displacements in 6-DOF, the measurable range is limited due to the limited screen 

size. To solve this problem, a structural inspection robot with visually servoed manipulator is introduced. 

 

Keywords: Structural Health Monitoring (SHM), Inspection Robot, Displacement, Laser, Vision. 

 

 
Introduction 

The past several decades have seen rapid growth in 
research on structural inspection systems.  
Displacement, which is one of important categories 
of structural health monitoring (SHM), is usually 
estimated by sensors such as accelerometers, strain 
gauges, PZT, and GPS. However, the aforementioned 
sensors all have the disadvantages that they only 
indirectly measure the displacement, are difficult to 
install, and costly to maintain. For example, 
accelerometers estimate displacement by integrating 
the acceleration signal twice. Since the displacement 
results are indirectly calculated, the results are neither 
accurate nor stable (Park et al. 2005). GPS, which is 
another well known sensor, measures the 
displacement with high accuracy but the cost is 
relatively high (Meng et al. 2004).  

To solve these problems, a structural inspection 
robot was introduced to estimate translational and 
rotational displacements (Myung et al. 2011). The 
robot is composed of two screens facing each other 
each with one or two lasers and a camera. Compared 
to the aforementioned sensors, the proposed robot 
system estimates the displacement more accurately 
than an accelerometer, since it directly measures the 
displacement. Also, the cost is significantly lower 
than a GPS system. Compared to another vision 
based displacement monitoring system that uses 
targets and a high resolution camera, the proposed 
robot solves the main problem of being affected by 
external conditions (Ji et al. 2008, Wahbeh et al. 
2003, Lee et al. 2006). In other words, the proposed 
robot is not easily affected by the external changes 

such as lighting and weather, since the distance 
between camera and the screen was designed to be 
relatively short. Also, unlike most of vision based 
measurement systems, the proposed robot can 
estimate not only translational displacement but also 
rotational displacement by capturing the images on 
both sides. Although the proposed robot system can 
estimate 6-DOF displacement, the calculation was 
made under the assumption that all three lasers are on 
the screens. Therefore, in this paper, an actuated 
structural inspection robot which uses a 2-DOF 
manipulator to control the positions of the projected 
laser points is briefly introduced.  

The rest of the paper is organized as follows. 
The design of the proposed structural inspection 
robot and the kinematics of the system are described. 
The results of experimental tests that were performed 
to validate the performance of the proposed robot are 
presented. Finally, a new version of the robot which 
uses visually servoed manipulator is briefly 
introduced.  

Structural Inspection Robot 

Architecture of Structural Inspection Robot 

The architecture of the structural inspection robot is 
shown in Figure 1. As shown in the figure, each side 
is composed of one or two lasers, a camera, and a 
screen. The lasers on both sides project its parallel 
beam to the screen on the opposite side and the 
camera near the screen captures the image of the 
screen. 
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Figure 1. Architecture of the Structural Inspection Robot (Myung et al. 2011) 

 

 

 

Figure 2. Displacement Estimation Procedure 

The structure of the system was designed based 
on four main functional requirements (FRs) as 
follows: 

FR1 = Measure 6-DOFs of displacement. 
FR2 = Robust to the environmental changes. 
FR3 = Be applicable to massive structures. 
FR4 = Be low cost. 

To satisfy these FRs, the design parameters (DPs) are 
stated as follows: 

DP1 = The type of sensors: a camera and a laser. 

DP2 = The mⅹn configuration of the sensors. 

DP3 = The structure of the system which can be 
cascaded. 

DP4 = The configuration of the proposed robot 
that the distance between the screen and 
the camera is set to be very short (20 
cm). 

Then the design equation can be written as follows: 

 

4 1

1 2

3 3

2 4

0 0 0

0 0 0

0 0 0

0 0
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       (1) 

 
As shown in the design equation (1), the first 

FR, which is the measurement of 6-DOF 
displacement, can be satisfied from the positions of 
three projected lasers while most of other 
vision-based structural health monitoring systems 
measure translational displacement only. In detail, 
most of the vision-based structural monitoring 
systems install a target and a camera far away that 
captures the movement of the target (Ji et al. 2008, 
Wahbeh et al. 2003, Lee et al. 2006). In these one 

way image tracking systems, translational 
displacement along X axis and rotational 
displacement about Y axis, or translational 
displacement along Y axis and rotational 
displacement about X axis cannot be easily 
distinguished. However, the proposed robot can 

estimate 6-DOF displacements easily due to the 2ⅹ1 

or 1ⅹ2 positions of the projected lasers which are 

captured by the vision sensor. 
Due to the vision sensor which is easily 

affected by external environmental changes such as 
illumination or weather, most vision-based 
measurement systems cannot estimate displacement 
all of the time. However, the proposed robot solves 
this problem by defining the distance between the 
screen and camera to be short - typically 20cm - 
therefore, the FR can be solved. In other words, the 
proposed robot can measure the displacement in 
every moment regardless of the external conditions. 

As shown in Figures 1 and 3, the two sides 
form one robot module and the massive civil 
structures can be inspected, which is relevant to the 
third FR, by cascading multiple modules. Due to the 
huge size of civil structures, the whole area is divided 
into several segments and the multi modules move 
along the guide rail to inspect the entire structure. 
Since each module can move along the guide rail, the 
displacement at any point on the structure can be 
estimated. 

Since the proposed robot is composed of 
relatively cheap lasers and vision sensors, the cost is 
significantly lower than it competitors which satisfies 
the fourth FR. For example, the total cost of the 
proposed robot which is made up of three lasers, two 
cameras, and a laptop computer, is less than $1,500 
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while the RTK-GPS is $20,000 on average.  
The procedure for estimating displacement is 

described in Figure 2. As shown in the figure, the 
cameras on each side capture images on the screen, 
and then the lens distortion is corrected afterward. 
The boundary and homography are calculated from 
the undistorted images and the position of the 
projected laser is calculated. Since the size of the 
boundary is known, the position of the laser can be 
calculated based on the screen coordinate. In this 
paper, the zero position on each screen was set to be 
the mid-point of the screen.  

 

 

 

Figure 3. One example of the application of the 
proposed structural inspection robot. In addition to 

bridges, the proposed structural inspection robot can 
be applied to high-rise buildings, turbines, etc. 

Kinematics 

The kinematic equation of 6-DOF displacement 
defines the geometric relationship between the 
observed data m = [AO, BO, BY]T and estimated 
displacement p = [x, y, z, θ, φ, ψ] T. Here AO is the 
projected beam on screen A and BO and BY are the 
projected beams on screen B. To derive the 
kinematics, the transformation matrices ATB and BTA 
can be used. The ATB is a transformation matrix that 
transforms the coordinate from frame B to frame A, 
and vice versa. The ATB can be obtained as the 
product of translation and rotation matrices along X, 
Y, and Z axes as follows: 

     ( , , ) ( , ) ( , ) ( , ).A

B
T T x y z R x R y R zθ φ ψ=     (2) 

Using ATB and BTA, the kinematic equation is 
obtained after some mathematical manipulations. If 
we consider the laser projected from frame B to 
frame A, the screen coordinate AO can be obtained as 
follows: 

         [0 1]
A A T

B AB
O T LZ=            (3) 

where L is the offset of a laser point from the center 
of a screen in the Y direction and ZBA is the distance 
from screen B to screen A. As z = 0 on screen A, z 
component of AO vector should be zero. By 
substituting the obtained ZBA into Eq. (3), AO can be 
obtained. In the same way, BO and BY can be easily 
obtained. Applying these constraints, the kinematic 
equation can be derived as follows: (Myung et al. 
2011).  

( ) /
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⎢ ⎥
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.

) /s s c yc c c cθ ϕ ψ ϕ ψ θ ϕ

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥

−⎢ ⎥⎣ ⎦

(4) 
By using the Newton-Raphson method, the 

estimation of p can be obtained (Myung et al. 2011, 
Moon et al. 2000) as follows: 

ˆ ˆ ˆ( 1) ( ) ( ( ) ( )).
p

p k p k J m k m k+

+ = + −      (5) 

Where, Jp = /M p∂ ∂  is the Jacobian of the kinematic 

equation, Jp
+ is the pseudo-inverse of the Jacobian, 

and m̂  is the estimated observation by M. 

For practical implementation, the initial 
displacement due to the inclined ground or miss 
aligned lasers should be considered. Therefore, the 
initial displacement pi = [xi, yi, zi, θi, φi, ψi]

 T was 
estimated from the first scene, and then the initial 
movement is considered in the estimated results as 
following: 

        1( )A A

new cal B
T T T

−

= ⋅            (6) 

where ATcal is the transformation matrix of initial 
movement and it can be calculated from Eq. (2) by 
substituting p = [x, y, z, θ, φ, ψ] T with pi = [xi, yi, zi, θi, 
φi, ψi]

 T. By multiplying the inverse of ATcal , the 
calibrated transformation matrix Tnew can be 
calculated. The effect of calibration is shown in 
Figures 6 and 7 in the next section.  

Proof of Concept 

Experimental Setup 

To obtain proof of concept for the structural 
inspection robot, various experimental tests were 
performed by building a prototype of the proposed 
module. As shown in Figure 4, each side is composed 
of one or two lasers, a camera, and a screen. The 
experimental setup is shown in Figure 5. As shown in 
the figure, the two modules facing with each other 
project parallel beams to the opposite side. One of the 
two sides was laid on the ground and another on a jig. 
The jig is a tool that controls the translations and 
rotations each in 3-DOF with high accuracy. In this 
paper, this tool was used to make artificial 
movements between two sides, which also provides 
the ground truth. 
 
Experimental Results 

The experimental results of dynamic displacement in 
the X and Y directions are shown in Figures 5 and 6. 
As shown in the figures, the results with the 
calibration step set the initial position to zero (see the 
solid lines). From the results, we can conclude that 
the proposed structural inspection robot can estimate 
relative displacement accurately. 
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Figure 4. Composition of one side of the structural 

inspection robot. Each side is composed of one or 

two lasers, a camera, and a screen. 

 

 

 

Figure 5. Experimental setup. The distance between 

the two sides was set to be 50m. 

Structural Inspection Robot with Visually 

Servoed manipulator 

Although the structural inspection robot can estimate 

6-DOF displacement, the observable measurement 

range is limited by the screen size. The screen size of 

[h(height) × w(width)] can capture the translational 

displacement of [-h/2, h/2] and [-w/2, w/2] ranges in 

the X and Y directions, respectively, and the rotational 

displacement of [-arctan(h/ZAB), arctan(h/ZAB)] and 

[-arctan(w/ZAB), arctan(w/ZAB)] in the X and Y 

directions where ZAB is the distance between two 

robots. For example, the observable displacement 

range of the proposed robot with a screen size of 30 

cm × 30 cm and 100 m of distance between the two 

sides is ±15 cm in translation and ±0.086 degrees in 

rotation.  

However, displacements out of the specific 

ranges are inevitable due to various external loads. 

Therefore, an actuated structural inspection robot is 

designed based on the aforementioned FRs and a 

newly added FR as follows: 

 

 

Figure 6. Estimation of dynamic translational 

displacement when the displacement between two 

sides is set to be 50 m. The displacement range is [0, 

1.5]cm in the X direction. Solid lines: estimation with 

calibration step. Dotted lines: estimation without 

calibration step. 

 

 
Figure 7. Estimation of dynamic translational 

displacement when the displacement between two 

sides is set to be 50 m. The displacement range is [0, 

2]cm in the Y direction. Solid lines: estimation with 

calibration step. Dotted lines: estimation without 

calibration step. 
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Figure 8. Architecture of actuated structural inspection robot with visually served manipulator. Since the 

manipulator that holds the lasers can be rotated in two directions, the projected laser position can be controlled 

on a 2-DOF screen (Jeon et al. 2011). 

 

FR5 = No limitation of measurable range. 

To satisfy the added FR, a DP is stated as follows: 

DP5 = 2-DOF manipulator that controls the 

positions of the projected lasers. 

The design equation of the revised robot system can 

be re-written as follows: 

 

4 1

1 2

3 3

2 4

5 5

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0

0 0 0 0

FR DPX

FR DPX

FR DPX

FR DPX X

FR DPX

⎧ ⎫ ⎧ ⎫⎡ ⎤
⎪ ⎪ ⎪ ⎪⎢ ⎥
⎪ ⎪ ⎪ ⎪⎢ ⎥⎪ ⎪ ⎪ ⎪⎢ ⎥=⎨ ⎬ ⎨ ⎬

⎢ ⎥⎪ ⎪ ⎪ ⎪
⎢ ⎥⎪ ⎪ ⎪ ⎪
⎢ ⎥⎪ ⎪ ⎪ ⎪⎣ ⎦⎩ ⎭ ⎩ ⎭

.   (7) 

 

The fundamental idea of the actuated 

structural inspection robot is to install a 2-DOF 

manipulator to force the laser beams to stay always 

on the screen (Jeon et al. 2011). The architecture of 

the actuated structural inspection robot is shown in 

Figure 8. In the figure, the lasers are controlled by 

manipulators to prevent the laser beam from 

straying out of the screen bounds. The top and right 

side views of the 2-DOF manipulator are shown in 

Figure 9. 

 

 

Figure 9. Top and right view of the 2-DOF 

manipulator on side A (Jeon et al. 2011). 

 

 

 Conclusions 

In this paper, a structural inspection robot for 

structural displacement measurement was 

introduced. The proposed robot is designed to 

satisfy four FRs: (a) measurement 6-DOF 

displacement, (b) robustness to external 

environmental changes, (c) applicable to massive 

civil structures, and (d) low cost. To satisfy the 

aforementioned FRs, the displacement inspection 

robot which is composed of two screens facing 

each other each with one or two lasers and a camera, 

is designed. By calculating the position of the 

projected lasers, the relative translational and 

rotational displacement between the two sides can 

be calculated in 6-DOFs regardless of external 

conditions with low cost. Also, the proposed robot 

system can be applied to massive structures by 

cascading multiple modules. The performance of 

the robot is validated the by experimental tests.  

Although the proposed robot can estimate 

6-DOF displacements with high accuracy, the 

system has the limitation that it can only estimate 

when all the three lasers are on the screens. 

Therefore, an actuated structural inspection robot 

with a visually servoed manipulator was newly 

designed based on the additional FR. In this system, 

the manipulator controls the lasers and ensures that 

they stay on the screen all the times.  

In the future, a prototype of the actuated 

structural inspection robot will be built to prove its 

feasibility to real civil structures. 
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Abstract: A structural health monitoring (SHM) system using wireless smart sensors (WSSs) is analyzed using 

axiomatic design principles based on the functional requirements issued by relevant researchers, engineers, and 

authorities. Zigzagging process between hierarchical functional requirements and design parameters have been 

utilized to reduce the complexity of SHM system. The advantages of SHM system using WSSs has been 

investigated in depth by comparing with SHM system with tethered sensors. 
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Introduction 

Civil infrastructure is constantly exposed to 
environmental and service loading. Over time, 
infrastructure ages and deteriorates which, without 
proper maintenance, eventually leads to structural 
deficiencies. In addition, extreme events like 
typhoons, hurricanes, earthquakes, and overloaded 
vehicles may cause severe structural damage to the 
infrastructure and threaten public safety.  

In the United States, it is reported that more 
than 149,000 bridges - almost quarter of 603,000 of 
bridges in the country - are estimated to be 
structurally deficient or functionally obsolete (FWHA 
2010). The structural deficiency of civil structures 
may result in catastrophes like the collapse of bridges 
or buildings, which are accompanied by a large 
number of casualties as well as social and economic 
problems. Therefore, many countries are regulating 
bridge maintenance and mandating structural health 
monitoring (SHM) of important public structures 
such as long-span bridges. 

However, the cost for installation and operation 
of a SHM system for a large civil structure is very 
high. Table 1 shows the cost of the SHM systems in 
four Chinese bridges. It is shown that the 
approximate cost for each sensing channel is between 
$6,000 and $25,000. The majority of this cost seems 
to come from the expensive cost of components, such 
as sensors, data acquisition (DAQ) systems which are 
compatible with various types of sensors, and the 
miles of cables necessary to interface them. This cost 
has promoted the use of wireless smart sensors 
(WSSs) in the field of Structural Health Monitoring. 
Wireless SHM systems process and transfer the 
interrogated data through a wireless smart sensor 

network (WSSN). In addition to being less expensive 
than conventional tethered SHM systems, Wireless 
SHMs require a smaller data repository and are less 
inundated by raw data from the system.Several 
research projects which monitor bridge structures 
using wireless sensors have been reported (Lynch et 

al. 2003, Galbreath et al. 2003, Lynch et al. 2006). 
This work was applied to long-span bridges such as 
the Gi-Lu cable-stayed bridge (Weng et al. 2008) and 
the Golden Gate suspension bridge (Pakzad 2008), 
with full utilization of the flexible installation of 
wireless sensors. Based on the prior research, a 
long-term SHM system using WSSs has been 
constructed on a cable-stayed bridge in Korea. This 
work involved an international collaboration between 
Korea, the US, and Japan in 2009 and 2010 (Jang et 

al. 2010, Cho et al. 2010, Cho 2011). A total of 113 
wireless smart sensors were installed with high 
spatial density on the bridge to provide important 
insights into the opportunities and challenges for 
SHM technology using WSS for the practical 
monitoring of large civil infrastructures. 

SHM systems using WSSs are on the edge of 
practical application in civil infrastructure. Though 
the WSS technology and SHM algorithm have been 
investigated thoroughly, the design of SHM system 
using WSSs has not been studied from the 
perspective of practical and economical 
establishment of SHM systems. In addition, though 
WSSs seem to have advantages over conventional 
tethered sensors in SHM systems, those advantages 
have been assessed based on experience rather than 
having been formally evaluated from a theoretical 
perspective.  
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Table 1. Cost of Bridge SHM Systems in China 

 

Bridge Name Tsing Ma Sutong Stonecutter Qingdao 

Bridge Type Suspension Cable-stayed Cable-stayed 
2 Suspension +1 

Cable-stayed 

Construction (Yr.) 1997 2008 2009 2010 

Span Length (m) 1,377 (main span) 1,088 (main span) 1,018 (main span) 35,400 (total) 

Total Cost ($) 7.7M 3.7M 12.9M 3.7M 

Channel (EA) 300 600 1200 500 

Appx. Cost / Ch ($) 25,000 6,200 10,750 7,400 

In this study, Suh's (2001) axiomatic design 

(AD) theory is used to assess the advantages of 

Wireless SHMs over conventional tethered SHMs on 

a component by component basis. The design 

matrices of SHM systems with tethered sensors and 

WSSs are constructed and analyzed with respect to 

coupling, conflict, and complexity. 

Axiomatic Design 

AD theory was developed by Suh in the 1970s to 

provide a theoretical design framework for all 

possible design procedures. Suh (2001) illustrates in 

his book that the design process can be described in 

four domains: the customer domain, functional 

domain, physical domain, and process domain. The 

customer domain is characterized by the attributes 

that the customers or end users are looking for. This 

is the first domain to be specified. The customer 

attributes (CAs) are then translated in terms of 

functional requirements (FRs) in the functional 

domain. The FRs are to be satisfied by means of 

design parameters (DPs) in the physical domain. 

Finally, the process is characterized by process 

variables (PVs) in the process domain as shown in 

Figure 1.  

 

 

 

Figure 1. Four Domains of Design (redrawn from 

Suh 2001) 

In the AD, two important axioms are given: the 

Independence Axiom (Axiom 1) and the Information 

Axiom (Axiom 2). Axiom 1 states that the functional 

requirements must be independent of each other to be 

satisfied by a set of single design parameters, and 

Axiom 2 states that the information content used in 

the design must be minimized for simplicity (Suh 

2001). Based on the Independence Axiom, the FRs 

and DPs can be expressed as:  

 

 { } [ ]{ }FR A DP=  (1) 

 

where [ ]A  is known as the design matrix and 

{ }FR  and { }DP  are vectors of FRs and DPs, 

respectively. In the case of 2 FRs with 2 associated 

DPs, for example, the design equation can be written 

as: 

 

 
1 11 12 1

2 21 22 2

FR A A DP

FR A A DP

=

⎧ ⎫ ⎡ ⎤ ⎧ ⎫
⎨ ⎬ ⎨ ⎬⎢ ⎥
⎩ ⎭ ⎣ ⎦ ⎩ ⎭

 (2) 

 

where the binary elements of design matrix [ ]A  

(
ij
A ) indicate the affects of changes of 

j
DP  on 

i
FR . 

In a qualitative design matrix, 
ij
A  will be replaced 

by an X if 
j

DP  affects or is affected by 
i

FR , and 0 

if not. Using Axiom 1, the design matrix can to be 

checked to determine whether or not the functional 

requirements can be independently satisfied by the 

design parameters. Three different kinds of designs 

can be distinguished based on their degree of 

independence: uncoupled, decoupled, and coupled 

designs. This is determined by checking the 

mathematical representation of each design matrix. If 

a design matrix has the mathematical representation 

with only diagonal Xs as shown in the 1st equation of 

Figure 2, it is uncoupled and the FRs are independent 

of each other. If the matrix is triangular as shown in 

the 2nd equation of Figure 2, it is decoupled and the 

FRs can be independent if and only if the DPs are 

determined in the proper sequence. If the matrix has 

the other forms, it is coupled and it does not satisfy 

Axiom 1. The graphical representations shown in 

Figure 2 illustrate the physical meaning of each 

coupled state.  

If the design matrix is coupled, it is not 

acceptable and the FRs and DPs need to be revised. A 

zigzagging process helps to organize the design and 

clarify the coupling by decomposing the FRs and DPs 

into lower levels in detail (Suh 2001). First, the 

highest level of DPs are determined by the highest 

level FRs. If the design matrix between them is 



First International Workshop on Design in Civil and Environmental Engineering, April 1st-2nd 2011, KAIST 

 

34 

 

proven to be coupled, FRs are decomposed into lower 

levels based on the constraints of the DPs from the 

previous level. The designer usually would not first 

define the FRs at all the levels and then go to work on 

the DPs (Brown 2006). The zigzagging procedure is 

sequentially carried out until the designer is satisfied 

that all low level design matrices are sufficiently 

uncoupled or decoupled. 

 

 

 

Figure 2. Mathematical and Graphical 

Representations of the Mapping Process for 3 

Different Kinds of Design (courtesy of System 

Design LLC.) 

 
 

Figure 3. Zigzagging process (Brown 2006) 

Structural Health Monitoring Systems 

A conventional SHM system is established on a civil 

structure with several components as shown in Figure 

4. Static and dynamic sensors to collect physical data 

are installed on the structure, and the data is 

transmitted to a data server through data acquisition 

(DAQ) system corresponding to the sensor types. The 

server, which serves as a data repository, is connected 

to a database and has software to analysis data, to 

visualize the raw data and processed data, and to send 

the information to clients (e.g., the control room, the 

manager, and, in some cases, the public) via public 

network such as the cell phone network and the 

internet.  

Unfortunately, the tethering among sensors, the 

DAQ server, and the main server for data storage and 

analysis is a big obstruction to the realization of 

conventional SHM systems. The tethering requires a 

great deal of time, cost, labor, and maintenance to 

install and operate. WSSs have been introduced as a 

cost-effective and easily deployable alternative for 

SHM system design. WSSs are sensors with 

following important features: sensing capability, 

individual computation, wireless communication, 

low-cost, self power, and modular functions (Cho 

2011). In the case of SHM system using WSSs, 

several changes from the tethered system are made. 

First, the cables transferring data from sensor to 

server are replaced by wireless communication. Also, 

DAQ functions, such as powering sensory hardware 

and conditioning signals, move from the server-side 

to individual sensor nodes. Also due to the low-cost 

and local computational capability of WSSs, the 

system may experience other changes related to the 

types and the number of sensors and the composition 

of the decentralized computing network. Figure 5 

shows a conceptual drawing of a SHM system using 

WSSs. When comparing figures 4 and 5, the 

advantages of WSSs in sensor installation and 

positioning and reduced work to connect sensors with 

main server can be clearly seen.  

 

 

Figure 4. Conceptual Drawing of a Conventional 

Tethered SHM System 

 

 

Figure 5. Conceptual Drawing of a SHM System 

using WSSs 



First International Workshop on Design in Civil and Environmental Engineering, April 1st-2nd 2011, KAIST 

 

35 

 

Application of Axiomatic Design to Structural 

Health Monitoring Systems 

Analysis of Tethered SHM System using AD 

In a tethered SHM system, various sensors are 

installed on a target bridge to capture the requested 

responses, and then analog data from the sensors is 

transferred to a server with DAQ system for further 

analysis of the bridge's health. The obtained data 

must retain its accuracy when captured, transferred, 

and digitalized. Based on this, the FRs of the highest 

level can be stated as: 

 

FR1 = Capture responses 

FR2 = Transmit responses 

FR3 = Control sensor network 

FR4 = Analyze data for bridge health 

 

The associated design parameters in the physical 

domain can be stated as: 

 

DP1 = Sensors 

DP2 = Cables 

DP3 = Server 

DP4 = Analysis system 

 

The initial relationship between the FRs and 

DPs on the first level can be mathematically 

represented as: 

 

 

1 1

2 2

3 3

4 4

0

0

0

FR DPX X X

FR DPX X X

FR DPX X X

FR DPX X X X

=

⎧ ⎫ ⎧ ⎫⎡ ⎤
⎪ ⎪ ⎪ ⎪⎢ ⎥
⎪ ⎪ ⎪ ⎪⎢ ⎥⎨ ⎬ ⎨ ⎬

⎢ ⎥⎪ ⎪ ⎪ ⎪
⎢ ⎥⎪ ⎪ ⎪ ⎪⎣ ⎦⎩ ⎭ ⎩ ⎭

 (3) 

 

This shows that all FRs are coupled to DP1, 

DP2, and DP3. To investigate the coupling status of 

the detailed components of the system, a zigzagging 

process was carried out as shown in Figure 6. The Xs 

with a shadowed background indicate circular 

couplings that cannot be untied, while the other Xs 

are couplings that lead to a decoupled or triangular 

design matrix when DPs are determined in a 

particular order (Ibragimova et al. 2009). The circular 

coupling related to DP1-1 and DP1-2 cannot be 

solved due to the constraint of cost, and the circular 

coupling DP3-1-2 and DP3-1-3 cannot be solved due 

to various types of sensors with independent sensing 

mechanisms which make simultaneous triggering of 

various sensors difficult. The other couplings at lower 

level, especially related to DP1 and DP3, are too 

complex to be solved in a particular order. 

 

Analysis of a SHM System using WSSs using AD 

A WSS is generally considered to be a sensor “with 

wireless communication and computational capability” 

(Cho 2011). In addition to those functions, WSSs can 

embed various hardware components which are 

available at the server-side in the conventional 

tethered SHM system (e.g., power supply, signal 

conditioner, ADC, etc.). Therefore, a SHM system 

using WSSs has different FRs and DPs from a 

tethered SHM system. The FRs of the highest level 

can be stated as: 

 

FR1 = Capture responses 

FR2 = Transmit responses 

FR3 = Control sensor network 

FR4 = Analyze data for bridge health 

 

The associated design parameters in the physical 

domain can be stated as: 

 

DP1 = Sensors 

DP2 = Wireless communication (Changed) 

DP3 = Base station (Changed) 

DP4 = Analysis system 

 

The initial relationship between the FRs and 

DPs on the first level can be mathematically 

represented as: 

 

 

1 1

2 2

3 3

4 4

0 0 0

0

0

FR DPX

FR DPX X X

FR DPX X X

FR DPX X X X

=

⎧ ⎫ ⎧ ⎫⎡ ⎤
⎪ ⎪ ⎪ ⎪⎢ ⎥
⎪ ⎪ ⎪ ⎪⎢ ⎥⎨ ⎬ ⎨ ⎬

⎢ ⎥⎪ ⎪ ⎪ ⎪
⎢ ⎥⎪ ⎪ ⎪ ⎪⎣ ⎦⎩ ⎭ ⎩ ⎭

 (4) 

 

and it still shows that all FRs are coupled to DP1, 

DP2, and DP3.  

Figure 7 shows the full design matrix for a 

wireless SHM system defined using the zigzagging 

process. By replacing the tangible data cables with 

intangible wireless telemetry and by shifting the 

DAQ functions of the server to the sensor nodes, the 

circular coupling of the sensor interface and 

triggering has been resolved. Moreover, many of the 

couplings between DP1 and DP3 were resolved, even 

though there still are the coupling left between DP1-1 

and DP1-2 and among the other DPs. These results 

show the advantage of the SHM system using WSSs 

by applying formal a design analysis procedure. 

 

Improvement of SHMs System using WSSs 

Based on the result of the analysis above, further 

improvement of the SHM system using WSSs was 

attempted using AD principles. Two changes were 

made to the overall design. First, capturing various 

responses (FR1-1) with high accuracy (FR1-2) can be 

satisfied with an increased number of sensors 

(DP1-2) by using System on a Chip (SoC) technology 

composed of several MEMS sensors which measure 

various responses (DP1-1) at very low cost (e.g., 

without the constraint of cost). Second, flexible 

control of sensor networks and fast data transmission 

is possible by introducing a commander which only 

broadcasts commands to sensors while a receiver 
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only receives data from sensors. The effect of these 

changes to design matrix is shown in Figure 8. All the 

circular couplings in the low level of DPs have been 

resolved, and the other couplings are resolved more 

or less, too. 

Concluding Remarks 

In this study, conventional tethered SHM systems and 

the SHM systems using WSSs were analyzed using 

AD principles to see how effective the latter is in the 

view of a formal design theory. The tethered SHM 

system is found to be a highly coupled system with 

the least flexibility of system components due to the 

strong ties of the sensors, the cables, and the DAQ 

system to the server. The SHM system using WSSs is 

found to be more decoupled than the tethered SHM 

system. This is made possible by intangible wireless 

communication and the shifting of the DAQ 

functions from the server to each of the sensor nodes.  

Based on the results, further improvement of the 

SHM system using WSSs has been made by 

introducing a cheap SoC system composed of MEMS 

sensors measuring various responses and an 

independent commander to flexibly control the sensor 

network. This improved result verified by AD theory 

can be a good reference when researchers or 

engineers design a new SHM system using WSSs for 

a civil structure. 
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FRs Design Matrix DPs 

1 Capture responses X    X X 0 X X X X X X 0 0 0 0 0 0 1 Sensors 

   1-1 Capture various responses at a time  X X 0 X X 0 X X X X X X 0 0 0 0 0 0  1-1 Various sensing modules and interface 

   1-2 Measure with accuracy  X X 0 0 0 0 X X 0 X 0 X 0 0 0 0 0 0    1-2 High-performance sensors 

   1-3 Install at required positions  X 0 X X X 0 0 0 0 0 0 0 0 0 0 0 0 0    1-3 Sensor packaging 

2 Transmit Responses X X X X X   X X X X X 0 0 0 0 0 0 0 2 Cables 

   2-1 Transmit response signal X X X X  X 0 X X X X X 0 0 0 0 0 0 0   2-1 Cables to deliver response signal 

   2-2 Transmit w/o distortion & missing X X 0 0  X X X X X X 0 0 0 0 0 0 0 0   2-2 Shielding 

3 Control sensor network X X 0 0 X X 0 X        0 0 0 0 3 Server  

   3-1 Receive data X X 0 0 X X 0  X     0 0 0 0 0 0   3-1 DAQ system 

     3-1-1 Power sensors X X 0 0 X X 0   X 0 0 0 0 0 0 0 0 0     3-1-1 Power supply 

     3-1-2 Receive response signal X X 0 0 X X 0   X X X 0 0 0 0 0 0 0     3-1-2 Sensor interface 

     3-1-3 Receive synchronized data X X 0 0 X X 0   0 X X 0 0 0 0 0 0 0     3-1-3 Triggering 

     3-1-4 Digitalize analog responses X X 0 0 0 0 0   0 0 0 X 0 0 0 0 0 0     3-1-4 ADC 

   3-4 Store data 0 0 0 0 0 0 0  X 0 0 0 X X 0 0 0 0 0   3-4 Data storage 

   3-5 Connect to remote control room 0 0 0 0 0 0 0  0 0 0 0 0 0 X 0 0 0 0   3-5 Internet cable and modem 

4 Analyze data for bridge health X X X 0 X X X X X 0 0 X X 0 X X    4 Analysis system 

   4-1 Load stored data 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  X 0 0   4-1 Loading tool 

   4-2 Analyze data X X X 0 X X X X X 0 0 X X 0 0  X X 0   4-2 Analysis algorithm 

   4-3 Interpret analyzed data 0 0 0 0 0 0 0 X 0 0 0 0 0 0 X  X X X   4-3 Expert system 

Figure 6. The Design Matrix of a Tethered SHM System 
 

FRs Design Matrix DPs 

1 Capture responses X       X X X 0 0 X X 0 0 0 0 0 0 1 Sensor 

  1-1 Capture various responses at a time  X X 0 0 0 X X X 0 0 0 X X 0 0 0 0 0 0  1-1 Various sensor modules 

  1-2 Increase accuracy  X X 0 X 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0   1-2 High-performance sensor 

  1-3 Install at required positions  X 0 X 0 0 0 X 0 X 0 0 0 0 0 0 0 0 0 0   1-3 Sensor Packaging 

  1-4 Digitalize analog responses  X 0 0 X 0 X 0 0 0 0 0 0 0 0 0 0 0 0 0   1-4 ADC 

  1-5 Hold data until required time  0 0 0 0 X X 0 0 0 0 0 X X 0 0 0 0 0 0   1-5 Interior memory 

  1-6 Power Devices  0 0 0 0 0 X 0 0 0 0 0 0 0 0 0 0 0 0 0   1-6 Battery 

2 Transmit Responses X X 0 0 0 0 X X     X X 0 0 0 0 0 0 2 Wireless communication 

  2-1 Transmit quickly X X 0 0 0 0 X  X X 0 0 X X 0 0 0 0 0 0   2-1 Wireless protocol 

  2-2 Transmit w/o distortion & missing 0 0 0 0 0 0 X  X X X 0 X X 0 0 0 0 0 0   2-2 Angling antenna 

  2-3 Consume least power X X 0 0 0 0 X  X X X 0 0 0 0 0 0 0 0 0   2-3 Local data processingn 

  2-4 Synchronize data 0 0 0 0 0 0 0  0 0 0 X X X 0 0 0 0 0 0   2-4 Time synchronization algorithm 

3 Control sensor network X X 0 0 0 0 X X X X X  X    0 0 0 0 3 Base station 

  3-1 Receive data and send commands X X 0 0 0 0 X X X X X X  X 0 0 0 0 0 0   3-1 Receiver 

  3-2 Store data 0 0 0 0 0 0 0 0 0 0 0 0  X X 0 0 0 0 0   3-2 Data storage 

  3-3 Connect to remote control room 0 0 0 0 0 0 0 0 0 0 0 0  0 0 X 0 0 0 0   3-3 Internet modem 

4 Analyze data for bridge health X X X 0 X 0  X 0 0 X  X X X X X    4 Analysis system 

  4-1 Load stored data 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  X 0 0   4-1 Loading tool 

  4-2 Analyze data X X X 0 X 0 0 0 0 0 X X X X X X  X X 0   4-2 Analysis algorithm 

  4-3 Interpret analyzed data 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  X X X   4-3 Expert system 

Figure 7. The Design Matrix of a SHM System using WSSs 
 

FRs Design Matrix DPs 

1 Capture responses X       X X X 0 0 X X X 0 0 0 0 0 0 1 Sensors 

1-1 Capture various responses at a time  X 0 0 0 0 0 X X 0 0 0 X X X 0 0 0 0 0 0 1-1 MEMS sensors 

1-2 Increase accuracy  0 X 0 X 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1-2 Increased no. of sensors 

1-3 Install at required positions  0 X X 0 0 0 X 0 X 0 0 0 0 0 0 0 0 0 0 0 1-3 SoC (System on Chip) Packaging 

1-4 Digitalize analog responses  X 0 0 X 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1-4 ADC 

1-5 Hold data until required time  0 0 0 0 X 0 0 0 0 0 0 X 0 X 0 0 0 0 0 0 1-5 Interior memory 

  1-6 Power Devices  0 0 0 0 0 X 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1-6 Battery 

2 Transmit Responses X X X 0 0 0 0 X     X X X 0 0 0 0 0 0 2 Wireless communication 

2-1 Transmit quickly X X X 0 0 0 0  X 0 0 0 X X X 0 0 0 0 0 0 2-1 Wireless protocol 

2-2 Transmit w/o distortion & missing 0 0 0 0 0 0 0  X X X 0 X X 0 0 0 0 0 0 0 2-2 Extendable antenna 

2-3 Consume least power X X 0 0 0 0 0  X 0 X 0 0 0 0 0 0 0 0 0 0 2-3 Local data processing 

2-4 Synchronize data X 0 X 0 0 0 0  0 0 0 X X 0 X 0 0 0 0 0 0 2-4 Time synchronization algorithm 

3 Control sensor network X X X 0 0 0 0 X X X X X X     0 0 0 0 3 Base station 

3-1 Receive data X X X 0 0 0 0 X X X X X  X 0 0 0 0 0 0 0 3-1 Receiver 

3-2 Send command X 0 X 0 0 0 0 X X 0 0 0  0 X 0 0 0 0 0 0 3-2 Commander 

3-3 Store data 0 0 0 0 0 0 0 0 0 0 0 0  X 0 X 0 0 0 0 0 3-3 Data storage 

3-4 Connect to remote control room 0 0 0 0 0 0 0 0 0 0 0 0  0 0 0 X 0 0 0 0 3-4 Internet modem 

4 Analyze data for bridge health X X X 0 X 0 0 X 0 0 X X X X 0 X X X    4 Analysis system 

4-1 Load stored data 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  X 0 0 4-1 Loading tool 

4-2 Analyze data X X X 0 X 0 0 X 0 0 X X X X 0 X X  X X 0 4-2 Analysis algorithm 

4-3 Interpret analyzed data 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  X X X 4-3 Expert system 

Figure 8. Improved Design Matrix of a SHM System using WSSs 
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Abstract: Large-scale infrastructural projects such as bridges used to be the monopoly of engineers. They were 

designed as – often very beautiful – expressions of how forces work in a structure, guided by the nature of 

materials and a rational construction process. However, in recent decades politicians and investors have 

discovered ways of getting more from their investments by using such projects to give identity and coherence to 

an area. This has led to a European tendency for engineers to surrender their design opportunities and let 

architects take over but it does not have to be so. These projects can also encourage engineers to focus more on 

the aesthetic aspects of their design and the way their structures will work in the context of the surroundings. 

This paper will present a series of contemporary bridge structures to provide a short history of the tendency 

described above and discuss design at the boundary between civil and architectural engineering. 

 

Keywords: Architectural Engineering, Structural Design, Bridgescape, Integrated Design. 

 
 

Introduction 

The Potential of Infrastructure in Landscape 

Architecture and Urban Design 

The design of large-scale infrastructural projects was 
reserved for engineers a few decades ago. In recent 
years, the ability of such projects to supply identity 
and function as landmarks has been more precisely 
addressed in the design process. 

Design in this sense means both form-giving 
(form of the bridge, the landscape architecture, etc.) 
and engineering design which addresses concrete 
issues such as minimal use of materials and a rational 
construction process. 

Integrated design, when defined broadly as a 
form-finding process informed by engineering 
knowledge from the outset and onwards, is the 
implicit framework for the way the term ‘design’ is 
used. 

The huge financial costs and the development 
of the EIA (Environmental Impact Assessment) 
system in Europe have led to a growing concern 
about the environmental and architectural quality of 
infrastructural projects. The focus now is on getting 
‘more than’ a bridge, a tunnel, a dike, a baffle wall, 
etc. from the investment. The idea of infrastructure as 
something that can transform and improve the 
character of an area is gaining currency. 

This paper looks at a series of contemporary 
bridge structures and the various ways they 
demonstrate the tendency described above. 

A Comparison of Modern and Classic Bridge 

Designs 

Must a bridge be inefficient from an engineering 
point of view to have an icon effect? This section 
compares modern asymmetrical iconic bridges to 

classical designs from the heyday of engineering 
bridge design to answer this question. 
 

Classic Designs from the Heyday of Engineering 

Bridge Design 

Bridge design focusing solely on engineering matters 
and performed only by engineers can, as a paradox, 
and almost unwillingly, still comply with modern 
demands for integration in the landscape and function 
as creators of new identity for an area. 

When Robert Maillart (1872-1940) designed his 
slim-dimensioned bridges in the early 20th century, 
the basic design ideas centred on the optimal use and 
the exploration of the relatively new construction 
material, reinforced concrete, and its cost 
effectiveness. 

A study of Maillart’s bridges demonstrates a 
progression towards greater optimization so that, in 
his last bridges, material is placed exactly where 
forces work in the structure. If he had observed 
vertical cracks in the structure of an early bridge, they 
would be trimmed away in the succeeding bridge 
designs. Even the railing plays a structurally active 

role in some of his designs (e.g. the Bridge of 
Valtchielbach), resulting in increased strength and 
reduced material use. 

The construction phase in remote and difficult 
locations also played an important role in his design 
process. His last structures were optimized to have 
less demanding scaffolding for the moulds than in his 
first bridges. In other words, Maillart’s bridge design 
was inspired from within the realm of engineering. 
No explicit attempts were made to create identity for 
the place by means of the bridge and no proof exists 
of any intention to reflect contextual issues in any 
way.  
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But nevertheless, today, the Salginatobel Bridge 

(figure 1) is a UNESCO world heritage site and 

provides identity of place to the Canton of 

Graubünden in Switzerland. (Bill 1969) 

 

 

Figure 1. Salginatobel Bridge by Maillart 1929-1930 

Illustration © Nicolas Janberg, Structurae 

The architectural historian Sigfried Giedion 

(2008) reserves a long paragraph for Maillart in his 

epoch-making book, Space, Time and Architecture, 

which still today functions as a canon for 20th 

century modern architecture. (His book has been 

reprinted in several editions since its appearance in 

1941). With this background, it should raise interest 

as to why the importance of engineering design has 

decreased. The movement away from the pure beauty 

of optimized bridge structures parallels design trends 

over the last 30 years of the post-modern period, 

which has generally challenged the ideals of Sigfried 

Giedion and the C.I.A.M. architects. Politicians and 

developers now consult architects informed by 

aesthetic and social trends that have no connection 

with the classic modernism of the 20th century. 

 

Icon Bridges as a Design-Phenomenon 

Nowadays we see a tendency for icon bridges, where 

identity and branding have been the basis for the 

design process. The design process seems little 

informed by engineering knowledge and expresses a 

belief that you cannot have both a rational design and 

an expressive and significant form. 

The texts of calls for entries for international 

bridge design competitions display the change of 

attitude and the growing concern for the integration 

of contextual issues in the design of bridges. For 

example, the text from RIBA’s call for entries for the 

Parkway Bridge competition 2007 states: "The 

competition seeks the best designers and ideas for a 

new bridge to link a new industrial and residential 

area with an existing woodland park. Situated on the 

main route between the M1 and Sheffield City Centre, 

the bridge will become a point of reference for 

everyone using that route. With a life of at least 50 

years, it is hoped it will win a place in local affection 

and be a part of a positive shared memory of the City 

and the region." The call for entries asks for a bridge 

with many other qualities than engineering ones: 

efficiency, economy, elegance and safety (Billington 

1989). The result of RIBA’s bridge design 

competition described above was – from this 

engineering point of view - inefficient in terms of 

buildability and structural optimization. The winning 

design is shown in figure 2. 

 

 
 

Figure 2. Parkway Bridge, Sheffield, Design by Tim 

Noerlund, Winner of the RIBA Competition 

Illustration ©Tim Noerlund 

Not just a Bridge from A to B: Infrastructural 

Projects Perceived as Drivers of New Identity 

Another very concrete explanation for 

engineering losing design ground in infrastructure 

design relates to legal conditions. In 1985, a directive 

was passed in the EU on EIA (Environmental Impact 

Assessment). Project assessments now have to be 

made by a multidisciplinary committee before the 

start of large-scale infrastructural projects. The 

assessment includes not only the physically 

quantifiable consequences of the project, but also 

several ‘soft’ aspects, such as whether the project can 

‘contribute to a higher quality of life by improving 

the environment’ EIA directive (1985). 

Each European country has a set of EIA 

requirements specific to that country. Generally the 

assessment has to account for the project’s expected 

impact on people and the environment. This means 

that in the EIA context a broad definition of the 

notion of the environment is used ‒ including not 

only quantifiable aspects, but also social conditions, 

scenic beauty, traffic, cultural heritage, and 

commercial development. 

This legislation motivates politicians and 

owners to include in their requirements the 

competences of architects, such as the creation of 

identity and a new narrative for wastelands and 

run-down areas, for example. Projects are assessed on 

the basis of such values, and planning permission and 

general chances for success depend on them. 

 

The Bridge over Aagade (2008) 

An example of a bridge design that was conceived in 

the line of thought of EIA and iconic bridge design is 

the bridge over Aagade (2008) in Copenhagen (figure 

3). It is a significant example of the new type of 

bridge design generated primarily by architects, with 

engineers included later on as consultants. The 
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architectural studio, Dissing and Weitling, chose an 

asymmetrical design in both section and plan, a 

design posing a challenge for the Niras consulting 

engineers. 

 

 

Figure 3. Bridge over Aagade 2008, Dissing & 

Weitling /Niras 

Illustration © Max Baagoe 

The engineers tried out many solutions to the 

concept delivered by Dissing & Weitling, but finally 

came up with a complex structural concept consisting 

of two systems. The dead load of the curved deck is 

counterbalanced by the dead load of the heavy arch, 

so that dead load is carried by pure compression in 

the arch. But since the stays are inclined to the plane 

of the arch, live load is carried in bending and torsion. 

So for live load, the arch acts as a beam. A cross 

section of the bridge is shown in figure 4. 

Moreover, the engineers realized that the flat 

curve of the arch and the asymmetric support of the 

deck made it necessary to introduce mass dampers in 

the deck (figure 5), which added cost to the project in 

terms of both construction and maintenance. The 

conclusion must be that the geometry of the bridge 

was determined with no focus on structural 

efficiency. 

 

 

Figure 4. Cross Section, Bridge over Aagade 2008 

Architects: Dissing & Weitling, Consulting 

Engineers: Niras 

Illustration © Dissing & Weitling Architects 

 

Figure 5. Mass Dampers in Bridge Girder 

Illustration © Niras Consulting Engineers 

The task was to create a new landmark at this 

important approach road to Copenhagen. The bridge 

was to work as a kind of modern town gate and a new 

point of reference in relation to the commitment to 

revitalize a socially and economically run-down part 

of the city east of the bridge. The bridge has fully 

satisfied these requirements and has gone down well 

with the users as well as the cultural elite, as 

demonstrated in positive reviews by architectural 

critics, etc. 

 

 

Figure 6. Plan of Connecting Structures to the 

Aagade Bridge, Nørrebro. Landscape Architect: 

Louise Schønherr. 

Illustration © Copenhagen Municipality 
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The large earthworks that constitute the 

connections to the bridge were designed by landscape 

architect Louise Schønherr. Her designs transformed 

a potentially dike-like structure, which would be alien 

to this urban setting, into a popular park (figure 6). 

The earthworks making up the connections to the 

bridge have a share in the success of the project. 

 

Passarelle Solferino 

However, it is possible to meet in the middle and 

have both a rational design from an engineering point 

of view and comply with broader demands on the 

design. 

To achieve a good contextual bridge design, it is 

not a prerequisite that traditional, sound engineering 

design should be overridden. French engineer, Marc 

Mimram is an example of this. He won the design 

competition in 1999 for a new bridge across the Seine 

in Paris (figure 7). After completion, the bridge 

showed symptoms of vibration problems, which gave 

it negative publicity at the opening, although the 

problems could be remedied. However, the bridge is 

interesting because it is a case of almost conservative 

engineering bridge design in its choice of the classic 

symmetrical arch-type concept. And yet it is also 

infused with urban design thinking. The contextual 

aspect of the bridge lies in the connection from the 

quayside to the middle of the bridge. Pedestrians can 

rise to the middle of the bridge by walking inside the 

arch structure from the quay. The project brief only 

addressed the connections from the streets paralleling 

the Seine and not from the low-lying quays. 

The quays were the realm of homeless people 

and were perceived as an unattractive rear side of the 

city. But because the bridge gives access from the 

neat bourgeois streets to the quays and vice versa, as 

an extra bonus in the project, it changes the city 

significantly. The quays became revitalized and again 

a part of the life of the city. 

 

 

Figure 7. Passarelle Solferino, Marc Mimram, seen 

from the Quays of the Seine 1999 

Illustration © Henrik Almegaard 

Passarelle Rocade et Toulouse 

Passarelle Rocade et Toulouse (figure 8) was also 

designed by Marc Mimram. It is an asymmetrical 

road bridge and at the same time a simple and sound 

engineering design. Marc Mimram substantiates the 

asymmetry with the character of the landscape. On 

one side of the bridge, it connects to a well-developed 

urban area while on the other lies an open landscape. 

The bridge design is an expression of both contextual 

considerations and the mind-set of the engineer. 

 

 

Figure 8. Passarelle Rocade et Toulouse, Engineer 

Marc Mimram 1987-1988 

Illustration © Agence Mimram 

Conclusions 

The Idea of Bridgescaping as an Engineering 

Expertise 

A bridge changes the way a landscape or an urban 

area is perceived. New potentials and challenges arise 

with the construction of a bridge. These changes 

manifest themselves more strongly year by year. For 

these reasons, it is relevant to view bridge design 

from a holistic perspective, or what might be called 

bridgescaping. The very large connecting structures 

that are needed to allow the flat gradients necessary 

for vehicles affect and change the surrounding 

landscape and urban spaces. These connection 

structures can easily reach 7-8 m in height and 200 m 

in length. The connection structures have potential 

for creating surplus value in the project in terms of 

new facilities (such as recreational areas) and 

strengthening an aesthetic quality, but often these 

aspects do not receive priority in the design process. 

It is necessary to explore and develop new skills and 

design methods that include irrational matters such as 

scenic beauty while integrating the tradition and 

knowledge of classic engineering bridge design. 
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Abstract: Architectural design is a complex and heterogeneous processes which has to deal with a great 

diversity of materials, components, systems as well as the unpredictable emotional inclinations and the delicate 

aesthetic sensitivities of people. The mission for most of architects is to design a physical construct to satisfy 

both the rules of nature and various human requirements by selecting and integrating materials, components, 

systems and spaces to fulfill the given design requirements. Since design requirements are derived through many 

constraints such as space, budget, time, legal regulations, the client’s preference as well as the architect’s own 

preference among many others, conflict resolution and prioritization are very important. Team decision making 

and collaborative processes are also intrinsic to architectural design and structural engineers, mechanical 

engineers and electrical engineers are always essential members of a design team. 

Various approaches, including genetic algorithms, pattern language, case based design, heuristics, multi-

dimensional problem solving techniques, optimization, semantic web, shape grammar, space syntax, expert 

system, protocol analysis, software agent system and distributed artificial intelligence have been explored by 

architectural design methodologists to improve design concept generation, evaluation and representation. In this 

paper, I envision the methodological polymorphism as not a clear and elegant theoretical framework but as a 

workable and practical basis for pursuing methodological or computational support for architectural design. As 

many researchers in this domain agree, the illusion of architectural design automation has been almost thrown 

away but the truly influential design support or aid to help architects still remains to come. The prospect of truly 

useful methodological design support would be dependent on how successfully we could select, adapt and 

integrate heterogeneous methodologies into a well organized framework which eventually turns into a 

computational package for enhanced architectural design practices. 

 

Keywords: Process Modeling, Product Modeling, Systematic Design, Design Automation, Polymorphism. 

 
 

Introduction 

Most civil engineering related design target objects 
such as bridges, dams, tunnels, roads and others are 
mainly subject to structural safety along with life-
cycle cost competitiveness. In other words, the 
primary design constraints in the civil engineering 
domain would be both safety and economical 
requirements in most of cases. Architecture also 
shares this with civil engineering since the buildings 
would also need structural stability and cost 
effectiveness as well as many other physical 
constructs. What makes architectural design more 
complicated, though, is in its almost boundless scope 
of design space. Even being associated with the 
artistic, symbolic and expressive nature of buildings 
not to mention the diversity of organizing inner 
spaces as a highly integrated functional units, typical 
architectural design has to deal with numerous 
elements and ways for performing its own process. It 
is said that the tension and richness provided by 
ambiguity and multiple meanings are the evidence of 
high-quality architectural design, similar to the other 
art forms. A building has to satisfy its client, users 
(dwellers) and the architect himself or herself, all at 

the same time. Furthermore, each designer has his/her 
own preferred design process. For instance, Frank 
Gehry used to work with physical models whereas 
Norman Foster prefers computer generated rendering.  

Architectural design often is considered to be 
devising not separate products but entire systems or 
environments, therefore, it sometimes needs active 
participation (i.e. public involvement) in the decision-
making process. Architectural design also focuses on 
the issue of creativity in handling functions, spaces, 
enclosures, structures, mechanical/electrical systems 
and especially the way to integrate all of them to 
come up with a charming solution for a building or a 
building complex. Architectural design is also a 
discipline that combines arts and science. Traditional 
methods of architectural design such as design-by-
drawing cannot always adequately resolve the 
complex design tasks frequently imposed upon 
today’s designers. That’s why we need theorized or 
methodological frameworks to guide the design 
process in architecture. In the meantime, we have 
witnessed not only clearly theorized and verified 
frameworks of architectural design methods or 
methodologies but also lots of efforts dedicated to the 
systematization of the architectural design process in 
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the forms of diversified concepts and approaches 

such as systems engineering, data gathering and 

analysis, questionnaires, brainstorming, hierarchical 

problem decomposition, group decision making, 

technical specification and evaluation criteria 

selection. 

Characteristics of Architectural Design 

It has been often said that architects and engineers 

approach their projects differently. For instance, civil 

engineers, who have to deal with physics based 

problems or mathematical modeling of the related 

phenomena, put much effort to avoid ambiguity in 

their descriptive or predictive models and 

corresponding methodologies Without any doubt, a 

problem statement calling for a single set of solutions  

is absolutely preferred over one calling for multiple 

ones. This normally promotes safety, economy and 

predictability of the given set of tasks to be 

engineered. 

Architecture, on the other hand, is depicted as 

much as a branch of art as an engineering discipline. 

The dynamism plus richness created through 

ambiguity and multiple meanings is often considered 

to be a sign of highly elevated architectural design. 

More often than not, architects try to design spaces 

that could be interpreted in multiple ways by 

maintaining ambiguity as a crucial quality of the very 

spaces that he/she creates. 

Architectural design problems are in many 

cases defined as ‘wicked’ problems or ill-defined 

problems (Rittel et al. 1994) which have both rational 

and irrational entities that accompany uncertainty all 

the time. Most important decisions are to be made in 

the early stages of architectural design. A single best 

design method does not exist. Instead, various 

strategies are needed to yield satisfiable multi-

solutions rather than a correct single solution. In fact, 

understanding the given design task is essential for 

creating proper design solutions. Architects, therefore, 

constantly needs to reformulate the design problem 

while keeping track of all of the relevant issues of a 

specific design task. 

As was discussed earlier, structural design is 

one of the design issues that architectural designers 

must consider. Typically, other factors constitute 

sufficient constraints to eliminate completely 

optimized structural solutions with the exception of 

skyscrapers or long-span spaces that need the 

structure’s dominance to resist gravitational, wind 

induced and seismic forces (Achten 2007). 

Anatomy of Architectural Design Process 

Like many other forms of art, architectural design 

also cherishes creativity as well as the outcome of it 

for creating novel artifacts in our surroundings. It is 

often argued that the creative process is to generate 

diversified candidate ideas for assessment. Actually, 

this stance is strongly backed by the design 

generative methodologies such as shape grammars 

and genetic algorithms where shapes or so called 

‘computer mediated design genes’ are constructed out 

of rule based computer programs. The primary 

purpose of software programs based on design 

generation methods is to produce as many candidate 

designs as possible so that the most satisfiable design 

solution could be found (Ward et al. 1999a) . 

Architectural design typically has three stages: 

schematic design, design development, and 

construction documentation. In the schematic design 

stage, program reviews with the client, preliminary 

design concept derivation, and the presentation of 

design concepts to the owner are performed to 

finalize schematic design ideation. In the design 

development stage, the preliminary design of 

building systems with consulting engineers, 

presentation of the design development to owner(s), 

review of project cost estimate with owner, and the 

design finalization process are implemented. Lastly, 

the construction documentation stage mainly focuses 

on generating working drawings and specifications 

for owner review as the completion of the entire 

design phase of a construction project. In addition to 

these procedural characteristics, systematically 

describing a target building as a product is also an 

important factor in architectural design as is shown in 

Fig 1.

 

 

Figure 1. An Example of Physical Environment Related Product Model 
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The phased architectural design process is not 

necessarily based on the ‘water fall model’ where a 

series of successive sub-processes are aligned in time. 

It would rather be an ‘iterative and incremental 

process’ through which various solutions of the 

design are developed at different times or rates to be 

integrated as they are sufficiently shaped while the 

creation-evaluation-selection cycles for generating 

design solutions are constantly repeated even during 

the entire period of the design process.  

Since Vitruvius’ Ten Books on Architecture in 

the first century BC, there have been many 

publications on architectural theories and actual 

design practices but truly active scientific exploration 

in architectural design theory began fifty to sixty 

years ago. It is no doubt that this exploration was 

rooted upon systems theory which is able to handle 

even unknown complicated problems. It is also 

claimed that the design methodologists have been 

focusing on two differentiated paradigms of design, 

namely, design as a problem solving activity and the 

design viewed as a reflective process. The paradigm 

seeing design as a logical problem solving process 

adopts problem decomposition, design as solution 

search in a vast but potentially traceable design space 

for resolving design problems, and the integration of 

local solutions to come up with a satisfiable global 

solution. This sort of process inevitably calls for 

quantitative methods which are preferred over the 

qualitative ones. On the contrary, architectural design 

considered as a reflective process focuses on the 

process in which the architect incessantly subdivides 

the problem each time differently whenever such 

necessity occurs. In this case, the architect sets up a 

sub-design problem and produces a partial solution 

and checks whether the result is heading in the 

correct direction. It has been also argued that rational 

problem solving has a sound theoretical background 

which the architect is not familiar with, whereas the 

reflective process has a relatively weak theoretical 

background and yet makes more sense to architects 

confronting the real world. 

Design methodology in its initial stage is 

viewed as either a mixture of design methods from 

an engineering perspective or a scientific 

investigation on design even though both areas are 

distinctively separated nowadays. Methodological 

approaches are considered to be crucial when the 

desired design solution is not easily found; when the 

cost of failure is extremely high; when the design 

task itself is extremely complicated; and when 

multiple stakeholders for the design are involved in 

the project. It has been said that the introduced 

design methods are quite controversial especially for 

architects since many architects do not like the term 

‘method’ since it is not compatible with the creative 

architectural endeavors that they are eager to pursue. 

Even though a certain architectural design method 

may not fulfill all of the requirements of a design 

task, it still could function properly to support the 

design. We may not even necessarily call it a design 

method (Achten 2007) although its role is the same. 

Architectural design shares its anatomical 

framework with other design domains. For instance, 

many researchers argue that a design process could 

be decomposed into three stages such as divergence, 

transformation, and convergence. The divergence 

stage of design is said to expand the boundary of 

solution exploration efforts within the entire design 

space even though the design goals and the problem 

boundary are still not stable and robust enough.  

The transformation stage is said to eliminate, 

combine, simplify, transform and modify potential 

design solutions. This is the stage when design 

objectives and problem definitions are fixed; crucial 

design variables are identified; design constraints are 

recognized; alternatives are explored and decisions 

are made. Pattern-making in this stage is often 

considered to be the creative act of turning a 

complicated problem into a simple one through 

classifying what to pay attention to and what to 

ignore.  

At the convergence stage, normally, problems, 

variables and the objectives have been settled. 

Convergence could be performed in both top down or 

bottom up fashion, or in an architectural sense, from 

the outside inward or inside outward. The best way 

sometimes is said to be doing both at the same time.  

Architectural design recently is requiring 

significant level of social skills as well. Therefore, 

individual architects need to handle effective 

communication and negotiation processes for coping 

with the current business environment. Computers 

are also playing a crucial role to assist human 

designers especially in the earlier design stages 

where divergence and transformation of the design 

processes are to be successfully performed.  

Polymorphism in Architectural Design 

Methodology 

Intrinsically, architectural design is a highly complex 

and sophisticated process in which multiple 

approaches or methodologies need to be combined to 

support its process. In the history of architectural 

design methodology, there have been truly 

diversified conceptual and practical design models to 

aid or even automate certain aspects of architectural 

design. Like other design domains, architectural 

design activities could be described as iterative and 

incremental processes that have multiple sub-

processes like design generation and design 

evaluation. Architectural design methods could be 

classified into evaluation methods and generation 

methods on one axis and induction vs. deduction 

methods on the other. For instance, heuristics and 

protocol analysis are highly inductive methods 

whereas decision trees, genetic algorithms and shape 
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Figure 2. Classification of Major Architectural Design Methods 

 

grammar are typical deductive approaches. Even 

though most methods allow both design evaluation 

and design generation, space syntax and decision 

trees are primarily for design evaluation. Case based 

reasoning has both induction and deduction sub-

processes along with evaluative and generative 

processes to come up with a remodeled design 

solution out of the selected existing ones. Newly 

emerging integrative Computer Aided Architectural 

Design (CAAD) systems such as SEED have tried 

include all of these approaches in a single system so 

that it could tackle a truly comprehensive and useful 

tool for human designers. Figure 2 classifies various 

architectural design methodologies based on both 

induction/deduction and evaluation/generation 

categories. 

Architectural Design Evaluation Methods 

A decision tree is a decision support tool that uses a 

tree-like graph of decisions and their possible 

consequences, including chance event outcomes, 

resource costs and utility. It is one way to display an 

algorithm. Another use of decision trees is to utilize 

them as a descriptive means for calculating 

conditional probabilities. When the decisions or 

consequences are modeled by computational verb, 

then it is called as a computational verb decision tree. 

“Analysis can consider the decision maker's (e.g., 

client's) preference or utilities” (Wikipedia: Decision 

tree).  

Decision trees are said to have several 

advantages. First, decision trees are simple to 

understand and interpret so that people can  

understand design decision tree models quite easily. 

Decision trees have value even with little concrete 

data. “Crucial insights can be gained based on 

experts describing a design situation (its alternatives, 

probabilities, and costs) and their preferences for 

design outcomes” (Wikipedia: Decision tree). And 

decision trees use a glass box model. Given a result 

provided by a model, the explanation for the result is 

easily repeated by simple calculations. Lastly, 

decision trees can be combined with other decision 

technique. 

Another evaluative architectural design method 

is space syntax. Space syntax represents a set of 

theories and techniques for the interpretation of 

spatial attributes. It was conceived by Bill Hillier, 

Julienne Hanson and other scholars at The Bartlett, 

University College London in the early 1980s to 

assist architects in predicting the potential social 

effects of their designs. It has since evolved into a 

method that has spread all over the world in 

diversified research fields and design practices - 

especially in the fields of architecture, interior design, 

urban design, facility planning, transportation and 

logistics. Figure 3 is an exemplary space syntax 

related analysis to identify workplace interaction 

intensities. 

 

 

Figure 3. Analysis of workplace interaction and 

communications patterns at HHCL advertising 

agency, London. Image (Source: Space Syntax 

Limited) 
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In most of cases, space syntax analysis software 

programs that support architects and researchers 

analyze graphs of one or more of the primary spatial 

components. The idea behind this is that spaces can 

be decomposed into sub-components, analyzed as 

interrelated nodes of choices, and finally represented 

in the form of maps and graphs that describe the 

connectivity and integration of the component spaces. 

It is said to have the following three basic 

conceptions of space: 

• A viewshed or visibility polygon, the field 

of view from any particular point 

• Axial space as a straight sight-line and 

possible path 

• Convex space as a void that can be occupied 

where no line between two of its points goes 

outside its perimeter. Therefore, all points 

within the polygon are visible to all other 

points within the polygon. 

The three most frequently used space syntax 

analysis methods in case of a street network design 

are Integration, Choice and Depth Distance. 

• Integration measures how many turns one 

has to make from a street segment to reach 

all other street segments in the network, 

using the shortest paths. 

• Choice is a measure of 'water-flow' in the 

street network. The streets with the highest 

total values of accumulated flow are said to 

have the highest choice values. 

• Depth Distance explains the linear distance 

from the center point of each street segment 

to the center points of all the other segments. 

The streets with the lowest Depth Distance 

values are said to be nearest to all the other 

streets (Wikipedia: Space syntax). 

Inductive Architectural Design Generation 

Methods 

The most widely spread approach in architectural 

design is heuristics. Heuristics refers to experience-

based techniques for problem solving, learning, and 

discovery. Heuristic methods are normally adopted to 

fast-track solutions in the design process targeting a 

good enough solution rather than a completely right 

solution especially when an exhaustive solution 

search is not practical. Examples of this method 

include using a ‘rule of thumb’, an informed or 

educated guess, an intuitive judgment, or simply 

common sense. In general engineering, a heuristic is 

said to be an experience-based method that can be 

adopted as a support to resolve various design 

problems. Through heuristics, time and cost can 

dramatically be reduced in solving problems. Since 

heuristics cannot guarantee complete problem 

solving all the time, it is crucial to understand their 

limitations. Heuristics are supposed to be used as 

simple and quick support to make estimates and 

preliminary processes in architectural design 

(Wikipedia: Heuristics). 

There are also more rigorous design generation 

methods. Generative systems are systems that use 

some basic rules to produce patterns. Depending on 

the rules, the patterns can be extremely diversified 

and even sometimes unpredictable (Web: Anatomy of 

a Pattern Language). 

 

Pattern Language 

Pattern Language is a very famous architectural 

design methodology originated by Christopher 

Alexander at UC Berkeley. It has 253 patterns that 

together form a design language. This limited list of 

patterns is supposed to be capable of generating 

numerous variations of parks, paths, houses or 

gardens. 

Pattern Language describes the most effective 

solutions for meeting the stated goal and helps the 

designer move from problem to problem in a logical 

way by allowing for many different paths through the 

entire architectural design process. It is claimed that 

pattern languages are used to formalize decision-

making values whose effectiveness becomes obvious 

through experience but that are difficult to record and 

pass on to the novices. The patterns are needed to 

capture the essence of both design goals and the 

problems an architect faces when trying to achieve 

these goals. Figure 4 shows a pattern describing a 

room in a building. 

 

 

Figure 4. An Exemplary Pattern as a Component for 

Design Synthesis 

Pattern language focuses on a set of 

hierarchically organized patterns and their 

relationships which do not constitute formulae or 

algorithms but rather loosely described heuristics. 

Pattern language has crucial components which are 

useful for architectural and other design domains: It 

has descriptions of one or more parts and contexts to 

which a selected Pattern applies. Predecessor 

Patterns are the ones that need to be implemented 

before the selected pattern in relation with it. The 

Problem Summary defines the core of the generic 

problem. The Analysis section contains information 

describing the circumstances in which the problem 
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exists. The Solution Summary is an imperative 

statement that describes design action that would 

resolve the forces causing the problem. And 

Successor Patterns tell what patterns next in the 

language sequence apply to smaller parts, and are 

therefore implemented after this pattern to complete 

it (Web: Anatomy of a Pattern Language). 

 

Protocol Analysis 

Protocol analysis is another inductive architectural 

design generation method. It has its root in a 

psychological research method that elicits verbal 

reports from the participants. Protocol analysis 

normally is utilized to explore human subject’s 

thinking in cognitive science and behavior analysis. 

Its application in design spans surveys and interviews, 

usability testing and educational psychology. 

Heuristic Generation of Layouts (HeGeL) is based on 

protocol analysis of human designers, The project 

was aimed at developing a model of the decision 

making process in architectural design.  

Protocol analysis led to the identification of a 

number of differences between novice and expert 

designers. This analysis led to a paradigm for the 

designers' behavior in terms of problem (re) 

structuring when problem parameters are established 

or transformed, and problem solving, when these 

parameters are satisfied in a design solution. This 

model was subsequently encoded in HeGeL, an 

expert system in OPS83 (Akin, et al. 1992). Figure 5 

is the result of a protocol study and Figure 6 

illustrates the designs generated by human experts 

and the computer program named HeGel. 

 

 

Figure 5. Protocol Studies of Design Moves 

 

Figure 6. Three Design Solutions by Subjects and 

Corresponding Design Solutions by HeGel 

Deductive Architectural Design Generation 

Methods 

The two most representative deductive approaches 

for architectural design generation are genetic 

algorithms and shape grammars.  

 

Genetic Algorithms 

Genetic algorithms are in the category of 

evolutionary design and it has been claimed that 

researchers recently demonstrated their use for the 

automatic design of basic shapes and the morphology 

using techniques inspired by biological evolution. 

Even though there has been criticism about the 

evolutionary design approach (whether or not it 

could truly handle the high complexities demanded 

for practical engineering and design), it certainly 

possesses a novel characteristics that is useful for 

design automation related research. “The 

evolutionary system used to evolve designs consists 

of the design constructor and simulator, the parser for 

the generative representation and the evolutionary 

algorithm. Each design is constructed from a 

sequence of construction commands, similar to an 

assembly procedure, which specify how to construct 

the design”. The evolutionary algorithm evolves a 

population of segmented design solutions, using the 

fitness evaluated by a user defined fitness function 

(Coates et al. 1999b). Figure 7 is an exemplary 

representation of a design gene whereas Figure 8 

describes a sequence of a design assembly process. 

A genetic algorithm (GA) generates solutions to 

optimization problems using techniques inspired by 

natural evolution, such as inheritance, mutation, 

selection, and crossover. In a genetic algorithm, a 

population of strings called chromosomes that are 

normally represented as binary or string encoded 

candidate solutions evolves toward better solutions 

just like creatures evolves toward an optimized and 

more adapted individual. The design evolution 

process starts from a population of randomly 

generated individual design alternatives. In each 

evolved design generation, the fitness of every 

individual design solution in the generated 

population is evaluated, multiple individual design 

solutions are stochastically selected from the current 

population and modified to form a new population. 

The new design alternative population is then utilized 

in the next iteration of the algorithm. The algorithm 

terminates when either a maximum number of design 

generations has been produced, or a satisfactory 

design fitness level has been reached for the 

populated design solutions (Wikipedia: Generic 

algorithm). 
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Figure 7. An Example L-System, Design Genes 

 

Figure 8. Sequence of Design Assembly Procedure 

Shape Grammar 

Shape grammars supported by computational tools 

are a specific class of architectural design production 

system that mainly generate geometric shapes. With 

shape grammars, diversified forms can be 

systematically created that were not stored in the 

computer previously. “Shape grammars have been 

explored especially in Computer-Aided Architectural 

Design, as they provide a formalism to create new 

architectural designs”. “The basic theoretical 

foundation of shape grammars in architectural design 

was defined in a seminal article by George Stiny and 

James Gips in 1971” (Wikipedia: Shape grammar). 

A shape grammar consists of shape rules and a 

generation engine that selects and processes rules. A 

shape rule defines how an existing part of a shape 

can be transformed. A shape rule consists of two 

parts separated by an arrow pointing from left to 

right. “The part left of the arrow is called as the Left-

Hand Side (LHS) which describes a condition in 

terms of a shape and a marker and the part right of 

the arrow is the Right-Hand Side (RHS) and it 

depicts how the LHS shape should be transformed 

and where the marker is positioned” (Wikipedia: 

Shape grammar). The marker helps to locate and 

orient the newly generated shape. 

“A shape grammar minimally consists of three 

shape rules: a start rule, one or more transformation 

rule(s), and a termination rule”. “The start rule is 

needed to start the shape generation process; the 

termination rule is for making the shape generation 

process stop; the simplest way to stop the process is 

by a shape rule that removes the marker” (Wikipedia: 

Shape grammar). 

Typical shape grammar system has a working 

area where the created geometry is displayed. The 

shape generation engine checks the existing created 

geometry for conditions that match the LHS of the 

shape rules. Shape rules with matching LHS are 

eligible for use. If no rule applies, but a termination 

rule also has not been applied, then the production 

stops but the system keeps running, which is not a 

desirable state. “If more than one shape generation 

rules applies, the design generation engine needs to 

decide which rule to apply”. “Applying a shape 

generation rule is usually called firing the rule” 

(Wikipedia: Shape grammar). Figure 9 shows the 

shape grammar based taxonomy of existing designs 

for Siza’s Malagueira houses and Figure 10 

illustrates generated design alternatives by the system. 

 

 
Figure 10. Taxonomy of existing designs for Siza’s 

Malagueira houses (Duarte 1998) 

 

Figure 11. Exemplary design alternatives generated 

by the shape grammar system (Duarte 1998) 
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“Shape grammars have been utilized to 
replicate historical architecture such as Palladian 
villas and Victorian windows, and to create novel 
architectural designs such as for Álvaro Siza Vieira's 
Malagueira housing project led by Dr. José Duarte at 
MIT” (Wikipedia: Shape grammar). Shape grammars 
are said to be most useful when confined to a small, 
well-defined design generation problem such as 
housing layouts or structure refinement. Because 
shape rules typically are defined on small shapes, a 
shape grammar can easily contain a lot of rules, 
therefore, combinatorial explosion could be 
happening in generating different candidate design 
solutions (Duarte 1998).  

Hybrid and Integrative Architectural Design 

Method 

Some architectural design methods adopt a hybrid 
approach by combining both evaluative and 
generative methods as well as both induction and 
deduction for their internal bases to meet the system 
goal. One such example is Case-Based Reasoning 
(CBR). CBR is known as the process of solving new 
problems based on the solutions of similar past 
problems. An example of case based-reasons would 
be when an architectural designer brings up a 
previous housing project archive and selects the most 
adaptable unit plan for the new design project for 
reuse and modification and then uses this to come up 
with the desired solution. Case-based reasoning is 
also considered to be a kind of analogy making. It 
has been argued that case-based reasoning is a 
ubiquitous behavior in everyday human problem 
solving by providing real-world tested prototypes 
which is explored in cognitive science. 

“Case-based reasoning is known to have 4 steps. 
Retrieve stage of CBR retrieves cases from the data 
archive that are useful for solving the target problem. 
A case consists of a problem, solution and 
annotations explaining how the solution was derived. 
At the Reuse stage, CBR maps the solution from the 
previous case to the target problem. This includes 
adapting and modifying the solution if necessary to 
fit the new situation. Revise stage of CBR, having 
mapped the previous solution to the target situation, 
tests the new solution in the real world and, if 
necessary, revise it. Finally, Retain stage starts after 
the solution has been successfully adapted to the 
target problem, store the resulting experience as a 
new case in the database. CBR is often compared 
with the rule induction algorithms of machine 
learning for their mutual similarity” (Wikipedia: 
Case-based reasoning). 

The Software Environment to Support the Early 
Phases in Building Design (SEED) deals with 
preliminary architectural design. It is both an 
evaluative and generative design system whose 
capabilities are based on an explicit internal 

representation of design constraints. This allows the 
SEED Layout module to play a more active part in 
placing and shaping design elements than 
commercial CAD packages are able to do. SEED has 
the following components which support the entire 
architectural design process. 

• The input component is the general read 
interface between a module and the database. 
This component makes, in principle, 
everything specified or generated by another 
module or by a previous invocation of the 
same module available to a module. This 
may involve translations between data 
formats, or the stripping away of 
information. For example, if a module 
dealing with two-dimensional layouts reads 
a three-dimensional configuration of 
components, information about the third 
dimension may have to be deleted. 

• The problem specification component 
allows designers to specify or modify the 
task to be performed in the current module. 
For example, if the task of the current 
module is to develop a schematic floor plan 
generated in another module into a three-
dimensional configuration of building 
elements, this floor plan must be made 
available to the current module (this is the 
function of the input module); but the 
module may need additional information 
about the desired roof shape, available 
construction technologies etc. This is done 
in the problem specification component. 

• The generation component supports the 
generation of solutions to the problem 
specified for the current module. In each 
module, we intend to make a broad range of 
phase-specific support options available, 
from complete automation to interactive 
constructions that are completely under the 
designer's control. 

• The evaluation component evaluates 
solutions for compliance with the 
specifications. Iterations at this stage may 
occur, where the evaluation results influence 
further generator action. 

• The output component allows a designer to 
write any result generated or specified in a 
module into the database. Examples are a 
solution stored as a case for reuse in a 
different project, or an intermediate solution 
for the current project that is to be 
elaborated in another module (Flemming et 

al. 1993) . 
Figure 11 is a diagram illustrating the data 
flow in a generic SEED module. 



 

First International Workshop on Design in Civil and Environmental Engineering, April 1st-2nd 2011, KAIST 

 

50 

 

 

Figure 12. Data Flow in a Generic SEED Module 

Conclusions 

Architectural design has to deal with a multifarious 
and complex set of constraints such as space, budget, 
time, legal regulations, and clients' preferences as 
well as the architect’s own preference among many 
others. Therefore, conflict resolution and 
prioritization become very important. Team decision 
making and collaborative processes are also intrinsic 
to architectural design, thus structural engineers, 
mechanical engineers and electrical engineers are 
always essential participants of a design team. 

Various approaches, including genetic 
algorithms, pattern language, case based reasoning, 
heuristics, multi-dimensional problem solving 
techniques, optimization, semantic web, shape 
grammar, space syntax, expert system, protocol 
analysis, software agent system and distributed 
artificial intelligence have been explored by 
architectural design methodologists to support design 
solution generation, evaluation and representation. 
Through this paper, I envision methodological 
polymorphism as not a clear and elegant theoretical 
framework but as a workable and practical basis for 
pursuing methodological or computational support 
for architectural design. As many researchers in this 
domain agree, the illusion of architectural design 
automation has been almost thrown away but the 
truly influential design support or aid to help 
architects still remains to come. The prospect of truly 
useful methodological design support would be 
dependent on how successfully we could select, 
adapt and integrate heterogeneous methodologies 
into a well organized framework which eventually 
turns into a computational package for enhanced 
architectural design practices. 
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Abstract: The sustainability of the built environment is affected by many factors including the construction 

materials chosen and the arrangement of living and working spaces. However, each building project is unique, 

with different requirements, constraints and client personalities. This, combined with the fact that building 

planning is not integrated with production and construction, results in a loss in efficiency unknown in any other 

industrial sector. Thus, we must consider both the environmental and economic sustainability of construction 

projects and learn how to apply lessons learned from successful projects within the construction industry and 

beyond on a larger scale. This paper will introduce the »build4future« project whose main objective is to apply 

innovative approaches like mass customization to construction and integrate the Fraunhofer concept of value 

stream engineering into the process. This will allow the efficient construction of highly sustainable buildings. 
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Introduction 

The building sector in South Tyrol is rich in traditions 
and future prospects. It is one of the key industries 
for the local economy and one of the largest 
economic branches in Italy and Europe. These days, 
the widespread discussion on the environment and 
the respective need to reach a higher level of 
sustainability, holds great opportunities for the 
construction sector, especially in view of the ongoing 
economic crisis. Due to the immense reconstruction 
and modernization requirements arising in the years 
to come, and to the significant delay in investment 
deficit in the building sector, the South Tyrolean 
construction industry has a decisive advantage.  

In order to satisfy the growing demands from 
ecological, economic-functional, and organizational 
points of view, enterprises, future-compliant concepts 
and solutions for sustainable buildings are needed. 
Consequently, processes and technologies to carry 
out the construction of sustainable buildings in an 
efficient and economical way must also be 
developed. 

All of this is particularly relevant for the South 
Tyrolean building sector, which has the potential to 
be successful in the European market despite their 
low price competitors and also to participate in the 
development of an international standard for efficient 
and sustainable construction thanks to its innovative 
and high quality service. One must also note that 
although the South Tyrolean building industry is 
made up of small and medium sized enterprises 
(SMEs), in the long run these cannot develop the 
required concepts on their own. In order to reach the 

goal of sustainable value creation, this development 
process has to be addressed on the basis of an 
interdisciplinary interaction involving many different 
trades.  

For this reason, the present cooperative and 
interdisciplinary research project is aimed at 
significantly contributing to the development and 
implementation of a project platform for an 
industrialised, integrated and intelligent planning and 
construction method: »build4future«. 

State of the Art 

Construction Processes and Organization: Value 

Stream Engineering 

The aim of the research project »build4future« is to 

optimise the value chain in construction, from the 
first planning through the actual construction process 
and finally to the use of the building. The goal is to 
provide better cost efficiency and shorter construction 
times, while enhancing the construction quality. The 
pool of participating enterprises represents a 
comprehensive network of clients, suppliers and 
partners, with a clear focus on small and medium 
craft trade businesses. By craft trade, we are referring 
to the profession and activity which provides 
products or services directly to the end user, usually 
on order. Therefore, it represents the counterpart of 
industrial mass production, which is based on stock 
reserves (London et al. 2001). The problem 
connected to craft trade businesses is that profitability 
in production is generally low and difficult to achieve, 
especially in comparison to industrial fabrication, 
which in many other sectors (e.g. automotive) is 
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already consolidated (Ballard et al. 2003). Even 

standardised prefabricated houses with their focus on 

(semi-)industrial fabrication can hardly go beyond 

their status of a niche solution, due to the lack of 

individuality in design and functionality (Bergdoll et 

al. 2008). 

Another typical aspect of craft trade is the fact 

that in this sector it is difficult to clearly distinguish 

between the service and the implementation branch, 

which, on the contrary, is common for other 

economic sectors. Thus, the coordination of the 

contract management is often long-winded and not 

very professional.  

The aims of »build4future« are:  

• to organize the processes in an enterprise as 

well as the value chain in the building sector 

in a way that makes them future-compliant; 

• to reach and surpass the results achieved in 

the production industry in the last decades. 

If necessary, these shall be achieved either by 

means of newly developed concepts or by adapted 

principles, methods and tools. 

Pursuing those aims will require, above all, a 

further developed and adapted version of value 

stream engineering, which was developed by the 

Fraunhofer IAO, a research partner of the 

»build4future« pool (Bullinger et al. 2009). With this 

solution, the process flows within the individual 

participating enterprises and especially amongst the 

various enterprises, can be designed in a way that 

allows the clients’ requests to be satisfied as much as 

possible (in terms of time, costs and quality, 

including sustainability). Just like lean production 

systems, value stream engineering stems from the 

production industry (Abdelhamid et al. 2008).  

Approaches derived from other sectors 

(especially mechanical engineering and plant 

construction), which have been adopted in 

»build4future« but are not yet consolidated in the 

building sector, will be studied to determine their 

adaptability and transferability for use in practice. 

Innovative approaches which can serve as a model 

for internal effects inside the enterprises are the 

Continuous Advancement Process and the Single 

Minute Exchange of Die (SMED) for set-up 

operations. The Continuous Advancement Process 

uses the knowledge and experience of the 

collaborators for a continuous enhancement of 

processes and products. In order to achieve such a 

thing and to be able to adopt it in small and medium 

building enterprises, it is necessary to create the 

required motivation, involvement, qualifications and 

methodological assistance for the collaborators. 

SMED is a similar approach (Bullinger et al. 2009). 

It consists of the development of methodological and 

organisational auxiliary tools, which allow the 

collaborators in the participating enterprises to 

develop targeted advancement measures. The aim is 

to avoid waste in case of product changes in the 

fabrication or during similar operations at the 

construction site. 

Other efficient approaches on a transversal 

level above the single enterprise could be the 

visualization and material supply concepts as well as 

the respective management concepts such as 

“Just-in-time” and “Milk run”. These are innovative 

approaches for information and material flows along 

the value chain. Their special feature is the fact that 

influence factors connected to the products (e.g. 

volume, storage life, weight), to the processes (e.g. 

delivery units, operation cycles), to the situation in 

the enterprise (e.g. available storage space, available 

information and communication technologies), and to 

the conditions at the construction site (e.g. available 

area, available means of transport) can determine the 

feasibility and the implementation of the various 

process models (Bullinger et al. 2009). 

All of the examples mentioned stand for the 

transfer and the adaptation of approaches which 

already exist in other sectors, but which have never 

been implemented in the construction sector or which, 

in their existing shape, so far cannot be adopted, as 

they first have to be adapted to the peculiarities of the 

building sector (Spath 2003).  

In addition, entirely new approaches will also 

be studied, taking into account the peculiarities of the 

building sector. In doing so, an important research 

topic would be the cooperation between the 

numerous small and medium enterprises, and how 

they handle technical and methodological as well as 

organisational and time management issues. One 

possible approach could be a decentralisation of 

certain management aspects of the building project. 

(Its feasibility has yet to be checked in the current 

»build4future« project.) The traditional approach of 

decentralized commissioning, control and feedback 

requires intensive planning work, which often has to 

be repeated, especially in the case of frequent 

unforeseen changes. Smaller units could hold the 

potential to eliminate non-value-creating activities in 

the process. 

 

Innovative Planning and Management Tools  

Nowadays, project planning and project management 

systems for the building sector generally focus only 

on specific aspects of the planning and 

implementation processes, usually on the side of the 

builder or the contractor. The existing tools lack an 

integrated view of the building processes. Therefore, 

testing building planning strategies by simulating the 

logistic and fabrication processes is possible only to a 

certain extent. In practice, numerous project risks and 

planning consequences are studied only superficially 

without involving the knowledge of other project 

partners (Jarosch et al. 2010). 

Therefore, the processes are characterized by 

individual data resources and frequent media changes, 

which lead to different perceptions of the building 

project. In the research project »build4future«, a 

uniform evaluation of the building project in all 
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planning and implementing phases may be achieved 

by introducing a common, model based database 

together with a cooperation platform. This way, 

consistent process management is possible, as it is in 

other sectors. 

The peculiarity and uniqueness of this solution 

comes from its integrated interdisciplinary approach 

and the fact that the requests and needs of South 

Tyrolean small and medium enterprises are 

thoroughly considered. 

For construction and craft trade businesses as 

cooperation partners in a single trade or as part of a 

transversal construction site community, a 

personalised resource management service will be 

developed. Thanks to this service, construction and 

craft trade businesses would be provided with 

detailed information on the current process status. 

The aim is to implement the contracts and 

sub-contracts with both cost-saving and 

resource-saving, thus ensuring competitiveness 

within a short time period (Matthews et al. 2005).  

This service will be provided in a mobile way, 

without depending on the end device. If necessary, it 

should be able to communicate with the user in a 

multimodal way based on the context. In addition to 

process-connected and mobile information 

management with real time status reports (tracking), 

the service should provide implementation reports, 

approval of working steps, online material planning 

and commissioning of suppliers. 

The various players involved would be 

connected to the platform on an electronic and 

interactive basis (e-mobility) and could use the 

system to handle data transfers and updates in a safe 

way that protects the user’s privacy. An additional 

advantage for the participating craft trade businesses 

is the alert function. In case of an error, this would 

prompt the right person to intervene in a defined 

process segment and at the right place in the building 

project in order to guarantee a just-in-time solution to 

the problem. 

 

Innovation Foresight: Adaptation of the Product 

and Services Offered in View of New Market 

Requirements 

Today enterprises are faced with the challenge of 

recognising which newly available technologies are 

relevant for them and then finding how to best use 

them. Enterprises which do not identify the potential 

of new technologies in time run the risk of missing 

out on interesting opportunities. (Spath et al. 2008).  

Therefore, changes and developments in 

technologies for planning, fabrication, assembling, 

building, etc. should be continuously identified and 

observed, beginning at a very early stage. In addition, 

the time needed to achieve a certain level of maturity 

of a given technology must be assessed. The aims are 

to find future-compliant technologies which suit the 

requirements of an enterprise, to make them directly 

usable, and to develop new innovative ideas on the 

basis of the results already achieved. 

However, this project must not be limited to the 

comprehensive identification, evaluation and 

documentation of various product and technology 

domains, as it is done in many research and 

development projects nowadays (Spath et al. 2009). 

That kind of research can never be more than a 

snapshot of the innovation context and is often 

outdated after only few weeks or months. Therefore, 

a systematic approach should be developed and 

adopted in order to carry out a continuous scanning 

of those domains by involving a broad network of 

experts.  

For this purpose, evaluation and description 

criteria have to be developed and defined that will 

allow a well-grounded evaluation and classification 

of innovations. More importantly, a simple and 

possibly standardised process with an incentive 

mechanism and clear IP rule has to be studied in 

order to motivate developers and experts to supply 

information. 

 

The »build4future« Approach 

The research project »build4future« is organized as a 

cooperation project, with a strong, interdisciplinary 

interaction and collaboration between South Tyrolean 

construction and craft trade businesses and research 

institutes. This cooperation will significantly 

contribute to the innovation process in the South 

Tyrolean building sector, including all of its various 

branches, by strengthening the future market position 

of the participating enterprises in a sustainable way. 

The balanced combination of enterprises belonging to 

various branches of the building sector aims at a 

better understanding of the whole range of challenges 

and potentials of the future. The cooperative 

character of the project allows important issues to be 

addressed thoroughly and in an integrated manner by 

implementing the research and development tasks as 

a team. This represents a significant advantage in 

comparison to isolated research activities by 

individual enterprises. 
 

»build4future« Project Design 

Nowadays, the South Tyrolean construction sector is 

facing the challenge of having to compensate for its 

relatively high price levels in comparison to its 

European competitors. As enterprises have few 

possibilities to reduce labour costs, the economical 

sustainability of construction projects can only be 

achieved by more efficient process structures. This 

efficiency can rise up from technical and 

organizational innovations, especially from the 

construction processes and the construction 

management. 

Actually, when seeking to innovate, 

construction enterprises traditionally focus on their 

core competences. Only in the past few years they 

have begun to recognize the immense potential of 

enhancing process flows and optimising the 
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cooperation between planners, constructors, traders 

and service providers. Recent studies have shown that 

a potential cost and time savings of 30% could be 

reached. 

The cooperation between various branches of 

the construction sector and preparations for building 

projects are often organised sequentially. This 

requires a very long preliminary planning phase, 

which is usually not correctly evaluated. In addition, 

this working method affects planning flexibility 

because the oversight and management across all the 

developers’ organizations are quite complex and 

difficult to coordinate. 

In the various disciplines involved in the 

construction process, some good local optimisation 

approaches already exist and have been used by large 

construction companies for a long time. However, 

these existing singular solutions cannot be used in an 

integrated way throughout the building process 

because the majority of the individual optimization 

potentials are lost at the interfaces between the 

various actors involved. In fact, comprehensive 

buffers with respect to time, costs and material are 

usually overestimated in order to cover any 

eventualities. In addition, these methods generally 

optimize processes within a given enterprise while 

the potential benefits are higher when the process 

flows between various enterprises are considered.  

An integrated, consistent overall concept is needed. 

However, to date this is still unavailable. In part, this 

is due to the fact that the disciplines in the 

construction sector (architecture, construction and 

calculations, construction flow planning, etc.) have 

developed very individually in recent years. 

Moreover, any integrated optimization approaches for 

the building sector have been developed in a 

scientific way, while in other industrial sectors, 

concepts like Simultaneous Engineering and methods 

like Lean Management, Supply Chain Management 

(SCM) or Total Quality Management (TQM) are 

widely spread. The adaptation of these concepts and 

procedures developed for the modern industrial 

organization and production technologies, as well as 

the respective logistic systems and strategies, will be 

a success factor of crucial importance. Also, the use 

of digital tools that are currently used in a central data 

structure hold significant saving potentials, as they 

would allow planning and implementation processes 

to be handled faster and more transparently.  

The research project comprises the conceptual 

development of concerted methods and technologies 

for an integrally optimised construction technique 

(industrialised, integrated, and intelligent) by taking 

into consideration three main research fields: 

• optimisation of building processes and 

organisation (process design); 

• integration of new planning and management 

tools (with a focus on information and data 

management as well as networking and 

cooperation); 

• adaption of the product and service offer to 

new market requirements (integration of 

innovative building products and 

technologies). 
 

»build4future« Partners and Research Institutes 

The research partners participating in the project are 

12 South Tyrolean SMEs, each of them operating in a 

specific unit or phase of the construction project. 

Thus, they are not in competition with each other. 

These enterprises operate in the following domains in 

the project: architecture and planning, fabrication of 

windows and doors, interior finishing, panel heating, 

light weight construction systems, glass and metal 

facades, glass production, photovoltaic, bathroom, 

and sanitary facilities, timber houses, construction. 

They will analyze their design and/or production 

processes as well as the entire planning and 

construction process, with the attempt to unite them 

by adopting a completely integrated approach. 

The research project is sustained by the 

scientific support of the Fraunhofer Innovation 

Engineering Center IEC, the Free University of 

Bolzano, the KlimaHaus Agency and the TIS 

Innovation Park. 

The Fraunhofer IEC which acts as a neutral 

player is in charge of the scientific leadership and 

coordinates the research work and the internal project 

management. In addition, it bundles the various 

competences of the Fraunhofer Institute for Industrial 

Engineering IAO in the domain of process design and 

technology management in the building sector. The 

technology management approach of the Fraunhofer 

IEC comprises, amongst others, aspects such as 

process management, organization development, 

innovation and R&D management as well as 

staff-oriented quality management.  

The main topics addressed by the Faculty for 

Natural Sciences and Technology in the domain of 

natural scientific and technological research are 

sustainability, alpine habitat and energy efficiency in 

the context of the specific characteristics of the 

region. In the »build4future« project, the Research 

Team Master KlimaHaus of the Faculty for Natural 

Sciences and Technology acts as a representative of 

the University of Bolzano and assumes the role of 

main consultant for the domains of architecture, 

energy efficiency, sustainability and ecology.  

KlimaHaus Agency is an internationally 

recognised label for energy and resource efficient 

buildings. Amongst the key competences of the 

agency are energy certifications for buildings, 

training initiatives in the field of sustainable building 

and reconstruction, consultancy and practical 

research as well as development of systems and 

technologies in the building sector. Within the project 

»build4future«, the KlimaHaus Agency assumes the 

role of expert for sustainable and ecological building 

methods and certifications. 

The Building Cluster of the TIS innovation 
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park is a network for innovative South Tyrolean 

enterprises in the building sector. Its aim is to 

enhance the innovation capacity and competitiveness 

of its members by realising new products, enhancing 

the quality of existing ones, optimising the use of 

resources and developing new business models. 

Within the »build4future« project, the TIS assumes 

the task of intermediating and managing the project 

results and handling the knowledge management in 

the second research phase. 
 

»build4future« Content: Detailed Working 

Program 

 

Project phase 1 – Analysis of the foundations 

Global study “The future of the South Tyrolean 

building sector – opportunities and threats” 

The first phase of the project starts with an 

international trend study. The most important trends 

and developments for the future of the building sector 

are identified, analysed and described. During the 

further development of the project, the result will 

serve as a vision for the goals of an innovative, 

future-oriented economic region. Special attention 

will be given to the specific needs and opportunities 

of the craft trade and medium enterprises in South 

Tyrol. In this phase, a common work basis will be 

developed for the project team, as well as a sound 

foundation for the concrete implementation of 

selected solution approaches in the following project 

phases: 

• description of global mega-trends and their 

impact on the South Tyrolean building sector; 

• detailed transfer of the state of science and 

technology regarding national and 

international construction research to the 

market region South Tyrol; 

• benchmark analysis of selected best practice 

building projects for ecological and 

sustainable building. 

The following aspects are at the core of the 

trend study: 

• product-related: 

o new requirements regarding the building 

(especially sustainability: ecological, 

economic, socio-cultural); 

o methods for the evaluation and 

certification of buildings regarding their 

energy efficiency and sustainability 

(DGNB, KlimaHaus, Minergie, LEED 

etc.); 

o potentials of innovative materials and 

technologies (energy saving, functional, 

architectural, etc.); 

• process- and technology-related: 

o planning and management tools and 

methods for construction; 

o cooperation and communication models 

for the players involved in the project, in 

the field of planning and construction; 

o role of legal and contractual framework 

conditions, especially in the public 

construction sector (remuneration 

agreements, public procurement 

directives, etc.). 

By means of a comprehensive meta-study 

(literature, publications, internet), a detailed 

perspective of new trends and developments in the 

building sector will be elaborated and the 

consequences deriving from the results will be 

illustrated for the South Tyrolean enterprises. In 

doing so, existing studies, reports, etc. will be 

gathered and evaluated in the context of the overall 

aim of the research project. The meta-study will be 

further integrated and developed by interviews with 

selected experts in the field of construction research 

(esp. Fraunhofer Allianz Bau) and practice.  

In a best practice benchmark analysis, 

future-compliant projects, which are being 

implemented or are still being planned, in Europe 

(especially Italy and the rest of Southern Europe), the 

US and Asia will be studied. The analysis will 

include a description and evaluation of criteria for 

ecological and sustainable construction, which have 

to be defined in a very concise way.  

On the basis of a detailed analysis of the 

framework conditions, from a physical and a legal 

point of view, the future requirements on buildings 

are defined and the strengths and weaknesses of the 

construction techniques in South Tyrol are evaluated 

in comparison to the situation on an international 

level. Finally, with a final comparison and a broad 

benchmark analysis, the typological and functional 

standards best suited for the South Tyrolean 

architectural setting can be determined (The Building 

of the Future – made in South Tyrol). 

Innovation audits in the partner enterprises: 

The innovation services and the innovation capacity 

of the South Tyrolean building sector will be studied 

and focus points for the activities are to be identified. 

In doing so, an integrated evaluation of the 

innovation management of the companies and the 

identification of strengths, weaknesses and 

opportunities are at the centre of attention. A 

benchmarking of the enterprises with regard to other 

medium enterprises in Europe allows the analysis of 

the strengths and weaknesses of the partner 

enterprises and also the performance of a regression 

analysis between them. A comparison of the 

capacities among the partner enterprises and with the 

European level provides an important input for the 

following project activities.  

The analysis and evaluation of the innovation 

capacity includes three important phases which are 

organised separately and individually for each partner 

enterprise.  

• The innovation management of the partner 

enterprises is analysed with regard to strategy, 

development processes, controlling, culture 

and organisation. The analysis is focused on a 
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performance-oriented evaluation of the 

innovation management. On the basis of a 

consolidated European benchmarking 

approach (the IMP³rove approach), a 

researcher with broad experience in 

innovation management carries out a 

structured analysis of the innovation 

management in the enterprise. An IT-based 

analysis tool and a European benchmarking 

database with more than 2500 data sets on 

innovation management in SMEs provides a 

comprehensive insight into the innovation 

management of the individual enterprises in 

comparison to the competition. The 

benchmarking allows a comparison with the 

enterprises with the highest growth rate, the 

so called growth champions. The 

benchmarking report provides a deep insight 

into the innovation management performance 

of the company. All important dimensions of 

innovation management are addressed. A 

comparison with the best examples not only 

illustrates the strengths and weaknesses, but 

also the future-compliance of an enterprise. 

• After the benchmarking, a workshop with 

representatives of the respective enterprise 

takes place. The aim of the workshop is to 

discuss the strengths and weaknesses in 

innovation management and to define 

recommended procedures. An important 

precondition for a successful outcome of the 

workshop is a preliminary interpretation and 

analysis of the individual results obtained in 

the single partner enterprise by experienced 

Fraunhofer innovation management experts. 

The workshop with the representatives of the 

enterprises allows the specific framework 

conditions (e.g. regional challenges, 

technology trends, market trends) to be 

discussed. The results of this half-day 

workshop are then documented in a report. In 

this report, the priorities regarding strengths 

and weaknesses are defined and some first 

procedures for enhancing the innovation 

management are recommended. According to 

the results, the recommendations mainly 

focus either on strategic and operative 

processes or on cultural or structural aspects. 

• In the last phase, the results of the single 

partner enterprises are consolidated and the 

main strengths and weaknesses are outlined. 

An overview of the results in a micro-study 

allows comparison of the enterprises in all 

dimensions in the domain of innovation 

management and the current innovation 

performance. European benchmarks are used 

as a reference for the evaluation of the most 

important measures to be taken. The main 

focus of the micro-study is determined by the 

cooperation pool. The results are discussed 

within the pool.  

 

Project phase 2 – Conception of the project platform 

»build4future« 

The core of the research project has been 

divided into three modules, each of which will 

examine a specific step in the planning process. 

»build4future process design« 

The first module will develop a method for 

analyzing, representing and optimizing building 

processes (“value stream engineering in 

construction”) or respectively transfer from other 

production sectors. Assumptions on which kind of 

lean concepts stemming from other production 

sectors (e.g. shipbuilding, mechanical engineering 

and plant construction) can be adopted to building 

processes will be worked out, considering also 

project-, product- and company-related framework 

conditions. To this aim, the existing processes must 

first be analysed in order to process and document the 

initial situation within the single trades (enterprises). 

The value stream method is used to illustrate 

and optimize processes. As this method originally 

comes from the automotive sector, first the 

peculiarities of the building processes regarding the 

illustration (e.g. symbolism) and the structural setting 

(e.g. many different enterprises, many different 

products) must be identified and then integrated and 

adapted for a “value stream engineering in 

construction”. 

In order to optimise the building processes, 

lean concepts will be transferred for the participating 

companies as guidelines for their activities and 

general principles (e.g. waste is to be avoided – 

Muda) will be adopted by means of concrete models 

in construction. As various building projects can be 

very different from each other (e.g. industrial 

buildings vs. private residential buildings), the most 

significant characteristics of building projects will be 

gathered in order to develop a classification. This way, 

suitable approaches for the various predefined 

categories can be determined. 

An exemplary approach is a new logistics 

concept for construction sites, which can be described 

as a combination of a “Supermarket” and a “Milk 

Run”. So far the material supply for the construction 

site could be delivered in an innovative, building 

phase-related way. One organisational approach 

would be to implement “Just-in-time” process models 

for a rational prefabrication of client-specific 

products inside the enterprise with a timely supply on 

the construction site. Another organisational approach 

could target the introduction of a decentralised 

feedback control system for the capacity- and time 

management-related organisation of the building 

project. This is similar to comparable approaches in 

production enterprises, where centralised planning 

and management often turn out to be a disadvantage. 

An on-site analysis of the existing processes in 

the partner enterprises (office, factory and 
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construction site) in the form of workshops with 

experts will be carried out. In the context of various 

representative projects, this analysis will cover 

material and information flows, process roles and 

responsibilities (e.g. clients), management 

information, adopted auxiliary tools, operating cycle, 

manufacturing time and other key data/indicators. 

Other workshops with experts will analyse the same 

building projects to collect their characteristics as a 

basis for a classification system. 

After execution of the first study, a conception 

of complete value streams using the example of 

concrete building processes (target processes) will be 

found. 

Thanks to value stream engineering, process 

models in the construction sector are developed and 

projected methodically. Process models in this sense 

are to be considered as value creating process chains 

which continue to re-emerge and can always be 

re-used.  

The lean concepts identified are adapted to the 

processes of building projects. Thus, the processes 

are organised according to engineering principles and 

they describe target processes as a vision of 

optimised processes without waste. The innovative 

attribute “completeness” of a value stream refers to 

the consideration of all clients (internal and external 

ones), including all trades and products. The findings 

resulting from the analysis of existing building 

projects, regarding material and information flows, 

process roles and responsibilities, management 

information, adopted auxiliary tools, operating cycles, 

manufacturing time etc. are also comprehensively 

considered. In each of these fields, the approaches 

adopted are those which have turned out to be 

transferable from other production sectors and to be 

in line with the lean concept. The main topics for this 

vision are a completely industrialized process chain 

with a consistently organized information flow, 

individualization by means of variable 

modularization or mass customization as well as 

efficient (pre-)fabrication in the factory and at the 

construction site. 

Based on the findings from the analysis and on 

the target processes defined, an enterprise-specific 

analysis of the potentials is carried out. It is aimed at 

determining the requirements regarding the work of 

all project participants. The implementation of the 

target processes raises new requirements for all 

functions, especially for the construction 

management/general contractor, for example, in 

terms of communication, cooperation and integration 

of knowledge in the fields of planning, fabrication 

and the construction itself. For every function and for 

each participant involved in the complete value 

stream, the preconditions required for the 

implementation of a building process based on the 

target processes are elaborated. 

The differences between the actual condition 

and the target condition are studied in order to detect 

potential failure sources in the introduction and 

implementation of the target processes. The results of 

the potentials analysis can be used in order to deduce 

concrete measures to be taken for the introduction 

and implementation of the new target processes in the 

participating enterprises. For every partner enterprise, 

unique action plans are to be developed. These action 

plans will describe which concrete measures must be 

taken by the partner enterprises in order to be ready 

for future requirements. These measures regard all 

fields, from material and information flows to process 

responsibilities and roles, as well as management 

information and finally the auxiliary tools adopted. 

The results of the previous work packages need 

to be evaluated. As the evaluation in »build4future« 

cannot be carried out in a consistent way, like in the 

case of a concluded project, process models and 

partial value streams will be tested and evaluated. In 

various existing building projects, the effects of the 

research results are evaluated with respect to a single 

trade and/or a group of trades. 

Furthermore, enterprises are to provide and 

organize training courses for their employees in order 

to impart the entire content of the »build4future« 

project. For the contents in the field of value streams, 

for instance, Fraunhofer develops seminars, which 

could serve as a basis for training (“LIFE!”). In other 

production companies, numerous seminars of this 

kind have already been held with a successful 

outcome. In these seminars, knowledge of the lean 

approach and of value stream engineering is imparted, 

but for the building sector, their current methods are 

not directly suitable. Other existing training 

initiatives with a focus, for instance, on project 

management, are also considered in the development 

of training programs for the contents of the 

»build4future« project. The target group for these 

training programs comprises all trades and functions 

involved in the process. 

»build4future virtual command panel for 

construction« 

The second module will adopt and require 

analysis of the entire tendering, planning and 

operating process for cooperative building projects 

(Sacks et al. 2007). 

Here, the objective is to analyse which specific 

needs and requirements potential user groups 

(architects and planners, developers, craftsmen, 

project manager etc.) could have in terms of 

communication and cooperation in the acquisition 

and processing of building projects. Models of typical 

highly distributed tender, coordination, planning and 

construction processes, like those described in the 

previous module will be used as the basis of this 

analysis. These requirements will be documented in 

the form of elaborated process illustrations and the 

interface points identified. They are then transferred 

into the list of target specifications. This also includes 

considering the framework conditions to be expected 

in terms of organization and management, in order to 
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develop suitable solution models. Clearly 

determining who the contact persons will be or 

clarifying the decision taking authority are business 

management issues of paramount importance, which 

have to be settled together once and for all. 

Then, it is planned to develop the virtual 

command panel for construction as a functional 

overall concept. To this aim, all the functional 

specifications of the virtual command panel will be 

defined. In addition, a description of the functional 

requirements as a model for identifying and 

contacting suitable component suppliers will be 

developed. 

The way to the definition of the virtual 

command panel will start with the identification of 

possible software and hardware components which 

could be used for the implementation. There will be a 

conceptual integration for a functional integrated 

communication and cooperation platform by taking 

into consideration the requirements defined before. 

The supply of drafts, planning data and constructive 

marginal conditions will be visualized during virtual 

team sessions to elaborate a concerted procedure for 

the submission of the offer. 

It will support any direct, interpersonal 

cooperation and communication via e-collaboration 

technologies and unified communications solutions, 

including voice, video and data communication. 

A vision of the virtual command panel is 

provided by the Virtual Building Simulator designed 

by Fraunhofer IAO and AEDAS, a leading 

international design practice. The virtual building 

simulator combines an algorithmic design approach 

with the Virtual Reality (VR) system of Fraunhofer 

Institute IAO in Stuttgart. Thus, the user can inspect 

and influence the building model with 3D vision. In 

contrast to other VR systems, the emphasis is not on 

presenting a finished building proposal to the end 

user to which he could respond, but rather to include 

stakeholders in the negotiation between various 

aspects of the building while still on a fairly 

diagrammatic level. 

In the Virtual Building Simulator three levels 

of adjacent concerns in the design process will be 

explored: site massing and envelope design, 

circulation and common areas, and workspaces and 

structure. Each level will be controlled by an 

application and thanks to their reciprocal interactions, 

any modification will affect the final result.  

The first application allows the user to arrange 

elements of the project site such as the lawn or park 

space, parking areas, the built volume, etc. and to 

check how the solution matches the area schedule and 

the proposed massing and skin articulation.  

 

 

 

Figure 1. Virtual Building Simulator – 

Application 1: Site Massing and Envelope Design (© 

Fraunhofer IAO, AEDAS|R&D) 

The second application goes into the building 

and stages the internal spaces into common areas 

(café, library, hallways, etc.) and work areas (labs, 

offices, etc.). Here the two types of programs get 

their own expression and logic by defining the 

building as a solid block in which the common areas 

are formed by carving out voids. 

 

 

Figure 2. Virtual Building Simulator – 

Application 2: Circulation and Common Areas  

(© Fraunhofer IAO, AEDAS|R&D) 

The final application focuses on workspaces 

and access areas and their relation to daylight and 

structural elements. The areas are defined by points 

which are associated with a particular function and 

their placement determines the internal layout and 

circulation scheme. 
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Figure 3. Virtual Building Simulator – 

Application 3: Workspaces and Structure (© 

Fraunhofer IAO, AEDAS|R&D) 

Taking this design related vision into account, 

the concept of the virtual command panel is 

implemented and tested on the basis of the results of 

the whole project in the form of a prototype. In doing 

so, the preparatory development work by the 

Fraunhofer IAO in the context of the model project 

“MAREMBA” can be used. In this project, a 

cooperative platform for electrician trade was 

developed and evaluated. This platform has to be 

adapted and integrated, especially in view of the 

concrete work phases and data standards on the spot. 

In addition, this platform, which has a web interface 

can also be accessed through mobile devices, and is 

integrated with components of interpersonal direct 

communication. In this regard, the available 

components of the so-called unified communication 

solutions technology group are to be adopted. They 

include, for instance, audio-video-conferencing 

solutions and the possibility to view and edit 

documents together synchronously.  

»build4future innovation foresight« 

The third module will develop an internal 

analysis by the identification of the users’ 

requirements (expectations) regarding the database 

and the information system, like data or information 

input, processing and output. This analysis, based on 

means of auxiliary methods stemming from the 

project management, will divide the requirements 

into quickly achievable interim goals in order to 

avoid an excessive list of performance specifications.  

A workshop among the partners will focus on 

the utilization context, especially on the performance 

level, while another workshop based on experience 

prototyping methods will focus on the functional 

level. 

A roadmap will summarise the development 

options on various levels (functional, content, 

interface design), supported by market research of 

software providers and developers.  

Afterwards, a suitable ontology and a 

methodology (including responsibility assignment) 

for a systematic coverage/gathering, description and 

evaluation of innovations in the construction sector 

on the basis of consistent and structured semantics 

will be developed.  

The analysis of existing ontologies in the 

building sector and other industries will define a new 

approach for semantic innovation monitoring in the 

form of a digital data sheet for innovations in the 

construction sector. In doing so, the following 

questions will be answered: which structured 

description factors will be used to describe the 

innovation monitoring in the building sector in order 

to achieve the highest possible benefit and to satisfy 

the requirements of the stakeholders? Which existing 

description features and ontology could be used to 

describe innovations in the building sector? How will 

an innovation data sheet be configured in order to 

fulfil these requirements?  

This newly defined ontology will allow a 

systematic gathering and evaluation of innovations. 

Special attention is given to incentive schemes and in 

some cases also business models for information 

supply by experts. Subsequently, existing methods 

and software solutions will be analysed and 

case-specific representation layouts will be conceived. 

An implementation of the description of innovations 

in the construction sector in categories, taxonomic 

hierarchies (subcategories – super-categories), and a 

definition and description of the slots (facets) by 

means of a practical example will also be needed. 

The third module will finish with innovation 

radar to identify and evaluate the new developed 

practices.  

On the basis of the information system 

developed before, relevant innovation fields from the 

markets which were identified at the very beginning 

of the project will be deducted. The innovation fields 

will be detailed with an evaluation of existing 

scenarios, future and technology studies. 

Relevant research (and industry) experts on a 

global level will be interviewed in order to develop 

interview guidelines for the innovation field trends 

(current state of the art and the temporal development 

to be expected) and the trends/influence factors for 

the deduction of utilisation scenarios. 

Transversal clusters 

During this work, several themes were 

identified as being important and having a significant 

role in determining the effectiveness of the project 

outcomes. These themes have been identified as 

transversal clusters. 

The transversal cluster “low energy building, 

ecology and sustainability” is aimed at addressing the 

topics of low energy building, ecology and 

sustainability (the main focus of the present research 

project) in a bundled way, by connecting them within 

the three modules. In this way, the main task of the 

players involved will be to actively react to the 

feedback derived from the other work packages and 

to bring in scientific know-how and technical 

expertise in order to solve specific problems. 

The cluster contains the following goals:  

• development of guidelines for efficient 

planning of the future in order to improve the 

collaboration between the enterprises and 

planners;  

• preparation of the study, planning and 
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analysis of innovative building elements, 

which are compatible with the guidelines for 

the planning as well as with the local 

capacities;  

• development of an integrated energy and 

environmental certification platform within 

the planning and production process in 

construction; 

• development of guidelines for ecological and 

sustainable planning and construction by 

taking into consideration the three main 

research fields in the modules  

• development of solution approaches for a 

“typological flexibility” as a new contribution 

to sustainable building. 

On the basis of the previous results and in 

coordination with the technical capacities of the 

South Tyrolean entrepreneurship, innovative building 

products and systems will be analyzed according to 

these guidelines. 

Based on the best practice analysis, typological 

standards for innovative products, which are realised 

by using regional resources and at the same time by 

adopting new methods and materials in order to 

access new market segments, will be developed. 

On the basis of the cluster members’ 

experience, an integrated environmental and energy 

efficiency system will be developed. The guidelines 

will serve as an orientation guide in planning and 

developing the construction elements, while the 

certification mechanism will be perfectly integrated 

into the development of the typological standards and 

into the definition of their technical features. 

The transversal cluster “business models for 

the project platform” aims to identify business 

models for the use of the project platform with its 

three modules, in order to consolidate on the market 

the evolvement of the »build4future« cooperation 

pool, even after the end of the project. 

The transversal cluster “transfer the results, 

inside and outside of the project group” will take care 

of mentoring in the implementation of selected 

results among the project partners as well as training 

programmes for the employees. The diffusion of the 

results outside of the »build4future« cooperation pool 

will be taken care, too. Therefore, there will be 

topic-related training for the employees of the partner 

enterprises with regard to the new process and 

technology approaches, regularly organised 

innovation forums with information sessions for the 

employees of the partner enterprises (about twice a 

year), scientific and technical conferences for the 

diffusion of the results outside of the project pool 

(about once a year) and scientific and technical 

publications on the project. 

Outlook/Expected Results 

The expected result of the present research project is 

a consistent implementation of new planning 

approaches and construction methods for an 

integrated optimisation of the value chain in 

construction, with special attention given to 

ecological and sustainable building. In order to 

achieve this goal, the cooperation platform will allow 

the participating enterprises to realise a prototype for 

the “Building of the Future – made in South Tyrol”: a 

building which fulfils all requirements in terms of 

sustainability (ecological, economic, and 

socio-cultural). Detailed goals are listed below. 

Goals with regard to process and organisation 

include: 

• efficiency enhancement and cost reduction at 

the construction site thanks to better 

cooperation between the participating 

disciplines and trades; 

• anticipation of know-how and coordination of 

the required tasks in the early planning 

phases (“front loading”, e.g. by integrating 

the construction enterprises in an early stage); 

• development of business models and creation 

of distribution partnerships for a collaborative 

market cultivation in the »build4future« 

cooperation pool; 

• “perceived individuality” thanks to a modular 

building method on the basis of (partially) 

standardised product portfolios (“mass 

customization”); 

• critical analysis of the existing rules on 

tendering (especially in the public domain) 

which were revealed unrewarding. 

Goals regarding planning and management 

tools include: 

• development of organisation systems for 

efficient projects in the building sector in 

distributed structures (coordination of 

numerous small trades, optimisation of the 

tendering management); 

• handling of integrated and mobile planning 

and tendering management systems, 

especially in the case of small and medium 

enterprises and the craft trade sector; and 

• handling of planning tools for 3D to 5D 

planning and visualisation (5D = 3D + costs 

+ time). 

Goals with regard to building products and 

technologies include: 

• recognition of new trends and development 

opportunities on the product, service and 

technology level by means of a regular 

update regarding materials and systems; 

faster product, service and technology 

innovation processes; 

• taking into consideration the life cycle costs 

and amortisation times in case of the use of 

new products. 

General goals include: 

• enhanced resources and energy efficiency in 

the realisation and utilisation of a building; 

• contribution to the enhancement of the 

competitiveness of the »build4future« partner 
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enterprises and of the South Tyrolean 

building sector as a whole; 

• active participation in the development of 

optimised energy saving directives 

(KlimaHaus, DGNB, LEED); 

• development and consolidation of new 

markets for the participating enterprises 

(target markets: 1. Italy, 2. Southern Europe, 

3. global); 

• enhanced know-how thanks to 

interdisciplinary cooperation; know-how 

transfer among the scientific partners and 

partner enterprises 

• transfer of technology and knowledge from 

other sectors; positive impulse for more 

innovation in the building sector (“to be more 

open for innovations”); 

• creation and maintenance of a network of 

innovative enterprises in South Tyrol in the 

building sector; 

• prototypical implementation and evaluation 

of innovative approaches and methods 

(“proof of concept”) in the case of real 

building projects; 

• involvement of all participating employees in 

the partner enterprises in the context of 

training programmes for the »build4future« 

project contents; 

• public-oriented presentation of the project 

and the partner enterprises in a way that 

benefits the image of the project. 
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Abstract: The Design and Innovation programme at DTU was initiated in 2002, challenging some of the 

traditional concepts that dominate most engineering educations. Since 2007, 160+ candidates have completed 

this program. The programme focuses on building competences that meet the need for innovative and design 

oriented engineers in industry and society. It is also challenging a number of the standard concepts in 

engineering education which is so often dominated by rather strict norms and concepts of learning that do not 

sufficiently challenge the students creativity and their innovative capabilities. The design-engineer education 

describe in this work indicates some of the more generally needed reform processes regarding engineering 

education as such, which is now emerging in many engineering universities. The programme, context and basic 
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Introduction 

The Design and Innovation education at the Technical 
University of Denmark (DTU) has been planned to 
meet the demands from industry and society 
following the dynamic changes of society and 
technology. The new structures of cooperation in 
product development and innovation following these 
changes also require new competences from 
engineers whose classical training in the natural 
sciences and technical disciplines have been prone to 
supplements from social sciences including social, 
ethical, economic, and management issues (Alting et 
al 2006). Today’s engineering design students and 
graduates may soon hold responsibilities regarding: 

• Enhanced quality efforts 

• Customer-oriented quality, values and 
perceptions 

• Environmental concerns and demands for 
sustainable solutions 

• Exploding design complexity due to 
technology and market demands 

• Multi-disciplinary product conceptualisation 

• Customisation, legislation and product-life 
concerns 

• Mass customisation, multi-product 
development, product-platform and product 
architecture thinking 

• Globalisation of markets, supply, 
technologies, etc. 

• Necessary dynamic innovation of products 
and organisations 

• Handling of knowledge and competencies 
Design engineers should also have competencies in: 

• Organising design i.e. structures, processes, 
tasks, milestones, etc. 

• Understanding product development types 

i.e. innovation, new product development, 
incremental product development, product 
variants, configurations, re-use, etc. 

• Managing integration of product-life 
concerns and multi-disciplinary work 
patterns 

• Utilizing diverse knowledge & skills both in 
a product development team and 
individually in single tasks 

The Design and Innovation program is a 
contribution to the renewal of the educational profile 
of DTU. An important motivation for the education 
has - from the university management’s part - been 
the interest in attracting more and new types of 
students having good grades from their high school 
graduation but not being attracted by the traditional 
engineering education curricula. The educational 
profile has proven valuable for this purpose as Design 
and Innovation is recruiting students, where 40% of 
the enrolled would not have sought admittance to 
other engineering programs offered and also has been 
able to obtain a balance of 40% female students. 

A Multidisciplinary Process 

The Design & Innovation education emphasizes 
competences in carrying out engineering work in 
practice. In the specific case of design engineering 
this includes a number of competences which receive 
little attention to in the standard engineering curricula. 
Our graduates' professional profiles include the 
technical- and social sciences and a heterogeneous 
engineering competence covering three important 
dimensions: 
 

Creative, Synthesis Oriented Competences 

These competencies are aimed at integrating 
technical and social components during the 
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development of various solutions such as: products, 

systems, processes, and services, and combinations 

thereof. The education emphasizes the development 

of the student’s personal, creative potential, 

engagement and enthusiasm, professional insight, 

mastery of methods, and the ability to work in teams. 

 

Reflective Technological Engineering 

Competences 

These competences refer to the reform of teaching 

and the integration of the core engineering 

curriculum that is an important part of the design 

engineering education.  

These significant issues are supported through a 

number of courses and projects covering a broad 

spectrum of professional disciplines reflecting 

aspects of design processes on individual, 

organizational, commercial and societal levels. 

The primary aim in planning the education has 

been to establish a comprehensive sequence in the 

syllabus including the master’s level specialization of 

the student’s competencies in relation to knowledge 

in technological domains, enhancement of 

competencies in design, and leadership in relation to 

executing complex development assignments in a 

realistic context. 

 

 
Figure 1. The multidisciplinary approach in the 

design and innovation education 

Innovative Socio-Technical Competences 

These competences are to be utilized in the creation 

of and renewal of systems and situations where 

technology and humans interact, and where complex, 

political decisions confront the engineering field’s 

way of modelling and optimization.  

Design and Innovation Seen as Socio- 

Technical Processes Offer New Perspectives 

• Design as the outcome of interaction 

between different stakeholders with their 

diversified knowledge and perspectives on 

problems and solutions 

• Design and innovation as network building 

processes (solutions, artefacts, knowledge 

and actors) 

• Innovation as the outcome of successful 

translation processes based on often rather 

unpredictable knowledge (markets, users, 

technology etc.)   

Educational Concepts for Design and 

Innovation 

Most engineering educations are emphasising 

disciplines and training focussing on natural sciences 

and technical, analytical and instrumental 

competences.As a consequence the competence of 

synthesis seen as the creative, constructive and design 

oriented elements have been given a lover priority if 

they are at all present in any direct and prioritised 

form. This development may be considered rather 

strange, as the engineering ethos emphasises the 

constructive and innovative aspects of engineering 

and technology. But the development since WWII has 

emphasised the science base of engineering 

disciplines more than the practical and creative skills 

of engineers, which has lead to a change in the role 

that engineers play in industrial development and 

societal change (Seely 2005) Especially since the late 

1980s this has been recognised by industry and has 

lead to demands for engineering educational reforms. 

It has also meant a change in the accreditation 

schemes. 

The response in engineering education to the 

enormous growth in the number of engineering 

disciplines and subjects given at the engineering 

universities has been to even more emphasise the 

science base of engineering and simultaneously to cut 

down on practical skills and a closer contact to 

engineering practices. More and more specialisation 

has lead to a situation that seems to emphasise a 

“mono-technical” view of engineering competence. 

At the same time, technology has become an even 

more integral part of modern society, demanding a 

more careful understanding of how technical 

components and systems interact with the social and 

personal dimensions of a technological society 

(Boelskifte and Jørgensen 2005)  . 

The aim of the Design and Innovation 

curriculum is to add new facets and aspects to DTU’s 

educational profile without compromising the 

fundamental technology elements in a combined 

bachelor and master’s of engineering program. A 

design engineer should be a technical, organisational 

and socially-oriented innovator and prime mover of 

the technological developments in society and 

industry. 

This has also lead to setting some normative 

demands for educating students to become 

responsible designers. This include that a design 

engineer – in cooperation with others – must take 

responsibility for future development and 

applications of technology, as well as demands for 

sustainability, user-involvement and quality. A design 

engineer must also have developed skills as a 

technical and social oriented innovator and 
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In addition to using integration of subjects in 

concurrence with learning the basic science 

curriculum, this concept serves as a key element for 

Design and Innovation related subjects and the 

thematic semester projects indicated with a green 

background colour in tables 1-4. The yellow 

background indicates Design and Innovation specific 

subjects, red indicates basic technology courses, and 

white indicates free electives. 

The student’s potential is thus developed 

through challenging, complex project assignments 

requiring participation and technical knowledge, 

teamwork skills and knowledge of methods. The 

basic engineering subjects e.g. materials science, 

thermodynamics, mathematics, physics, etc. will, to 

some extent, be integrated in the basic subjects 

combined with engaging project work (Boelskifte and 

Jørgensen 2005). 

Specialisations within the Master’s Program 

 In the framework of Design and Innovation, 

three specialisations are offered. They all share the 

common base of the master’s but each offers the 

opportunity for a different focus: 

• Product design 

• Systems design 

• Innovation management 

Each specialisation aims at a field of 

competence in the total field of engineering education 

in Denmark with a clearly documented lack of trained 

engineers. Only two other engineering educations in 

Denmark cover similar types of competencies. 

Product designers are capable of analyzing 

needs, contexts and the human aspect of technologies 

and create concepts that can become the basis for 

new innovations and commercial applications. This 

means that product designers are involved not only in 

the design and construction process, but also are 

competent in product planning and market creation. 

The human aspects of the designers’ competence will 

show in the creation of interaction between users, 

other actors and the material objects developed. This 

will include the domestication of products and 

systems and the implementation of these into user 

contexts. 

Also the industrial design component defined 

by the shaping, graphical design, colouring and 

semiotics of products is included in the engineering 

designer's approach in such measure that they are 

able to handle these aspects and work in close 

cooperation with other professional industrial 

designers. 

The specialization in Systems Design includes 

some of the tools developed within design of 

complex, technical products and combined with 

methods developed within systems development. 

The Systems Design specialisation combines 

the specific competences focussed upon in design and 

systems development subjects with insights from one 

or more of the technological domains included in the 

engineering programmes at DTU. 

The specialisation in Innovation Management 

aims at creating engineers capable of planning and 

managing design and innovation processes in a 

business oriented societal context. In addition to 

leading these processes in a traditional sense, they 

will also be able to understand and use the 

competences necessary to establish the staging of 

design processes enabling the participants to work in 

innovative, focused and creative modes. 

Summary of DTU Design and Innovation 

Education in Bullet Form 

A condensed account of the most significant 

characteristics, milestones, and achievements 

regarding the Design and Innovation education since 

2002 are summarised in the following 13 bullet 

points: 

• Project-based syllabus (one major project in 

each semester). 

• Thematic approach to learning (core themes 

such as workspace, eco-design, etc. built in 

as ‘red threads’ throughout the syllabus). 

• Subject-integration across and within 

subjects. 

• Steady dosing of basic courses as opposed to 

the traditional system of a 1½ year 

foundation course first, and then the 

thematic courses. 

• Strong emphasis on groups and team 

dynamics contrasting to some degree a 

traditional, sub-modularized and 

individualized study program. 

• The creation of three specializations in the 

masters degree: product innovation, 

innovation and design management, and 

systems innovation. 

• An effort to nurture decisions towards an 

industrial relationship and/or a research area 

for each student in the masters 

specialization.  

• The educational track was initiated in 2002.  

• Gained strength from both industry backing 

and devoted faculty members. 

• DTU has gradually acknowledged 

ownership of Design and Innovation. 

• In order to ensure the quality of the projects 

we have initiated a number of more or less 

formalised monitoring and evaluation 

processes and milestones. 

• More than 160 graduates since 2007. 

The Design and Innovation Bachelor and 

Master’s programs has just been through a 

governmental accreditation process resulting in 

very positive evaluations from students, 

graduates, employers and the international 

assessment committee. The Deans of DTU and 

the directors of studies are following up on the 

government accreditation  by initiating an 
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internal visionary process. A detailed report 

stating the visions for the next 5 years 

adjustments and developments of Design & 

Innovation will be published in the fall of 2011. 
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Abstract: Rapid changes in societies across the globe have led to increasingly diverse and demanding 

requirements on living spaces, buildings, and public facilities. These changes are, in turn, affecting the role of 

civil engineers and the field of civil engineering. Today, planning and construction projects require civil 

engineers to take a human-centered approach and consider the social sciences, the natural sciences, and the 

ecosystem. Therefore, traditional civil engineering education, which focuses heavily on mathematics and physics, 

is not sufficient. We have found that it is necessary to redesign our introductory course for freshman civil 

engineering students using a student-centered, application-focused, and interdisciplinary approach to cultivate 

our students' imagination and enhance their problem-solving skills. Based on course evaluations, the redesign 

has received positive feedback; however, it also implies that there might be overloads for students to meet all 

course requirements. In sum, through four famous engineering case studies - the Sydney Opera House, the 

Yuan-Shan-Tzu flood diversion project, the Taiwan high speed rail system, and the Golden Gate Bridge - 

students receive an overview of architecture, and hydraulic, transportation, and structural engineering. After each 

lecture, students are given a related topic for group discussion and a guest speaker with expertise in that area is 

invited to give feedback and deliver a speech. Assignments and final group projects are evaluated through 

professional judgment and peer review. By increasing the opportunities for teamwork and presentation, our goal 

is to expand the width and depth of students' thinking and prepare them to be future engineers.  

 

Keywords: Course Reengineering, Interdisciplinary, Student-Centered, Introductory Course. 

 

Introduction 

Role of Civil Engineers 

Civil engineering is a symbol of human civilization. 
Our lives are more convenient than in the past due to 
the development of buildings, airports, tunnels, dams, 
bridges, roads, and other infrastructures and public 
facilities designed and constructed by civil engineers. 
Traditional civil engineers have always placed 
emphasis on durability, solidity, and safety when they 
designed and supervised the construction of projects. 
Therefore, they needed to possess extensive 
professional and technical knowledge and skills.  

However, because of the rapid growth of 
technology and economy in recent years, human 
needs are becoming more complex and diverse. In 
addition to basic concerns, engineers now need to 
focus on human needs, economic efficiency, 
engineering ethics, environmental protection, 
ecological conservation, and the aesthetic appearance 
of buildings. Based on the evolution of society and 
engineering, the educational goals of engineering 
curricula should be improved to reflect generational 
trends. We must teach engineers to be creative and 
flexible, and to be curious and imaginative (NAE 
2005) in order to help them keep pace with the times. 
Thus, one of the primary tasks of modern civil 
engineering professors is to reform our approach to 
engineering education. 

 

Reform of Engineering Education  

Education is a crucial process for fostering future 
engineers. In Taiwan, the traditional training models 
for undergraduate students have always been 
instructors-centered and knowledge-based. As a result, 
students’ attitudes tend to be passive, unimaginative, 
overcautious, alienated, and unconcerned upon 
encountering problems. However, our educational 
system should train students to be active, imaginative, 
insightful, and adventurous. Active learning is more 
likely to occur in the student-centered model while 
passive learning results from a teacher-centered 
model (Catalano and Catalano 1999). 
Student-centered instruction is a potential method for 
increasing intrinsic motivation among students 
(Hancock et al. 1995). Thus, engineering education 
should be reformed to adopt student-centered and 
application-focused approaches in order to enhance 
students’ autonomy in learning, problem solving 
skills and competitive strength in the future society. 

Course Redesign 

Based on previous course evaluations, students who 
took the course “Introduction to Civil Engineering” at 
National Taiwan University were not very satisfied 
with the teaching effectiveness. The results revealed 
that the traditional course design could not arouse 
students’ learning motivation and failed to fit the 
students’ initial expectations for the course. Moreover, 
students did not understand how to apply the 
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knowledge and skills learned from the course to their 

daily lives or to the civil engineering industry.  

In the past, instructors always stressed the 

transmission of professional knowledge to students 

(figure 1) and neglected to cultivate students’ 

extended skills and positive attitudes to face technical 

innovation and social change in the future world. To 

respond to the clear need for educational reform, we 

introduced a redesigned version of the course 

"Introduction to Civil Engineering" in the 2010 fall 

semester. The course was changed from being 

instructor-centered and knowledge-focused to being 

student-centered and application-focused (figure 2), 

in order to train students to become active, 

imaginative, optimistic, hopeful, collaborative and 

ethics-focused engineers in the future.  

In order to improve the students’ concentration 

and to ensure learning quality, the 120 students in the 

course were divided into three sections. Previous 

surveys noted that monotonous lectures could not 

stimulate students’ interests. Therefore, the 

curriculum was split into six components: lectures, 

in-class discussion, an oral presentation, guest 

speakers, assignments, and a final project. In the 

following paragraphs, each component and its 

purpose are described in detail. 

 

Figure 1. Structure of Traditional Introductory Civil 

Engineering Courses  

 

Figure 2. Structure of the Redesigned Introductory 

Civil Engineering Course 

Lectures (Emphasizing Inspiration) 

A series of “lectures” was designed to inspire 

students by introducing four famous engineering 

cases: the Sydney Opera House, the Yuan-Shan-Tzu 

flood diversion project, the Taiwan high speed rail 

system, and the Golden Gate Bridge. The teaching 

direction in this section is very different from the past. 

Sheppard et al. (2009) noted that “transmitting 

knowledge through lecture does not guarantee 

students’ comprehension or their ability to apply it or 

do analysis based on it”. So instead of teaching 

abstruse knowledge about engineering, we placed 

emphasis on describing the characteristics of 

engineers and the challenges that occurred during the 

constructing process to train students’ 

problem-solving capacities. In this way, the students 

could gain professional knowledge and understand 

specific concepts in various fields in Civil 

Engineering by listening to interesting stories and 

studying the backgrounds. For example, the case of 

Sydney Opera House introduced students to structural 

engineering (SE), construction engineering and 

management (CEM), and computer-aided 

engineering (CAE), whereas the case of the 

Yuan-Shan-Tzu flood diversion taught students about 

hydraulic engineering (HE), geotechnical engineering 

(GE), structural engineering (SE), and 

computer-aided engineering (CAE). A complete 

description of concentrations covered by the four 

case studies is shown in table 1.  

 

Guest Speakers 

In addition to the formal lectures, eight professionals 

were invited to share their valuable experiences in the 

civil engineering industry with the students. This was 

done in order to broaden the students’ professional 

horizons and to help them distinguish between 

academic and industrial fields. In comparison with 

the knowledge-focused lectures presented by the 

instructors, the guest speakers are application focused. 

Thus the instructor and guest speaker components 

complement each other and show that learning is a 

process of integrating both knowledge absorption and 

applications. In addition, guest speakers make 

comments and provide suggestions during in-class 

discussions. Guest speakers can also help students to 

consolidate their professional knowledge and help 

them understand how to apply professional skills to 

their relative fields.  

 

In-Class Discussion 

Engineering is a highly collaborative process 

(Bucciarelli 1996). Today’s complex engineering 

systems require the collaborative effort of experts, 

engineers, and non-engineers across multiple fields 

(Sheppard et al. 2009). Therefore, it is very important 

to train students to function in groups and to hone  
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Table 1. Lecturing Topics for "Introduction to Civil Envineering" in 2010 Fall 

 

 

their collaboration skills. To accomplish this goal, 

students were asked to accomplish one task with their 

group partners during each session of the new class. 

The engineer also needs “creativity,” which can 

be described as the ability to respond to challenges by 

combining in new ways, “a broader range of 

interdisciplinary knowledge and a greater focus on 

systemic constructs and outcomes” (Sheppard et al. 

2009). In order to develop the students; imaginations 

and practice working in a collaborative environment, 

the instructors ask them to use their imagination and 

existing knowledge to solve one open-ended problem 

per case study. For example, the students were asked 

to imagine and depict a construction project in 2060, 

find solutions to resolve flooding problems in a 

residential area, play different roles to coordinate a 

connection between two islands, and build up a 

global transportation network (table 1).  

When instructors ask students to imagine and 

depict the construction project in 2060, they have to 

imagine the appearance, configuration, and building 

materials of one kind of structure, such as an airport, 

library (figure 3), wedding hall or shopping mall and 

finally draw it on white paper. The students can select 

one topic based on their preference and imagine all 

possibilities without any limitations during the 

designing process. It is hoped that students’ 

collaboration skills and imagination will increase 

through the training of this section.  

 

Oral Presentation 

There are many opportunities for engineers to work 

and communicate with people from various nations 

or fields. Thus, it is paramount for future engineers to 

learn presentation skills. Because the world of 

engineering intersects with the worlds of business, 

law, economics, finance, politics, and most fields 

within today’s global marketplace, it is necessary for 

engineers to develop communication skills that 

strengthen their performance within the complex 

arena of the 21st century workplace (Galloway 2008). 

In order to improve students’ oral presentation skills 

and professional manners, students were asked to 

make formal three minute presentations after their 

group discussions. In this way, students can practice 

how to express their thoughts clearly and distinctly 

within a limited amount of time through the training 

of this section. 

 

Assignments 

Assignments were designed as milestones to help 

students carry out the final project step by step. 

Instructors assigned homework to students after each 

class and required them to complete it as a team. In 

the assignments, students have to communicate and 

collaborate with their group partners and draw on 

their observations, life experience, actions, and 

imagination to fulfill the task. Assignments can 

enhance students’ observation, collaboration, 

responsibility, imagination, and planning ability. 

 

Final Project 

Future engineers will need design skills, as well as 

analytical skills (NAE 2005). Thus, the course 

instructors mapped out a design project for the end of 

the semester. Students were required to select two 

buildings on the NTU campus and design a pathway 

to link them. They can link two buildings with any 

existing, revolutionary, imaginative, or pioneering 

means, without any restrictions. The purpose of this 

final project is to give the first-year students a design 

experience before gaining substantial professional 

knowledge. In addition, students were requested to 

use 3D computer graphics software learned in the 

course “Engineering Graphics” and to operate the 

surveying instruments learned in the course 

“Surveying Practice” to assist them in the final 

project.  

The interdisciplinary design featured in the final 

project in this course is rare in Taiwan. Finishing the 

project through interdisciplinary and integrated 

knowledge is a great challenge for students because 
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up to this point they have lacked such integrated 

opportunities in their long-term traditional education. 

To arouse their interests in the final project, 

instructors asked the students to prepare a poster for a 

course-wide competition. An example of a student 

poster is shown in figure 4. Five experts were invited 

to make a critical examination and appraisal of the 

students’ posters.  

Discussion 

According to the results of midterm and final 

evaluations (figure 5), we found that 82% of our 

students liked the redesigned program; however, they 

also indicated that the final project occupied too 

much time and thus affected their performance in 

other subjects. To improve this shortcoming, we can 

strengthen the cooperation of three introductory 

courses: Introduction of Civil Engineering, 

Engineering Graphics and Surveying Practice. For 

example, we can arrange some joint assignments 

among these courses to reduce students’ work load or 

modify the deadline for submitting the final project. 

Although students have to spend much time finishing 

the final project, based on their feedback, it is 

beneficial for their learning. When they become 

senior students, they can choose to take a capstone 

courses to practice how to solve real problems with 

their professional knowledge. Therefore, giving 

freshmen a design experience is helpful to advance 

learning. In the coming years, we can track students' 

performance to see if their learning is improved 

relative to students without any design experience 

during the freshman year in college. 

Conclusions 

The pursuit of high exam scores is a very common 

phenomenon in Taiwan. Many students only care 

about their scores and do not appreciate what they 

gain in the process. Traditional education places too 

much emphasis on knowledge absorption, which is 

not sufficient for the field of civil engineering. We 

redesigned the introductory civil engineering course 

at National Taiwan University to take a 

student-centered and application-focused approach 

and attempted to increase students’ learning 

motivation, collaboration, imagination and other 

useful abilities. Even though students’ satisfaction 

with the reengineered course seems to be better than 

the traditional training model, there are still some 

shortcomings that need to be improved within the 

next year. We hope that our students can be global 

and next generation engineers in the future. Thus, we 

will continue to reform our educational system with 

the times and not stop at the beginning, fearing 

change.  

 

 
Figure 5. Results of Student Evaluations 
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Abstract: In Environmental Impact Assessment (EIA), the environment is broadly defined and includes not only 

quantifiable aspects, but also social conditions, scenic beauty, traffic, cultural heritage, and commercial 

development. A successful bridge design must comply with all of these demands according to EU legislation. 

And a successful engineering student must be prepared to work in the open-ended, multidisciplinary 

environment necessary to produce structures which comply with EIA demands. This paper describes an 

innovative course developed at the Technical University of Denmark which integrates landscaping and structural 

design. The integrated courses create a setting for learning about the design of large-scale structures and involve 

geometry, statics, computer simulation, graphical design and landscape architecture. Together, they educate 

engineers who can take part in the early design phases of a project, function well in design teams, and comply 

with EU EIA demands. 

 

Keywords: Architectural Engineering, Structural Design, Integrated Design, Curriculum Integration. 

 

 

Introduction 

The Potential of Infrastructure in Landscape 

Architecture and Urban Design 

The design of large-scale infrastructural projects was 
reserved for engineers a few decades ago. In recent 
years, the ability of such projects to supply identity 
and function as landmarks has been more precisely 
addressed in the design process. The huge financial 
costs and the development of the EIA (Environmental 
Impact Assessment) system in Europe have led to a 
growing concern about the environmental and 
architectural quality of infrastructural projects. The 
focus now is on getting ‘more than’ a bridge, a tunnel, 
a dike, a baffle wall, etc. from the investment. The 
idea of infrastructure as something that can transform 
and improve the character of an area is gaining 
currency.  

A bridge changes the way a landscape or an 
urban area is perceived. New potentials and 
challenges arise with the construction of a bridge. 
These changes manifest themselves more strongly 
year by year. For these reasons, it is relevant to view 
bridge design from a holistic perspective, or what 
might be termed bridgescaping. The very large 
connecting structures that are needed to allow the flat 
gradients necessary for vehicular travel create and 
change the surrounding landscape and urban spaces. 
These connection structures easily reach 7-8 m in 
height and 200 m in length. The connection structures 
have potential for creating surplus value in the project 
in terms of new facilities (such as recreational areas) 
and strengthening aesthetic qualities, but often these 
aspects do not receive priority in the design process. 

 
It is necessary to explore and develop new skills 

and design methods that include irrational aspects 
such as scenic beauty while integrating the tradition 
and knowledge of classic engineering bridge design. 
In order to rise to this challenge, DTU Architectural 
Engineering has established a course that combines 
landscaping and structural design. The ideas behind 
this course are described below. 

Design of Urban Spaces and Large-Scale 

Structures 

The course comes early in the curriculum at the 
bachelor's level (3rd semester) with an opportunity to 
take an advanced course later on in the graduate 
programme. The 3rd semester course makes use of 
information from earlier courses in urban design (1st 
semester) and statics and material science (1st + 2nd 
semesters). The course was established in 2003 and 
has gradually changed from being a pure design and 
architectural studio course to a course working more 
precisely with the interface between landscaping and 
structural engineering. The course runs from 
September to December once a week for 4 hours and 
concludes with a design project. The course has an 
extension in January for 3 whole weeks, during 
which another design project is developed.  

The projects have new locations every year and 
the framework for the project is defined in 
collaboration with local authorities and other owners 
of large-scale infrastructural projects. The projects 
are realistic and current and the ‘owners’ take part in 
the final presentations. 

An Open-Ended and Architectural Basis for 

Engineering Design 

From September to December, design methods 
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derived from the realm of landscape architecture 

form the starting point. From this very open and 

subjective start, a process unfolds which integrates 

more and more engineering knowledge, concluding 

in a geometry and statics report on the structure in 

December. Figure 1 demonstrates how the project 

starts with 5 weeks in the design course and how the 

project continuously involves more and more 

engineering knowledge from the engineering courses 

as well as mathematics from the geometry course. An 

efficient way to integrate courses is to have mutual 

workshops for one day, where for instance the design 

professor and the geometry professor discuss 

geometry problems in the proposed bridge designs. 

Figure 2 shows an example of a project from the 

September-December part of the course: a run-down 

and abandoned shunting area is to be transformed 

into a new park. The students establish the 

connections that will allow citizens to enter the new 

park. From an intuitive construing of the character of 

the place, a new narrative for the site is generated. 

The students aim to create a structure that will help 

this new narrative appear. The design process is 

tightly organized with frequent partial assignments 

that help students come from nothing, not even an 

idea, to everything, a complete project with 

accurately calculated dimensions. Every change of 

phase in the design process has a risk where it takes 

skill to choose the right elements to take on into the 

next design phase. Figures 4 - 6 show various 

deliverables from student projects during the first part 

of the course. 

 

 

Figure 2. Bridgescape Location ‘Before’ - A 

run-down area needs a new identity. The students 

design this identity by means of the implementation 

of a large-scale structure. The photo is taken from an 

existing bridge crossing the area. 

 

 
 

Figure 3. ‘After’. A student project shows a section 

through the existing bridge. The new large-scale 

structure is a kind of ramp that leads from the 

existing bridge to the rail track area. You walk from 

the existing bridge on the roof of a shopping centre, 

slowly scaling down to the area, thus forming a kind 

of ramp. 

 

 

Figure 5. Owners Participating in Final Presentations 

 

Figure 6. Students Presenting Projects with Soft 

Mock-Ups and Posters 
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Engineering as the Starting Point for the 

Design Process 

In the January extension, a very different design 

method is experienced by the students, though they 

address the same area in the city with the same 

challenges.  

Here the starting point is the structural design 

and the simulation of ideal bridge structures using 

professional structural analysis software. After one 

week of optimizing 4 bridge types (arch, truss, beam 

and stag-type) a location is introduced. Students then 

adapt their ideal (from an engineering point of view) 

structures to the specific context. Special focus, of 

course, is on the large-scale connection structures – 

how can it be solved in a design that adds positively 

to the city instead of creating new barriers and 

obstacles. 

 
Figure 8. Student Project from the January Part of 

the Course: Plan of Bridge with Connecting 

Structures 

 

Figure 9. Student Project: Stag Bridge with 

Connecting Structures 

 

During the first week, a professional structural 

analysis program is introduced in an intense 

one-week workshop. Ideal bridge types are calculated 

(arch, stag, beam and truss). After the second week, 

the location is introduced and students integrate the 

structural principles with contextual problems. 

Figures 7 - 9 show outcomes from student projects 

during the second part of the course. 

Conclusions 

It is possible to work in the interface between 

landscaping and structural design in the framework of 

large-scale infrastructural projects. 

This can be addressed methodologically and 

can function as an engineering specialization. In this 

course, two very different approaches to the same 

design challenge were taught (figure 10). 

Integrating classic engineering into a broader 

context can be an engineering specialization. It can 

help engineers to keep their central role in the early 

design phases of bridge designing – to the benefit of 

society. An improved collaboration between 

architects and engineers in infrastructural projects is 

another potential result. The course addresses this 

engineering specialization and the collaborative skills 

required, but is also a chance for engineers to explore 

open-ended and complex problems and get a 

sharpened awareness of how they can enrich a design 

process. 
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Figure 1. Diagram Showing Collaboration between Courses in the 3rd Semester Curriculum. Several of the 

classic courses facilitate the design course. 

 
 

Figure 10. Diagram of the 2 Design Methods of the Course. On the left: working from an open-ended 

landscaping/architectural starting point. After December: working from a completely different design method, 

taking structural concepts as the starting point, taking a detailed and quite narrowly defined problem as the 

starting point, and then later broadening it up. 
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Figure 4. Student Project from the Sept-December Part of the Course. To the right is the existing bridge. 

Connecting the bridge to the run-down area below is a new shopping centre. The student project connects from 

existing bridge to the shunting area by means of roof gardens on a ‘Kasbah’. 

 

 
Figure 7. Student Presentation from the One-Week Workshop with Structural Analysis of an Arch Bridge using 

Staad Pro Software 
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Abstract: The National Taiwan University Department of Civil Engineering (NTU-CE) is preparing to introduce 

a new freshman project course in the Spring of 2011. This course will let student teams design, build and test 

physical models of structures or devices. Prior to the launch of this new required course, pilot tests were 

conducted with volunteer undergraduate and graduate students. We tested a variety of model-making 

technologies and project topics from structural, hydraulic and geotechnical engineering: glulam wood bridges, 

perspex flood gates, machined jet tunnelers, pasta debris dams, gauze-reinforced plaster shells, and jet-machined 

aluminum frames. We present design briefs for each activity, and how the lessons learned informed the design of 

the new course. At the DCEE Workshop, we will present preliminary results from the new full scale course (120 

students), which will run for the first time during the period of the workshop. 

 

Keywords: Design Education in Civil Engineering, Physical Models, Project-Based Learning. 

 

 

Introduction 

Like many engineering programs in Taiwan, our civil 
engineering curriculum at National Taiwan 
University strongly privileges analysis over design. 
To address this imbalance, we are implementing this 
year two types of project-based courses: capstone 
courses, aimed at junior and senior undergraduates, 
and keystone courses aimed at first year students. 
Intervening at the two ends of the curriculum, 
capstone and keystone courses focus on design with 
and without knowledge, respectively. For the 
capstone courses, student teams develop integrated 
designs for specific sites, using the knowledge they 
acquired during their undergraduate training. The 
keystone courses, on the other hand, aim to provide 
students with a first design experience before having 
much background in the core civil engineering 
disciplines.  

Our approach for the keystone courses is partly 
inspired by initiatives at other universities. These 
include the hands-on experimental activities of the 
new engineering curriculum at Drexel University, 
described in Harris and Sabnis (1999), the laboratory 
activities offered to undergraduates at MIT, and the 
Candis 2000 programme at the University of Louvain, 
Belgium (see Galand and Frenay 2005). Other related 
initiatives which we discovered more recently, and 
that we hope to learn from, include those launched at 
KAIST, Korea (Thompson 2009), and George Mason 
University (Arciszewski 2009). In the future, we may 
refer to the keystone courses instead as "cornerstone 
courses", as the latter term appears more logical and 
in wider usage at other universities (see e.g. 
Thompson 2009).  

At our department, the keystone courses 

launched this year include a digital model design 
project in the fall semester, and a physical model 
design project in the Spring. It is for the design of this 
physical model project course that we rely on the 
pilot tests described in the present paper.  

Six activities were tested, with topics drawn 
from structural, hydraulic and geotechnical 
engineering. Each is a design-build-test activity 
taking place over short cycles of only 5 to 6 weeks. 
Two of the activities were tested a few years ago as 
optional complements to established courses in 
applied mechanics and fluid mechanics. The other 
four were developed and tested this fall semester with 
a group of graduate students. Interestingly, three of 
the graduate students involved participated in the 
applied mechanics design project a few years back. 
They could thus bring their perspective as former 
participants to the design of activities for the new 
generation of students. In addition, international 
visitors (Alex Slocum, from MIT, and Benoit 
Spinewine, from UCLouvain, Belgium) provided 
external feed-back and advice. 

We focus here on projects involving a strong 
hands-on component, in which student teams get to 
build and test physical models of their own designs. 
Among other aims, we used the pilot tests to explore 
a variety of model-making technologies, and to 
evaluate their suitability for freshman design projects. 
The range goes from simple "do-it-yourself " 
materials and tools, available in everyday contexts, to 
sophisticated technologies approximating more 
closely the techniques used in actual civil engineering 
projects. Since our first year students learn to use 
computer-assisted drawing (CAD) programs in the 
Fall (via an engineering graphics course and the 
digital design project), we also looked for ways to 
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connect digital design and physical fabrication.  

We further sought technologies supporting 

various approaches to design, from the most 

inductive to the most deductive. The inductive or 

trial-and-error approach explores form-finding via the 

manual shaping of materials. It is exemplified by 

designers like Heinz Isler and Frank Gehry. The 

deductive or deliberate approach to design relies on 

careful analysis and controlled experiments before a 

prototype is fabricated and assembled. Contemporary 

designers who adopt this approach include Richard 

Rogers and Shigeru Ban. These designers illustrate 

that there is no single best way of putting 

construction technology at the service of architectural 

engineering.  

Glulam Bridges 

The glulam bridge project was proposed as an 

optional activity to second year students of the 

applied mechanics course in 2007. Working in pairs, 

students were tasked with designing, building and 

testing glulam bridges made by gluing together coffee 

sticks like those used in American style coffee shops 

(Figure 1). Students were provided with a finite 

number of coffee sticks (40), to be cut and assembled 

as they pleased. To allow a variety of designs, 

students could also freely choose the span of their 

bridge. Bridges were to support at least 8 kilograms 

at their mid span. Their performance beyond this 

threshold was evaluated using a composite indicator 

taking into account the load at failure and the span.  

 

 

Figure 1. Cutting and Gluing of Wood Coffee Sticks 

into a Glulam Bridge 

Students who elected to participate in the 

activity convened for project sessions outside of 

regular class hours, and their result for the project 

was counted as extra credit. 36 students took part in 

the activity, or about a third of the enrollment in the 

course. They met over 5 weeks, which allowed 

groups to build and test preliminary designs to failure, 

then exploit the lessons learned to revise their design 

before taking part in the final jury testing session. All 

but two of the 18 groups produced a design satisfying 

the minimum requirements, and a large variety of 

bridge shapes resulted.  

 

Figure 2. Student Design Example 

 

Figure 3. Load-Testing at Mid Span Using Attached 

Weights 

As anticipated, the load at which bridges failed 

varied inversely with their span, clustering about a 

definite trend. Outliers above and below this trend 

provided examples of superior and inferior design 

from the point of view of load-bearing capacity. In 

addition to load-testing, bridges were evaluated for 

their esthetic quality, and students submitted short 

reports documenting their design process and their 

observations regarding the failure mechanism.  

Table 1. Design brief for the glulam bridge project. 

Task Design, build and test a glulam bridge 

Duration  5 weeks 

Team Two students  

Materials 40 wood coffee sticks, glue 

Tools Hand cutters 

Testing Hanging weights at mid-span  

Scoring Composite indicator PL2 (P = load at 

failure; L = span) 

 

Students enjoyed the activity, in particular the 

final session in which they could compare the 

performance of their bridge with designs by the other 

teams. Years later, the activity is fondly remembered 

by participating students (now in graduate school) as 

a highlight of their undergraduate education.  
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Figure 4. Machine-Loading of a Short-Span, High 
Strength Bridge during the Final Load-Testing 

Session 

Perspex Flood Gates 

The perspex flood gate project was proposed as an 
optional activity to students enrolled in the fluid 
mechanics course in 2005. Participating students 
worked in pairs, for a total of 5 sessions of one hour 
each, to design and build a special type of hydraulic 
device. The device is a self-closing flood gate, open 
during low discharge, but which must be able to 
safely close itself without human intervention for 
high water levels. The device has to meet some basic 
specifications, and must be testable in a hydraulic 
flume of known dimensions and flow conditions. The 
manner in which specifications were to be met, 
however, was left open.  

 

Figure 5. Students constructing their self-closing 
flood gate. Ether injection is used to make joints 

between different pieces of Perspex, with 
water-proofing aided by an O-ring. 

Once preliminary designs were ready, students 
procured their materials (a small budget of 200 
NT$ was allocated to each group), and built their 
device (Figure 5). Teams came up with a variety of 
operating principles and designs using levers, wheels, 
floats, etc. (see photos). Students conducted 

preliminary tests to identify possible flaws and 
revised their designs. In the final jury session, 
students presented their device and explained its 
design, then demonstrated its operation in the lab 
flume under actual flow conditions. 
 

 

Figure 6. Student Design Example 

 

Figure 7. Sluice-Gate Testing in a Laboratory Flume 

Participating students had to confront the wide 
gap between theory and practice. When solving a 
fluid mechanics exercise, water-tight walls of zero 
thickness are often assumed. In practice, walls have 
thickness, and water-tightness is difficult to achieve 
without means such as joints or O-rings. Students 
also had the opportunity to think creatively during the 
design phase; check the feasibility of their design 
during the build phase; then test their device in actual 
experiments. Feedback came from at least three 
sources: the teacher and teaching assistant, as in most 
teaching activities and tests; other students, with 
many possibilities to interact since students worked 
and tested their design in a shared laboratory space; 
and finally tangible reality, via actual flume tests. 
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Figure 8. Student Observation of Design 

Performance. 

Table 2. Design Brief for the Flood Gate Project 

Task Design, build and test a self-closing 

flood gate 

Duration  5 weeks 

Team Two students  

Materials Perspex, O-rings, etc. within budget 

of 200 NTD (approx. 10 USD) 

Tools Hand tools 

Testing Hydraulic flume tests 

Scoring Self-closing of the gate at preset 

water depth range and discharge 

Machined Jet Tunnelers 

The jet tunneling project sought to explore the use of 

more advanced materials and tools. Teams of 

volunteer graduate students were tasked with 

designing the jetting head of a small-scale tunneling 

machine. Jetting heads were then tested in the 

laboratory by boring tunnels through slabs of soft 

sandstone. High pressure water was supplied using a 

pump and duct rig was prepared and described in 

advance. The technique is inspired from other uses of 

water jetting for a variety of engineering tasks (jet 

trenching, blasting, cutting, etc.) 

 

Figure 9. Discussions at the Machine Shop Between 

Students and the Master Craftsman 

Unlike the previous projects, in which students built 

their devices themselves, here students were to 

contract the fabrication of their jetting head to a 

master craftsman. This allowed the use of more 

advanced fabrication techniques to mill, drill and 

weld aluminum parts. Students negotiated with the 

craftsman to finalize their design (Figure 9), in order 

to insure compatibility with fabrication constraints 

and fit within a predefined budget (maximum 2500 

NTD).  

 

 

Figure 10. Machining of Aluminum Jet Tunneler 

Components by the Master Crafstman 

 

Figure 11. Laboratory Testing of Jet Tunneler 

Designs 

Student teams came up with a variety of designs, 

some of which were impossible to make and had to 

be altered on the spot at the machine shop. Five of the 

seven designs successfully drilled through the 

sandstone slabs using the erosive power of the water 

jets, at tunneling speeds of up to 1 cm/minute. 

Because making such devices requires intervention 

by a master craftsman, the activity is difficult to scale 

for larger numbers of participating teams. It 

nevertheless showed that, with the right resources, it 

is feasible for student designs to involve more 

sophisticated technologies. The negotiations with the 

master craftsman were also an interesting simulation 

of the give and take needed in practice before a 

design can actually be fabricated.  
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Table 3. Design Brief for the Machined Jet Tunnelers 

Task Design, build and test a jet tunneling 

machine 

Duration  5 weeks 

Team Two to four students  

Materials Machined and welded aluminum 

Tools Machine shop tools operated by 

master craftsman 

Testing Pressure jet operation in water tank 

Scoring Time needed to bore a tunnel of 

diameter 1 to 3 cm through a slab of 

soft sandstone 

 

 

Figure 12. Testing Rig and Blocks of Soft Sandstone 

Tunneled by the Student-Designed Jetting Heads 

Pasta Debris Dams 

Going back to more readily available materials and 

methods, graduate students proposed the making of 

debris dams using glued spaghetti as a design activity. 

Debris dams are protection devices installed across 

mountain torrents to intercept large boulders 

transported by debris flows (Figure 13). At 

small-scales, designs for such dams can be explored 

using glued dry spaghetti, stabilized against 

over-turning by blocks of plaster. Subject to surges of 

rocks and water, such dams deform, overturn and 

break in a variety of ways which designers can seek 

to anticipate.  

 

Figure 13. A Full-Scale Debris Dam across a 

Mountain Torrent in Sitou Forest, Taiwan 

The spaghetti can further be made to resist 

longer the wetting action of water by spraying a layer 

of varnish. Because of the low cost and ease of 

manipulation of the materials and experiments, this is 

an activity for which multiple design-build-test cycles 

can be conducted in a short time. To better 

understand the behavior of the model dams upon 

impact, it is also possible to film their response using 

a high-speed camera.  

 

Figure 14. Student Design for a Small-Scale Debris 

Dam made of Glued and Varnished Spaghetti 

 

Figure 15. Testing of Debris Dam Response to a 

Surge of Water and Stones 

After multiple cycles of construction and 

destruction, design teams can identify trade-offs 

between height (necessary to retain large volumes of 

rock upstream of the dam), strength, and resistance 

against overturning. Rocks accumulated upstream of 

the dam can also be used to buffer and stabilize the 

dam against future surges. For this activity, one must 

require the use of low strength construction materials, 

otherwise the model structures are too resistant even 

when subject to rapid impacts. Upon using thin 

spaghetti, the behavior of the debris dams was found 

to be rather realistic (Figure 16). Such scaling effects 

associated with structures of small sizes are 

well-known to experimentalists in structural 

engineers (see Harris and Sabnis 1999).  
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Table 4. Design Brief for Pasta Debris Dams 

Task Design, build and test debris dams 

made from glued spaghettis 

Duration  5 weeks 

Team Two to four students  

Materials Spaghettis, glue, varnish spray, 

plaster blocks 

Tools None 

Testing Exposure to successive surges of 

water and rocks 

Scoring Rock retaining capacity after a series 

of 5 successive surges 

 

 

Figure 16. Model Debris Dam after the First Test 

Gauze-Reinforced Plaster Shells 

Inspired by Heinz Isler’s approach to the design of 

concrete shells, graduate students explored the 

making of textile-reinforced plaster shells. Simple 

barrel-shaped shells can be made by plastering fabric 

within plastic bags, and letting the shells harden 

when hanging from a frame. Shells of more diverse 

forms can be made by hanging gauze or other textiles 

from multiple suspension points, plastering the 

exposed surface, turning the hardened shells upside 

down, then plastering again the other face. 

 

Figure 17. Cartoon Instructions for the Making of a 

Textile-Reinforced Plaster Shell 

 

Hooks and hinges can be affixed to the textile 

before plastering to allow the shell to rest on pinned 

supports and to be tension-loaded using hanging 

weights. A possible sequence of steps for the making 

of such shells is illustrated in Figure 17. The activity 

allows a direct, tactile experience of how the 

workability of wet plaster changes with water content. 

An advantage of using plaster over cement is the 

rapid hardening of the material. Low cost and rapid 

fabrication allows multiple shells to be made in a 

short period of time, permitting exploration of 

various gypsum-water ratios and shapes.  

 

Figure 18. Plastering of Suspended Barrel-Vaulted 

Shells 

Both for textile shaping prior to plastering, and 

for the plastering operation itself, this activity is 

highly cooperative in nature. Shaping can involve 

cutting and sewing together multiple pieces of cloth, 

choosing a suspension and loading pattern, and 

making adjustments to attain the desired visual, 

structural, or architectural effects. Multiple hands can 

and must also work in parallel for the plastering to be 

completed in the short time available before 

hardening. The technology is therefore highly 

inductive and collaborative, involving trial and error 

and gradual progress in craftsmanship.  

 

 

Figure 19. Laser Scanning of a Textile-Reinforced 

Shell Prior to Destructive Load-Testing 
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Table 5. Design Brief, Gauze-Reinforced Plaster 

Shells 

Task Design-build-test gauze reinforced 

barrel-shaped and free-form shells 

Duration  5 weeks 

Team Two to four students  

Materials Gauze, plaster, hooks and hinges 

Tools Frames to hang shells, mixing bowls 

Testing Loading using hanging weights 

Scoring Ratio of load at failure to self-weight 

 

 

 

Figure 20. Load-Testing of a Freeform Shell with 

Pinned Supports and Embedded Hooks 

Once shells are made and have hardened, but before 

they are load-tested, they can be laser-scanned to 

obtain a digital record of the shape before failure.  

Jet-Machined Aluminum Frames 

To explore a more deductive approach to design, and 

make a connection between computer drafting and 

machine fabrication, we experimented with a design 

activity based on jet-cutting technology. The 

technology involves high-speed jets of abrasive-laden 

water, capable of cutting through a variety of 

materials (metals, glass, plastics, etc.). The jet is 

mounted on a computer-controlled arm to allow 

cutting of free-form 2D parts from planar stock. 

 

Figure 21. Aluminum Frame Design in Google 

SketchUp 

 

Figure 22. Component Layout Ready for Computer- 

Controlled Jet-Cutting 

By carefully designing parts for assembly, it is 

possible to build up complex three-dimensional 

structures from 2D parts. This activity allows 

students to experience a complete engineering cycle, 

from design to detailing to fabrication and erection. 

For this activity, fabrication takes place only after a 

full digital design has been worked out. This can be 

done using tools such as Google SketchUp, which 

our students have learned to use in their first semester. 

The design task involves envisioning a 3D structural 

framework, decomposing it into planar parts, then 

arranging the parts in a machine-ready layout that 

makes efficient use of the planar stock. We 

experimented with cutting parts from 6 mm thick 

aluminum plates of format A4 to A3. For bolting 

transverse to the jet-cutting direction, hole-drilling is 

required after the jet-cutting operation (Figure 25). 

 

 

Figure 23. Jet-Cutting Operation at the Machine 

Shop 

Although it constitutes a rather faithful 

approximation to the actual design of metal frames in 

civil engineering practice, we found that this activity 

could be brought to the level of students with limited 

training. The resulting structures are exciting, and 

respond to loading tests in realistic ways, including 

the formation of plastic hinges. For the activity to be 

feasible in a limited time, it is necessary to provide 

some guidance to the students regarding 

technological constraints and the use of software. 
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Also, given the time required for design, fabrication 

and assembly, only one design-build-test cycle is 

possible over a duration of 5 to 6 weeks. Individual 

lead designers tend to emerge in student group work, 

in contrast with the more egalitarian cooperation 

observed in the shell activity. 

Table 6. Design Brief, Jet-Machined Frames 

Task Design-build-test the aluminum 

support structure of a roof cover for an 

A4 span 

Duration  5 weeks 

Team Two to four students  

Materials Jet-cut parts from a 6 mm thick 

aluminum plate of size A4 or A3, bolts. 

Tools Access to a jet-cutting facility, and 

access to drill presses for bolting holes 

Testing Loading using hanging weights 

Scoring Ratio of load at failure to self-weight 

 

 

Figure 24. Load-Testing of the Assembled Structure 

Composite Aluminum-Plaster Structures 

Since a full semester will be available for the 

keystone project course, at a rate of 3 hours per week 

of class time, we sought to identify a suitable mix of 

activities which would allow students to experience 

various aspects of design and fabrication. 

Organization and space constraints also require 

splitting up the class of 120 students into 6 groups, 

affected to three time slots of the week with two 

sections working in parallel. Based on the pilot 

experiments reported in the previous section, we 

chose to base the first edition of the course (to take 

place this spring) on the textile-reinforced shell and 

jet-cut aluminum frame technologies.  

Five considerations motivate this choice. First, 

these two technologies provide rather realistic models 

of the concrete and metal constructions used most 

widely in civil engineering practice, which students 

will learn about in depth in their ensuing courses. 

Second, they both provide a great deal of design 

freedom, in spite of clear constraint perimeters and 

performance criteria. 

 

Figure 25. Press Drilling of Holes Through 

Aluminum Members to Allow Bolted Assembly 

 

Figure 26. Assembled Free-Form Aluminum 

Structure 

Third, the two activities allow students to experience 

highly contrasted approaches to design, from the 

most inductive, trial-and-error approach (shells) to 

the most deductive, deliberate approach (frames). 

Fourth, both activities provide opportunities for 

integration between the digital and physical domains: 

physical to digital via laser scanning for the shells, 

digital to physical via jet cutting for the frames.  

 

 

Figure 27. Gauze-Reinforced Plaster Shells Filling in 

the Bays of the Aluminum Structure 
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Last but not least, it is possible to integrate the two 

technologies to design, build and test composite 

structures. An example of such a structure, a roof 

with multiple bays, is illustrated by the photographs 

of Figures 26 and 27. Load-testing of this structure 

showed a clear composite effect, with the addition of 

shells to the aluminum support structure leading to 

increasing stiffness and strength (Figure 28).  
 

 

Figure 28. Load-Testing Results for Pure Aluminum 

Frame (thin line) and Composite Roof (thick line) 

To take advantage of these opportunities, we 

will organize the semester into three time periods of 5 

weeks each. During the first two periods, student 

teams will take turns engaging in stand-alone design 

projects involving pure shells and pure frames. Half 

of the student teams will first design, build and test 

shells, during 5 weeks, then frames during the next 5 

weeks, and vice-versa for the other half. During the 

final time period, student teams will be tasked with 

designing composite roof structures, making use of 

both technologies to produce a final project. The 

entire process will involve 6 teachers, teaching 

assistants, and mentors selected among graduate and 

final year undergraduate students.  

The DCEE Workshop should provide a great 

opportunity to report on how the course actually 

works in practice, and to seek feed-back from the 

community on how to improve it for future editions. 

It will also be an opportunity to discuss in greater 

depth the pedagogical aspects of the course, in 

addition to the technological issues forming the 

primary focus of this paper. 

 

Figure 29. Graduate Student Team Formed to 

Develop Design Projects and Test Model-Making 

Technologies 
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Abstract: Although capstone design courses are widespread in American and European engineering schools, 

they are conspicuously missing from the civil engineering curricula of Taiwan universities. In Fall 2010, we 

experimented with the introduction of such a course at the National Taiwan University Department of Civil 

Engineering (NTU-CE). Two projects were offered as electives, involving respectively the design of a mountain 

cableway system and the design of reservoir siltation countermeasures. For each topic, three teams of 4 to 6 

undergraduates in their junior or senior year signed up for a full semester of project work, pursuing various 

alternative solutions in parallel. We experimented with two different expert guidance models. For the cableway 

project, experts from consulting companies and instructors provided technical guidance and feed-back to 

students at all stages of their work. For the reservoir project, outside experts were not involved (except in the 

final jury), and instructors provided no technical guidance on siltation counter-measures. They provided 

methodological advice, access to data and resources, and guidelines to insure safety in the field and lab. Here we 

present lessons learned from this first experience. 

 

Keywords: Design Education in Civil Engineering, Project-Based Learning, Expert Guidance. 

 

 

Introduction 

Background 

Capstone design courses are offered at many civil 
engineering departments in Europe and America, but 
are generally absent from the civil engineering 
programs of Taiwan universities. At the Department 
of Civil Engineering of National Taiwan University 
(NTU-CE), this gap is regularly pointed out by 
accreditors and evaluators of our curriculum. In Fall 
2010, we experimented for the first time with a 
capstone course format, offered as an option to junior 
and senior undergraduates. Like capstone courses at 
foreign universities, the stated objective of the new 
course was to "give students a realistic engineering 
design experience, integrating their accumulated 
knowledge".  

Two sections were proposed, one devoted to the 
design of a mountain cableway system, the other to 
the design of reservoir siltation countermeasures. In 
both cases, student teams were to propose designs for 
specific sites: the Sitou Forest for the cableway 
project, and the Wushe Watershed for the reservoir 
project. The scope of work for both projects was at 
the level of a preliminary feasibility study. Students 
signed up not as individuals, but as groups of 4 to 6 
members, forming small consulting teams which 
worked together the whole semester. Three teams 
signed up for each section, pursuing different design 
alternatives in parallel. Sections met for three hours 
each week, and student groups were expected to 
furnish additional work outside of class. 

Reflecting its importance to the Department, 

unusually generous resources were allocated to the 
course, including three instructors for each section, a 
supporting assistant, dedicated studio and laboratory 
space, and financing for defraying outside experts, 
organizing field trips, etc. The specific use of the 
funds was left to the discretion of each instructor 
team.  

 

Maximal or Minimal Expert Guidance? 

An issue which arose in the planning phase was 
whether and how to involve professional engineers in 
the course. On the one hand, experienced engineers 
could provide professional mentoring, and make the 
course a more realistic design experience for students 
(Hanna and Sullivan 2005). On the other hand, expert 
involvement could intimidate student teams, and 
constrain their perceived freedom of initiative.  

Instead of settling on a single model for expert 
involvement, we decided to run the two sections of 
the course under two different guidance models: 
maximal and minimal. The cableway project operated 
under maximal expert guidance, while the reservoir 
project operated under minimal expert guidance. We 
describe below how this choice influenced the way 
each section was run, and how it affected the 
students’ experience of the course.  

Cableway Project: Maximal Expert Guidance 

For the cableway section, professional engineers 
were intimately involved in designing and running 
the course. Four consulting engineers volunteered to 
make available their extensive practical experience in 
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issues related to cableways, and participated 

enthusiastically from the beginning (first teachers 

meeting, Figure 1) to the end (final jury evaluation). 

Among other decisions made in consultation with the 

experts, it was decided not to include scale model 

experiments in the student projects, since such 

experiments are rarely used in practice for foundation 

and structural design. Instead, the experts 

recommended that information from on-site coring 

tests be made available to the students.  

 

 
 

Figure 1. First teachers meeting for the cableway 

section, with participation by professional engineers. 

Since cableway systems are not covered in the 

curriculum, it was felt necessary to equip students 

with the technical background they would need. 

Throughout the semester and especially in the first 

weeks, the experts and instructors delivered a series 

of lectures on various aspects of planning and design 

for cableway systems (Figure 2).  

 

 
 

Figure 2. Expert lecture on cableway systems held at 

the beginning of the semester. 

Although a dedicated design studio was made 

available to students for group work and discussion, 

only one group of the cableway section made regular 

use of this space (meeting there once a week outside 

of class time). The other groups found locations to 

meet on their own.  

 

Figure 3. On-site explanations by instructor and 

expert on how to interpret hazard maps and drilled 

cores. 

Three guided field visits were organized during 

the semester: one to the existing Maokong Gondola 

system in Taipei, and two to the Sitou Forest site. 

During these visits, students received expert and 

instructor guidance on how to interpret geological 

hazard maps and geotechnical cores that were drilled 

on site (Figure 3). In addition, a Sitou Forest 

researcher involved in geo-hazard countermeasures 

served as a guide to the site. Students also used some 

of their free time to interview hikers on their views 

regarding the possible construction of a cableway at 

Sitou Forest (Figure 4). 

 

 

Figure 4. Students interviewed hikers to elicit their 

views on a possible cableway system at Sitou Forest. 

At the end of the semester, each student group 

presented and defended a report of 100 pages 

documenting their proposed cableway system design 

and assessing its feasibility. Intermediate progress 

reports were also made by students and commented 

upon by instructors and experts.  

Reservoir Project: Minimal Expert Guidance 

For the reservoir section, professional consulting 

engineers were not involved in the course except for 

the final jury. It was also decided not to provide 
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instruction on sedimentation counter-measures, 

leaving their design up to the student teams. 

Extensive resources were made available, including 

reference works, field site and costing data, and 

laboratory facilities (support frames, pumps, 

sediment feeders, hand tools, etc.) Instructors 

suggested methods, by which students could test, 

refine or document their design, but did not comment 

on the technical merits of the evolving student 

designs until the final jury. 

 

 
 

Figure 5. Group work in the design studio. 

To launch the semester, laboratory experiments 

demonstrating the siltation process (without 

counter-measures) were shown to the students, and 

teams were tasked with evaluating the fidelity of 

these experiments compared to historical 

sedimentation data for the Wushe Reservoir (Figure 

5). Group assignments for the first week asked 

students to forecast the lifetime (time to complete 

infill) of the reservoir under current conditions, and 

to conceive various possible counter-measures. A 

field trip to another reservoir, already equipped with a 

variety of counter-measures, was organized in the 

third week.  

 

 
 

Figure 6. Students’ conceptual design of a 

mechanical dredging reach. 

During weeks 4 to 6, students worked in groups 

to explore alternative designs and develop a preferred 

option, going back and forth between conceptual 

design (Figure 6), and scale model tests (Figure 7). 

This was facilitated by having the design studio and 

models laboratory next to each other. Students 

worked there during and outside class hours, and had 

access to studio and lab any time during the week.  

 

 
 

Figure 7. Students test their concept using a 

small-scale hydraulic model. 

Weeks 7 to 9 were devoted to the planning, 

conduct and analysis of a field survey of the Wushe 

Reservoir site. Depending on their design options and 

assessment of data gaps, student groups planned their 

own surveys, drawing from the resources that were 

made available to them (boat loaned by the reservoir 

authority, survey instruments, etc.). Except for the 

first day in which students met with a reservoir 

representative, groups were free to deploy to different 

areas of the watershed (lake, dam, delta, or upstream 

reaches) for the second and third days of the survey. 

Vehicle drivers, a boat skipper, and river guides 

accompanied students to guarantee safety, but did not 

supervise the actual survey work. This was left for 

students to manage on their own.  

 

 
 

Figure 8. Students survey a cross-section to 

check its suitability as a potential check dam site. 

During the latter half of the semester, student 

teams further evolved their designs, verified their 

potential benefits using scale model tests, evaluated 

costs, and produced a final report of 50 pages. 
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Student Responses and Perceptions 

Throughout the semester, we observed student 

responses to the class format. We also sought 

students’ opinions informally during and after the 

semester, asking them their opinions regarding this 

experimental course. At the end of the semester, 

students further filled out individually a written 

questionnaire. 

Table 1. Student answers to the question: how did 

you like/dislike the contents of the course? 

 Cableway Reservoir 

Like 12 14 

Dislike 1 0 

Neither 3 0 

 

Table 2. Student team topic preferences at enrollment 

 Cableway Reservoir 

First option 4 2 

Second option 2 2 

 

Levels of satisfaction with the course contents 

varied slightly between the two sections. To the 

questionnaire question "how did you like/dislike the 

contents of the course" (Table 1), the reply "like" was 

chosen by 12 of 16 students for the cableway section, 

and by 14 of 14 students for the reservoir section. 

Although this difference is not great, it was 

unexpected because students marked a net preference 

for the cableway project topic during sign-up for the 

course (Table 2). Four out of six teams chose the 

cableway project as their first option, and two among 

them did not even consider the reservoir project as a 

second option. (One of the two remaining teams 

agreed to enroll in the reservoir project to even out 

participation in the two sections.)  

Table 3. Student answers to the question: how did 

you like/dislike the teaching approach of the course?  

 Cableway Reservoir 

Like 8 14 

Dislike 3 0 

Neither 5 0 

 

The greatest difference observed concerned 

levels of satisfaction with the teaching approach. To 

the questionnaire question "how did you like/dislike 

the teaching approach of the course" (Table 3), the 

reply "like" was chosen by 14 of 14 students for the 

reservoir section, but only 8 of 16 students for the 

cableway section. In light of the great investment in 

resources and effort by instructors and experts, it is 

clearly disappointing that only half the students liked 

the teaching approach of the cableway section. We 

note that the ultimate grade received by students did 

not affect these replies, since questionnaires were 

filled before ranks and grades were announced.  

We did not anticipate such a great difference in 

student satisfaction with the teaching approach. 

Rather, we had expected that students would respond 

better to one or the other format (maximal versus 

minimal guidance) depending on their own 

personalities and learning styles (Felder and 

Silverman 1988). A possible self-selection 

explanation is that the students who signed up for the 

elective course were those most eager to engage in 

the most active learning possible.  

This is indeed reflected in the sources of 

dissatisfaction elicited in interviews with students 

from the cableway section. Many students felt that 

too much class time was devoted to lectures, and too 

little to group work and discussion. Moreover, what 

was covered in the lectures was perceived to have 

limited relevance to the actual work they were 

expected to produce. As a result, students felt they 

were not able to use spare time fruitfully for group 

work early in the semester. Towards the end, 

conversely, the loading became too heavy. One 

student felt that too much time was spent on reporting 

as opposed to design. Finally, many felt that their 

work was under-appreciated by the experts and 

instructors. Evaluators were perceived to focus too 

much on geotechnical issues, too little on the more 

original issues that students worked out, and to dwell 

on the weaknesses instead of the strengths of student 

proposals. 

Answers to more specific questions on the 

questionnaire complement these observations drawn 

from informal interviews. Although students of the 

cableway group spent more time to draft a longer 

report (100 pages), only 4 out of 16 students felt that 

preparing this final report was one of the activities 

they learned most from. Students from the reservoir 

group spent less time to draft a thinner report (50 

pages), but 9 out of 14 students listed this as one of 

the activities they learned most from. Other activities 

listed by students as those they learned most from 

were, for the cableway group, lectures by the 

consulting engineers (9 replies), team work (8 

replies), and field visits (6 replies); for the reservoir 

group, laboratory experiments (9 replies), team work 

(8 replies), and field visits (7 replies). Students from 

the cableway section thus report that they learned 

most from lectures by the consulting engineers, but 

this did not translate into overall satisfaction with the 

teaching approach adopted for the course.  

By contrast, students of the reservoir section 

appeared to enjoy the wide autonomy they had in 

conducting their team work and nurturing their 

designs. Students mentioned the lack of assurance 

they felt due to absent instructor and expert feed-back 

on the technical merits of their designs (until the final 

jury), but seemed to tolerate this uncertainty. During 

the semester, they gained confidence in their own 

ability to evaluate (by experiment and analysis) the 

feasibility of their designs.  
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Figure 9. Photo-realistic rendering of student design 

for a cableway station shown at the jury defense. 

Students of the reservoir section further 

mentioned that they spent a great deal of time 

re-opening old course notes and textbooks in fluid 

mechanics, hydraulics and hydrology, engineering 

economics, etc., and to borrow all the references they 

could find from library. The lack of formal instruction 

prompted them to search on their own for the 

background and material they felt they needed.  

There is every indication that students from the 

cableway section were at least as eager as those of the 

reservoir section to take the initiative in developing 

their designs. Despite the substantial time needed to 

fulfill reporting requirements, students of the 

cableway course devoted great effort to break original 

ground beyond the material covered in the expert 

lectures.  

One group combined field photos with computer 

rendering to produce photo-realistic depictions of 

how their design for cableway stations would 

integrate into the forest landscape (Figure 9). A 

second group of students developed an internet 

questionnaire which allowed them to survey more 

than 400 people on their views regarding a possible 

cableway at Sitou Forest. The third based their route 

design on their finding from historical archives that 

an old cableway route had been used at Sitou Forest 

for timber transport (Figure 10).  

As could be expected from the lack of expert 

guidance, the technical proposals by student teams of 

the reservoir section did not attain the degree of 

realism of those of the cableway section. In fact, two 

of the three groups of the reservoir section concluded 

in the end that the designs they conceived were not 

feasible, due to a highly unfavorable cost/benefit ratio. 

For one group, this was compounded by an excessive 

adverse impact of their scheme on the flooding of a 

town upstream of the reservoir. However this did not 

prevent students from deriving a sense of 

accomplishment from their work, as they identified 

the drawbacks of their proposal on their own before 

the experts did.  

 

 

 

Figure 10. Historical cableway route at Sitou Forest, 

which students unearthed from the NTU archives. 

Discussion and Conclusions 

In light of the small sample (two sections, 30 

students), we should remain cautious about drawing 

conclusions. Beyond the level of expert guidance, 

moreover, other differences between the two sections 

can be noted. First, the project topics for the two 

courses differed in kind, one being a "product" topic 

and the other a "functional" topic (Suh 1990). A 

cableway system constitutes a rather specific solution 

to a transportation and touristic problem, whereas the 

function of a siltation countermeasure, to prevent or 

delay the loss of reservoir volume, does not prejudge 

on a technical solution.  

One can expect greater freedom for students to 

explore diverse paths when the topic is defined in a 

solution-neutral fashion (Thompson 2010). Indeed 

the three groups of the reservoir section selected three 

very different solutions (a venting outlet, a bypass 

and dredging reach, and a selective deposition check 

dam), whereas the basic systems proposed by the 

three cableway design groups did not differ so much.  

Secondly, the hydraulic topic of reservoir 

sedimentation provided more opportunities for low 

cost, hands on experiments and surveying (as 

opposed to the costly core drilling, for instance, 

required for the foundation design of cableway 

pylons). Since these hands on activities were among 

those identified by students of the reservoir section as 

most contributing to their learning, their absence 

from the cableway project may have played a role in 

affecting student satisfaction.  

Nevertheless, student responses strongly suggest 

that the level of expert guidance, maximal versus 

minimal, affected their experience of the course. 

Continuous expert involvement, in guiding the 

student design process and evaluating its products 

does appear to limit the autonomy of group work. By 

contrast, withholding expert guidance does seem to 

thrust students in stronger positions of initiative and 

responsibility for their work. It appears that students 

are willing and able to rise to this challenge. 
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It is not that students did not appreciate expert 

guidance. Indeed students of the cableway section 

reported expert lectures as one activity they learned 

most from. Rather the freedom to explore and evolve 

solutions, and to manage their own team work, is 

something that students may value even more. This 

may especially be the case because the traditional 

courses offered by the Department offer few such 

opportunities.  

The timing of expert guidance may also be an 

issue. If provided too soon, via introductory lectures, 

it may delay the onset of active team work. Provided 

later, after student teams have worked out 

preliminary designs, expert guidance may be 

perceived as more relevant to the students’ design 

aims. They can then apply the new tools they learn to 

a preliminary design of their own, instead of learning 

the tools first and starting to design later.  

Another apparent aspect of expert involvement 

is to increase the reporting burden relative to actual 

design activity (including the exploration of dead 

ends which may never make it into the report). In this 

and other respects (such as the importance of meeting 

deadlines), the involvement of practicing engineers 

appeared to drive the teaching approach towards 

achieving professional realism, at the expense of 

student teams’ freedom of exploration and initiative. 

For sure, the teaching approach adopted in the 

cableway section simulated more closely the senior 

colleague guidance provided in consulting firms to 

new hires. Also, junior engineers do spend more time 

alimenting voluminous reports and conducting 

assigned tasks than designing entire systems. By 

contrast, the more autonomous work performed by 

students of the reservoir section may have been 

jumping too far ahead to a later career stage, when 

engineers acquire responsibility for whole projects. In 

fact, seldom are junior engineers given such latitude 

in managing time and resources. Nevertheless, it may 

be useful to give students an early taste of the more 

exciting stages of their future careers. It could also 

boost the morale and accelerate the training of junior 

engineers if consulting companies could entrust them 

early with richer tasks and less limited 

responsibilities. In the experience of this semester’s 

capstone course, our students seem to respond well to 

the approach advocated by the famous structural 

engineer Fazlur Khan (Khan 2004): "I have taken a 

very strong, almost an aggressive attitude towards 

young people, and I feel it’s better to hire the best 

engineers you can, but give them the maximum they 

can take. Don’t hold them back. They will grow very 

fast." 
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Abstract: This paper summarizes the redesign of the civil engineering senior capstone design course at Texas 

Tech University. The updated version of the course maintains an emphasis on team-based learning, the solution 

of an open-ended design problem, an interdisciplinary approach that engages at least four sub-disciplines of the 

civil engineering program, an attempt to replicate “real-world” engineering work, and an emphasis on oral and 

written communication. Recent enhancements have introduced an instructional approach in which faculty subject 

matter experts in specified civil engineering disciplines provide technical instruction for each aspect of the 

course. Another other key change has been to specify that the design project be modeled after the common pro-

fessional practice situation in which a client who has successfully constructed a particular facility in one part of 

the United States retains a civil engineer consultant to provide design services necessary to site this same facility 

on a new project site, local to the area. Course assessment indicates that the recent changes have significantly 

improved the effectiveness of the course and that the course is providing an excellent capstone learning experi-

ence to senior civil engineering students. 

 

Keywords: Capstone, Design, Team, Civil Engineering, Engineering Education. 

 

Introduction 

CE 4330, Design of Engineering Systems 

The senior capstone design course in the undergradu-
ate civil engineering curriculum at Texas Tech Uni-
versity is titled “Design of Engineering Systems.” 
The catalog description is “Interdisciplinary team 
approach to the design of complex engineering sys-
tems” (Texas Tech University 2011), and because of 
its emphasis on working in teams, students often refer 
to the course as “Team Design” or just “Team.” 

Course enrollment typically ranges from 40 to 
60 students per semester (8 to 12 teams) and is lim-
ited to senior students in the last semester of their 
undergraduate program. The course is designated 
(3:2:3) for three hours of semester credit earned, two 
hours of lecture in the classroom each week, and 
three hours of laboratory work per week. Design pre-
requisites and co-requisites are specified in the areas 
of steel design, concrete design, hydraulic systems 
design, and wastewater treatment.  

The civil engineering capstone course at Texas 
Tech University dates to the early 1970s when it was 
initiated under the leadership of Professor Ernst W. 
Kiesling, chair of the Civil Engineering Department.  
Since 2000, the course has progressed under the 
leadership of various faculty including John Borrelli, 
W. Pennington Vann, Douglas A. Smith, Clifford B. 
Fedler, Kenneth A. Rainwater, and William D. Law-
son. Design projects have included water and waste-
water treatment plants, residential subdivisions, retail 

facilities, campus and research buildings, athletic 
facilities, and others. 
 

Curriculum Requirements 

Team Design satisfies the part of Criterion 5 of the 
ABET Criteria for Accrediting Engineering Pro-

grams that requires the curriculum to culminate “in a 
major design experience based on the knowledge and 
skills acquired in earlier course work and incorporat-
ing appropriate engineering standards and multiple 
realistic constraints” (ABET 2010). 

In addition to satisfying ABET Criterion 5, 
Team Design also helps to address Texas Tech Uni-
versity’s core curriculum requirements in the area of 
oral and written communications. Oral presentations 
are required and the course is designated “writing 
intensive” which means that students write often, 
receive critical review from the course instructor, and 
rewrite based on the instructor’s critique, a practice 
used in civil engineering capstone courses at other 
universities (Bonk et al. 2002). 

 

Engineering Design Theory 

Design may be characterized “as the epitome of the 
goal of engineering [that] facilitates the creation of 
new products, processes, software, systems, and or-
ganizations through which engineering contributes to 
society by satisfying its needs and aspirations” (Suh 
1990). Design can be a challenging subject to teach 
because “design thinking” is characterized by a set of 
skills that include tolerating ambiguity, viewing from 
a systems perspective, dealing with uncertainty, and 
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making effective design decisions using estimates, 

simulations, and experiments (Dorst 2007, Dym et al. 

2005). This describes a distinct “designerly” form of 

working that is fundamentally different from ap-

proaches used by experts in other fields (Cross 2004). 

The areas of knowledge that are related to each other 

within engineering design theory are the design 

process, the design object (the product of the design 

process), designers, specific disciplinary knowledge, 

and resources (time, money, etc.) (Tate and Nordlund 

2001).  

Engineering design theory has developed as a 

field since the late 1980s. For an early, influential 

review of the state of engineering design at that time, 

see the two papers by Finger and Dixon from 1989 

(Finger and Dixon 1989). However, the roots of the 

field can be traced back to Germany in the 1850s. 

(For a table that lists some of the most influential 

work in the field of design theory, see (Nordlund 

1996); other references that provide an overview of 

the field from the perspective of design activities, 

categories, tools, and research methods are (Sim and 

Duffy 2003), (Horváth 2004), (Sheu 2010), and (Tate 

and Nordlund 2001)).  

The field has grown and expanded over the past 

twenty years. Communities have formed within pro-

fessional societies such as the American Society of 

Mechanical Engineers (ASME), the Design Society, 

Society for Design and Process Science, College In-

ternational pour la Recherche en Productique (CIRP), 

International Federation for Information Processing 

(IFIP), and the International Association of Societies 

of Design Research (IASDR). Series of conferences 

have been organized and held on design topics, such 

as the ASME Design Theory and Methodology 

(DTM) and Design for Manufacturing and the Life 

Cycle (DFMLC) conferences, the International Con-

ference on Engineering Design (ICED), and IFIP 

Working Conference on Computer Aided Innovation 

(CAI), with other groups addressing specific educa-

tional aspects: Mudd Design Workshop, CDIO (Con-

ceive-Design-Implement-Operate) Initiative, Interna-

tional Conference on Design Education (ConnectED), 

and P-12 Engineering and Design Education Re-

search Summit.  

Comparatively less attention to the field of en-

gineering design theory has been paid within the civil 

engineering community. Nevertheless, across engi-

neering as a whole, there is a growing awareness of 

the need for integrative, transdisciplinary approaches 

(Ertas 2011, Ertas et al. 2001). 

Grasso and Martinelli respond to issues brought 

forth in Rising Above the Gathering Storm (Commit-

tee on Prospering in the Global Economy of the 21st 

Century 2007). They conclude that the United States 

does not necessarily need more engineers but rather 

needs to maintain the quality of 21st century engi-

neering graduates and educate engineers in a more 

holistic manner. Engineers should “look beyond the 

fields of math and science, in search of solutions to 

entire problems,” and “must at least attempt to under-

stand the human condition in all its complex-

ity—which requires the study of literature, history, 

philosophy, psychology, religion and economics, 

among other fields” (Grasso and Martinelli 2007). 

The course described in this paper, while not ad-

dressing as broad a scope as suggested by Grasso and 

Martinelli, does attempt to present an integrative ap-

proach to design in a real-world civil engineering 

context. The thinking behind this approach is ex-

plained below.  

The view of the design process adopted for the 

CE 4330 capstone design course may be termed an 

activity-based model of the design process as con-

trasted with a phase-based model of the design proc-

ess (Evbuomwan et al. 1996). The emphasis is on 

iterations of three cognitive activities—analysis, 

synthesis, and evaluation—defined as the following 

(Jones 1962):  

1. Analysis deals with understanding the design 

problem and generating the requirements and the 

specifications.  

2. Synthesis deals with generating ideas and solu-

tions by exploring the design space. 

3. Evaluation deals with the appraisal of design 

solutions against the requirements, specifications, 

and “set corporate criteria” (Evbuomwan et al. 

1996). 

In the CE 4330 capstone design course, the 

students iteratively apply these three activities to four 

design aspects or project components. There are some 

intermediate deliverables in the class, but the class 

structure and instruction do not focus on presenting to 

the students the complete development process or the 

transition between phases as would be done follow-

ing a phase-based model of the design process. Fur-

ther discussion of the projects and course content is 

given below.  

Pre-2010 Version of the Capstone 

Course 

Instructional Design 

From its inception, the Team Design course has in-

corporated several key instructional elements includ-

ing the student team concept, the solution of an 

open-ended design problem, an interdisciplinary ap-

proach that engages at least four disciplines of the 

civil engineering program, an attempt to replicate 

“real-world” engineering work, and an emphasis on 

oral and written communication. These elements are 

central to the instructional design and are fundamen-

tal aspects of the course (Keen 2008). 

 

Learning Objectives 

The learning objectives for the capstone course have 

remained relatively stable. Upon completion of the 

senior capstone course, a student should be able to: 

1. Accomplish a comprehensive open-ended design 

project through application of concepts and 
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skills learned throughout the curriculum 

2. Design components, processes and systems re-

quired of the assigned design project 

3. Function on a design team as might be found in 

consulting practice 

4. Identify client’s needs, plan and execute the design, 

satisfy codes and regulations, formulate alter-

natives, evaluate economic implications and 

make recommendations 

5. Use techniques, skills and modern engineering 

tools to accomplish the design including CAD, 

Microsoft Office, MathCAD and other com-

mercial software packages 

6. Communicate effectively through weekly progress 

reports and discipline-specific project reports 

that describe the entire design process along 

with calculations, drawings and final recom-

mendations. 

7. Present oral reports to a jury of subject matter ex-

perts 

8. Recognize the broad implications of the project in 

societal and global context 

9. Search literature, catalogs, the internet and other 

sources of information and gain an appreciation 

of the need for continued life-long learning 

 

Evaluation 

Notwithstanding the sound instructional design and 

appropriate course learning objectives, in the years 

prior to 2010, student evaluations of the Team Design 

course and anecdotal reports from senior exit inter-

views began to indicate that the course was slipping 

into a malaise. Two problem areas emerged: (1) the 

need for additional faculty expertise, and (2) the need 

to reduce the course workload for students.  

Rotation of faculty responsible for the course 

has always introduced variation in the instructional 

approach. In the years leading up to 2000 and when 

class size was typically 25 students per semester (5 

teams), Team Design was taught by one senior fac-

ulty member. By the mid 2000s classes had grown to 

40 students per semester (8 teams), and two senior 

faculty were assigned to the course. Enrollment con-

tinues to grow and now regularly reaches more than 

60 students in a semester. Because of both the in-

crease in class size and faculty turnover resulting in 

loss of expertise, faculty assigned to the course have 

found it difficult to maintain effective instruction 

using the established approach. 

Solution of an open-ended, interdisciplinary de-

sign problem has also remained a constant aspect of 

the Team Design course. The semester projects have 

varied, not only in terms of the type of project but 

also in terms of the disciplines involved. Customary 

practice has been to specify the facility to be de-

signed, e.g., a residential subdivision, a wastewater 

treatment plant, etc., and to identify a hypothetical 

undeveloped project site. From there, students must 

design all aspects of the project “from a blank sheet 

of paper.” However, one criticism of this approach 

was that it was too broad, undefined, and cumber-

some for the students. Further, in an attempt to 

achieve a real-world design experience, the number 

of design considerations and disciplines began to 

expand, and this ultimately overtaxed both the stu-

dents and the faculty. 

Recognizing these issues, the faculty responsi-

ble for the course began to introduce modifications, 

starting in 2008. The most basic change was a shift to 

a less-centralized model where the senior faculty as-

signed to the course would not be solely responsible 

for the instruction. Rather, the lead faculty would 

continue to select the design problem, establish the 

semester schedule, and organize the course, but in-

struction and evaluation would be accomplished by 

subject matter experts (SMEs)–both tenured, ten-

ure-track, and adjunct faculty–representing the dif-

ferent civil engineering disciplines. This change im-

proved course effectiveness, but it became apparent 

that additional change was necessary. In 2010, steps 

were taken to systematize the SME-based instruc-

tional approach and to improve and enhance other 

aspects of the course. 

The Revised Capstone Course 

A Typical Real-World Project 

The revised capstone course addresses the prob-

lem-based concerns associated with the course by 

specifying that the project be modeled after a 

real-world scenario which is common to civil engi-

neering practice; namely, the situation where a client 

retains a civil engineer consultant to provide all de-

sign services necessary to site a particular type of 

facility–one that has already been successfully con-

structed in another part of the United States–on a new 

project site, local to the area. 

This concept requires that the lead faculty 

members, who serve in the role of client, provide 

student teams with actual architectural drawings for 

the facility, with topographic and planimetric data for 

a specified (local) project site, and with a project 

geotechnical report that can be adapted to the site and 

the facility.  

Student teams, who serve in the role of engi-

neering consultant, are tasked with doing all of the 

civil engineering design work necessary to site the 

facility at the established location. Principal tasks are 

specified and limited to site grading and drainage, 

structural, geotechnical/foundations, and transporta-

tion. To force variance among the teams, different 

concepts are used for structural design (three options), 

foundation design (two options), and pavement type 

(two options). Each team is responsible for one set of 

these design concepts. 

Subject matter experts for each civil discipline 

and technical writing directly participate in the 

course by providing the instruction necessary for 

their part of the project. They specify the design re-

quirements, introduce technical content and policy 
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guidance, and they evaluate student submittals. As 

such, SMEs serve in the role of senior technical ad-

visors to the student design teams. The emphasis on 

real-world applications and similar role definitions 

have successfully been used in capstone courses at 

other universities (Barry et al. 2011, Hanna and Sul-

livan 2005, Kney et al. 2003). 

 

Course Details 

The adaptive design concept described above was 

incorporated into the senior capstone design course in 

the Spring 2010 semester. Other aspects of the re-

vised course include: 

• The lead instructors assign students to 5-person 

teams, but depending on enrollment some teams 

might have four or six persons. Each team se-

lects its own team leader and allocates work re-

sponsibilities among the four specified design 

tasks. Each team member (except for the team 

leader) is expected to serve in a primary role for 

the design task of his/her choice, and in a sec-

ondary role on another design task. 

• The project (course) schedule is explicitly de-

fined. Student teams receive technical assign-

ments from the SMEs during the first 20 per-

cent of the semester, are required to complete 

their designs and make a brief synthesis pres-

entation on their solution at 65 percent through 

the semester (all four disciplines), submit their 

final design reports at 85 percent through the 

semester, and make final presentations on the 

last class day. 

• The real-world nature of the architectural and 

other design information associated with the 

projects cannot be over-emphasized. Projects to 

date have included a Cinemark theater, a Dave 

and Buster’s entertainment complex, and an 

upscale, boutique shopping center. Through re-

lationships with the developers, the lead in-

structors provide student teams with copies of 

actual architectural drawings. The use of this 

intellectual property typically necessitates that 

students sign actual intellectual property 

agreements which restrict the use and dissemi-

nation of the information. 

• The requirement that each team make a synthe-

sis presentation on their solution for each tech-

nical area of the project is new. The synthesis 

presentation provides an opportunity for each 

student to have a substantive oral communica-

tion experience with direct feedback on their 

performance. The presentation also enables 

each team to receive immediate feedback on 

their technical solutions from the SMEs, from 

the lead instructors, and from student peers, 

prior to submitting their final project technical 

reports.  

• The project makes use of a dedicated design li-

brary containing codes, technical references, 

design guides, regulations, product data, and the 

like. Students have online access to specialized 

design software associated with the course.  

• In addition to technical instruction by the SMEs, 

guest faculty provide instruction on course top-

ics for which the students are responsible but 

have not had direct exposure, including team 

concepts and leadership, construction cost esti-

mating, and technical writing. 

• The lead instructors make extensive use of the 

Blackboard online course management system 

for content posting, submittal of assignments, 

evaluation, and course communications. All as-

signments are submitted electronically and 

grades are posted electronically. 

• Student team members are required to submit 

weekly time sheets which are collected and 

summarized by the team leader and submitted 

to the lead instructors. The team leaders are also 

required to submit weekly progress reports. 

• Final presentations are formal affairs where 

student teams summarize their overall design in 

relation to the client-specified design concepts. 

Invitees to these presentations not only include 

the lead instructors and subject matter experts, 

but all members of the civil engineering faculty 

and especially the developers who provided the 

design. 

 

Assessment 

Course assessment involves a diverse set of measures 

on multiple assignments. On the first class day, the 

lead instructors provide students with a detailed 

statement of course expectations including the overall 

course grading rubric. SMEs provide their own indi-

vidual rubrics for each type of assignment on each 

topic, including the synthesis presentations, DRAFT 

and FINAL technical reports, and individual written 

assignments. Students receive iterative written feed-

back on their technical writing submittals, and direct 

feedback their presentations. 

Overall course performance represents a com-

bination of different types of assessment by the lead 

instructors, by the SMEs, and by student peers. Part 

of the course is individually assessed and most is 

assessed at the team level, resulting in composite 

scores based on thirteen primary assessment catego-

ries. 

 

Other Benefits 

One of the positive outcomes for both students and 

faculty is that certain aspects of the capstone course 

are now formalized. For example, the SME-based 

instructional approach provides opportunity for all 

civil engineering design faculty to be directly in-

volved in the capstone course. The opportunity is 

actually more than that – SMEs in each discipline 

(site grading/drainage, structures, geotechnical/ 

foundations, and transportation) have created a se-

mester rotation schedule so that the workload is 

shared and each faculty member knows and can plan 
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for his/her responsibilities associated with course. 

This has the dual benefit of involving more faculty in 

the course and not unfairly burdening them with an 

overloaded teaching schedule. 

The course has also provided a forum for en-

gaging certain instructional objectives required as 

part of the ASCE Body of Knowledge (ASCE 2008) 

and which are not addressed elsewhere in the cur-

riculum. For example, each semester a senior engi-

neering manager in city government provides a guest 

lecture on public policy aspects of civil engineering. 

Similarly, a successful engineering consultant pro-

vides a guest lecture on what it takes to succeed in 

the business of civil engineering. 

Project Assignment 

This section presents representative examples of the 

new assignments used in the course, including a 

Cinemark theater, a Dave and Buster’s entertainment 

complex, and an upscale, boutique shopping center.  

 

Project Description 

At the beginning of the semester, the students are 

presented with a project description. A real-world 

scenario is “simulated” in the course for educational 

purposes. The scenario consists of an adaptive prob-

lem statement in which civil engineers are presented 

with an architectural plan with dimensions and asked 

to analyze the design with respect to new project 

constraints. The quintessential example of this prob-

lem statement is a big-box or other retailer that has a 

set of architectural plans. A structure has been built in 

one location, and now civil engineers are asked to 

design a new instance in a new location.  

The intention is, like for many senior, capstone 

design courses, to give the students a “real-world” 

project. Prior instances of the CE 4330 course gave 

the students a very open-ended problem statement, 

along the lines of design a waste-water treatment 

plant, a zoo, or a subdivision in which the students 

have the freedom to locate their designs on a large 

plot of land and design the facility as they see fit. 

Although this level of freedom in the design gave the 

students a “blank slate” in which they could address 

“trendy” topics if they desired, it also posed several 

potential pitfalls.  

First, the large scope of work and decisions that 

needed to be made tended to overburden the students 

and limit the final level of completion the teams were 

able to achieve during one semester. Moreover, the 

broad scope of the process tended to lead the students 

into addressing issues that were ancillary to the role 

of civil engineers in the design process; that is, the 

students ended up working on issues that were more 

properly done by architects. The project description 

given to the students does not have to be completely 

broad to be effective.  

In the “real-world” scenario recreated for the 

educational objectives, the project is situated within 

an established architectural design process (Gerard 

Lee Architects 2006, Department of Project Man-

agement 2010) which is explained to the students as a 

resource for their projects, although not emphasized 

in the course lectures. The particular focus is on “de-

sign development” (Department of Project Manage-

ment 2010). In the design development (DD) phase 

“the drawings are developed to a level of detail nec-

essary to prepare a clear, coordinated description of 

all aspects of the project. Major project elements...are 

designed and coordinated through enlarged scale 

drawings and detailed elevations and plans....The DD 

phase is not an opportunity to add scope. The goal is 

to refine what was designed in SD [Schematic De-

sign]” (Department of Project Management 2010). 

An alternative decision could have been made 

for the students to focus on very detailed design deci-

sions—such as identifying and analyzing a unique 

structural element and all of its connections for a 

specific building. This detailed design focus would 

address a different, later phase of the architectural 

design process, but would not provide the type of 

integrative educational experience desired for the 

capstone course.  

 

Project Components  

An example set of project components is given in 

Table 1. Each team in the class is assigned a technical 

approach for each of four design aspects: site grading 

and drainage, structures, geotechnical/foundations, 

and transportation. Additionally each group is as-

signed a specific site for their project.  

Each team, however, is assigned a unique com-

bination of the design aspects. In the table, three 

concepts are being considered for structural design, 

two for foundation design, three for roof-system type, 

and two for pavement type. Similarly four different 

load cases (indicated by cities) are considered.  

From an engineering design perspective, the 

task given to the teams of students can be represented 

as an intermediate level of a design hierarchy (Suh 

2001). The higher-level decisions have been made; in 

this case, business and architectural decisions have 

led to the choice of a particular site and building plan. 

Now, the teams have to develop or select means to 

satisfy the objectives (aka “functional requirements” 

(Suh 2001)) at the current level of the design (“design 

development” in the architectural design process). In 

this case, however, each team is operating under a 

pre-defined set of constraints that limit the choice of 

design parameters (Friedman et al. 2000). The teams 

have to use these pre-selected design parameters and 

further detail the design through the process of analy-

sis-synthesis- evaluation until a “functional” design is 

achieved. 

Note that this approach has some analogy with 

design of experiments and particularly robust design 

methods (Phadke 1989). In robust design, a set of 

control parameters is varied systematically, for ex-

ample using an orthogonal array, in order to identify 
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the main effects of variations in the parameters on the 

design performance metrics and their sensitivity to 

noises, due variations caused by users, manufacturing, 

environment, and wear.  

The objective in this course is different from 

increasing the robustness of a device or system, but 

the approach presented here provides a similar diver-

sity of project outcomes. At the same time, although 

the final designs produced by the teams will be dif-

ferent from each other, the the expected range of pos-

sibilities is limited to that which is manageable by a 

team of five undergraduate students working for one 

semester.  

Additional pedagogical benefits of an approach 

that forces variation in outcomes are for academic 

integrity. For the five-person team, one student is 

selected by the team as the team leader or “captain.” 

Each of the other four students has primary responsi-

bility for one of the four technical aspects and secon-

dary responsibility for another. Each of these students 

then has a more limited role in the remaining two 

design aspects of the project. The variation in the 

project components then has the effect that the teams 

and individual students cannot just follow one smart 

student and copy a given design aspect from someone 

else.  

Likewise, other possible strategies for narrow-

ing the teams’ efforts, such as focusing on value and 

cost of the design, could potentially tend to lead the 

teams to component selections that are similar to each 

other and ultimately similar project outcomes.  

 

Integration with Course Instruction  

The topics covered in the class are split between 

technical requirements and communication skills. 

The technical topics include structural, transportation, 

site grading, and geotechnical/foundation aspects. 

Also covered are professional skills on team forma-

tion and leadership, technical writing, effective pres-

entations, cost estimating, public policy, and many 

opportunities for reporting progress and receiving 

feedback.  

The course instruction provides technical detail 

about working with the specific components. How-

ever, while the students are expected to perform the 

design activities of analysis-synthesis-evaluation for 

each of the various project components over the 

course of their projects, the course does not currently 

provide instruction in general strategies for analysis 

or synthesis of design alternatives.  

 

Project Deliverables and Grading Rubrics  

The project deliverables for the course consist of 

technical presentations and reports for each of the 

four design aspects identified above: site grading and 

drainage, structures, geotechnical/foundations, and 

transportation.  

The students work with subject matter experts 

on the four design aspects. They receive feedback on 

the four technical presentations and draft reports and 

have the opportunity for adjustments in finalizing 

their designs and preparing the final written reports. 

Additionally they receive feedback from SMEs in 

technical communications.  

The allocation of points for the course grades 

are divided into three individual compo-

nents—attendance, peer assessment, and individual 

effort on assignments, and ten team components— 

weekly progress reports, four presentations and draft 

reports (one for each of the four design aspects), four 

final reports (one for each of design aspects), and a 

final course presentation. The various assignments 

Table 1. CE 4330 Team Design, Project Components for Spring 2011 (By Team) 

Project 

Component Team 1  Team 2  Team 3  Team 4  Team 5  Team 6  Team 7  Team 8  Team 9  Team 10  Team 11  Team 12 

Structural 

System 

Insulated 

Concrete 

Form 

Insulated 

Concrete 

Form 

Concrete 

Masonry 

Unit 

Tilt�up 

Panel 

Concrete 

Masonry 

Unit 

Insulated 

Concrete 

Form 

Concrete 

Masonry 

Unit 

Tilt�up 

Panel 

Tilt�up 

Panel 

Concrete 

Masonry 

Unit 

Insulated 

Concrete 

Form 

Tilt�up 

Panel 

Load Case 

(City)  

Kansas City, 

MO 

Lubbock, 

TX 

Kansas City, 

MO 

Green Bay, 

WI 

Kansas City, 

MO 

Miami, FL Lubbock, 

TX 

Miami, FL Lubbock, 

TX 

Miami, FL Green Bay, 

WI 

Green Bay, 

WI 

Roof System 

Type 

Polymer 

Modified 

Bitumen 

Polymer 

Modified 

Bitumen 

Thermoplas-

tic Olefin 

Polymer 

Modified 

Bitumen 

Built-up 

Roof 

Thermoplas-

tic Olefin 

Thermoplas-

tic Olefin 

Built-up 

Roof 

Polymer 

Modified 

Bitumen 

Built-up 

Roof 

Thermoplas-

tic Olefin 

Built-up 

Roof 

Foundation 

System 

Deep Shallow Deep Deep Shallow Shallow Deep Deep Shallow Deep Shallow Shallow 

Pavement 

Type 

Rigid Flexible Flexible Rigid Rigid Rigid Rigid Rigid Flexible Flexible Flexible Flexible 
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are evaluated using a combination of faculty assess-

ment, peer assessment, and technical writer assess-

ment.  

Course Evaluation 

Formal Student Course Evaluation 

Because of its prominence in the civil engineering 

curriculum, CE 4330, Design of Engineering Systems, 

has been evaluated both formally and informally by 

students and faculty. Student evaluation data are 

available for the course from the Spring 2001 semes-

ter onward (see Figure 1). 

 

Figure 1. Student Evaluation of CE 4330, Design of 

Engineering Systems (Texas Tech University 2011) 

This chart summarizes the student assessment 

of the course relative to the statement, “Overall this 

course was a valuable learning experience.” Data 

reflect a five-point Likert scale where the anchors are 

5-Strongly Agree and 1-Strongly Disagree.  

During the semesters prior to Fall 2009, in 

which the course had been in decline, the assessment 

showed an overall average student rating of 3.91/5. 

Subsequent to the changes discussed herein which 

began in 2008 with the SME-centered instruction 

approach and continued in 2010 with the introduction 

of the adaptive design concept, the average student 

rating has increased 15 percent, to 4.50/5. 

 

Descriptive Student Evaluations 

To further evaluate the efficacy of changes to the 

senior capstone course, students enrolled in the 

Spring 2010 semester and following were asked to 

provide additional assessment.  

Student responses to the statement, “This course 

was a valuable learning experience” averaged 4.36/5 

for S2010, 4.61/5 for F2010, and 4.66/5 for S2011. 

The following is a sample of student comments about 

why students rated this item the way they did: 

• It was the most complete project and inclusive 

project worked on during college. 

• I was team leader and learned about motivating 

people. 

• Everything we learned ‘came together’ in this 

class. 

• Closest school can be to real-world situation. 

• Great course to bring the whole undergraduate 

education together. 

• “Real world” decisions were made in real time 

with deadlines and problems. 

 

Student responses to the statement, “The tech-

nical presentations were helpful in providing 

in-process feedback,” averaged 4.16/5 for S2010, 

4.25/5 for F2010, and 4.29/5 for S2011. Comments 

explaining why students rated this item the way they 

did include: 

• This [the presentations] helped immensely. I 

was able to see exactly what was done correctly 

and what parts of the design were vague or 

needed work.  

• I gathered some information from comments 

from other groups as well. 

• Gave students the opportunity to face fears of 

presenting, as well as gave great input on what 

was needed to correct mistakes that were no-

ticed in presentation. 

• On-the-spot feedback was helpful and also it 

allowed us to see other team’s approaches and 

helped open new ideas and see where we were 

lacking. 

 

Student responses to the statement, “The team 

aspects of this course were effective,” averaged 

4.00/5 for S2010, 3.81/5 for F2010, and 4.05/5 for 

S2011. Comments explaining why students rated this 

item the way they did include: 

• We all had to communicate and work together 

to finish. 

• The [team aspect] was effective because each 

member was held responsible for completing 

their assignments to ensure the final project 

made sense. 

• Gave a real world scenario of how a team will 

work. 

• Each section at some point had to interact with 

at least one other section. 

• Having a designated team leader was extremely 

beneficial. 

 

Faculty Evaluation 

Faculty evaluation of the course has been anecdotal, 

mostly consisting of informal conversations among 

the instructional team. A few faculty members have 

written comments, as follows: 

• The level of faculty effort exerted in the course 

amazes me! Most of that is, no doubt, well 

placed and of great benefit to students. Espe-

cially useful was the instant feedback given 

teams by faculty after the preliminary reports. 

• It is an excellent course and our students are 

well served by it. 

• Revisions have improved the course’s effective-

ness significantly from where it was just three 
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years ago.  

In summary, course evaluations indicate that the re-

vised senior capstone design course is an effective 

learning experience.  

Conclusions 

The senior capstone design course in civil engineer-

ing at Texas Tech University has, since its inception, 

helped students prepare for engineering practice. En-

rollment growth in recent years coupled with inevita-

ble faculty turnover and shifting instructional ap-

proaches have necessitated changes to reverse a 

negative trend in course effectiveness.  

This paper has presented the redesign of a sen-

ior, capstone design course in civil engineering. 

While many such courses seek to provide a 

real-world design problem for students to solve, this 

work has presented a novel approach for achieving 

the desired educational objectives by carefully con-

straining the scope of the project tasks to match the 

role of practicing civil engineers working in “design 

development.” Additionally this approach is en-

hanced by forcing variation among design teams. 

This variation is achieved by pre-selecting the initial 

technical approach for satisfying four key design as-

pects that the students must address: site grading and 

drainage, structures, geotechnical/foundations, and 

transportation.  

One significant change has been the shift from a 

traditional faculty-led course to an approach where 

subject matter experts in specified civil engineering 

disciplines provide technical instruction for each as-

pect of the course. The other key change has been to 

specify that the design project be modeled after the 

common professional practice situation where the 

client who has successfully constructed a certain type 

of facility in another part of the United States retains 

a civil engineer consultant to provide all design ser-

vices necessary to site this same facility on a new 

project site, local to the area. 

Course assessment over time indicates that 

these changes to the course instructional design have 

significantly improved the effectiveness of the course. 

More detailed student and faculty comments reveal 

that while room for improvement remains, the course 

is providing an excellent capstone learning experi-

ence to senior civil engineering students. 

 

Future Directions 

There are a number of ways that this course can be 

adjusted based on a desire to teach the students’ skills 

necessary for effective “design thinking.” Addition-

ally, the structured approach presented here for as-

signing design projects could be adapted to other 

engineering disciplines, such as mechanical engi-

neering, and other phases of the design process.  
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Introduction 

To a significant extent, “design” is not a separate 

discipline within civil & environmental engineering. 

For a variety of reasons, CEE is seen as a discipline 

largely constrained by regulations and codes, in 

which the mechanics of design are performed in a 

way that is inseparable from more general 

descriptions of the individual phases of the project 

(e.g. modeling, efficiency maximization, etc.). 

Perhaps there is an overwhelming belief that the soft, 

more visible aspects of design are performed in the 

architectural phases of a project, and the engineering 

phases are more concerned with compliance with 

regulations and realizing various optimizations over 

the project lifespan. However, a deeper analysis of 

the civil engineering process reveals that engineering 

design is as prevalent and fundamentally important in 

this area as in other engineering fields. The purpose 

of this working group was to identify issues 

surrounding the identification and analysis of these 

design elements in order to better understand the 

discipline of design within CEE. The group was 

charged with raising and discussing these issues, and 

coming up with a future work plan for better 

understanding how design within CEE can be 

delineated as a discipline of study. 

Roles in Civil Engineering 

Part of the failure to recognize design as a discipline 

within CEE may stem from the roles into which civil 

engineers have settled. Civil engineers work as 

design implementers and contractors. Design 

engineers provide the basic project design, and then 

contractors control implementation in a competitive 

fashion. This contrasts with other engineering fields 

such as mechanical engineering. The role of the 

designer varies depending on the industry. Design of 

structures is largely seen to be within the realm of 

architecture, but architectural engineering used to be 

firmly situated within the engineering discipline, 

including aspects such as structural design and urban 

planning. Civil engineering still encompasses civil 

infrastructure, but now focuses on mechanics-based 

technology. As a reflection of this, the civil 

engineering departments at most universities do not 

have enough design-focused courses. There are many 

courses on mechanics, analysis, steel structures, joint 

analysis, detailed design of concrete, steel structures, 

fitting joints, and so on, but not a great deal of 

student exposure to a holistic view. As a result, both 

students and instructors do not pay much attention to 

system design formalizations such as axiomatic 

design, focusing instead on detailed design which is 

driven by reference material such as detailed code 

books. An attempt to expand civil engineering roles 

to better incorporate the role of the designer should 

include greater emphasis on system-level viewpoints. 

Design and the Creative Process 

Participants in the workshop argued that it was 

important to delineate the meaning and scope of 

design and creativity in the context of civil 

engineering. Design is clearly a creative process, but 

one informed by theory and a variety of specialized 

tools. In the particular case of civil engineering, it is 

also informed and constrained by numerous existing 

documents and processes such as engineering codes. 

A distinction was drawn between the design tools and 

theory pertaining directly to civil engineering, and 

the use of more general CAD/CAM design support 

for the creation of physical models. It was argued that 

the tools used are a constraint of the design task, and 

that there was a continuum of creative process that 

demanded more or less from its tools. For example, 

the tools used to design a boiler are not constructed to 

maximize creativity in design, because it is not 

necessary, and there are other mechanical engineering 

parallels in which designers don’t bother with design 

theories such as axiomatic design due to the lack of 

perceived necessity of doing so. Codes in civil 

engineering are both a benefit and an encumbrance: 

they provide a valuable benchmark reference, but any 

design conforming to code is viewed as “good 
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enough”. Design theories such as axiomatic design 

that foster solution-neutral thinking have parallels to 

related fields such as architectural education, which 

often has a similar focus, but in good architectural 

schools, more is taught than single design theories or 

styles. A good architect is one whose way of doing 

things “can be rethought” – perhaps this also applies 

to civil engineers. 

In a field as delineated by regulations as civil 

engineering, the notion of creativity can be seen as an 

obstacle, despite the necessity of design skills. This is 

again due to confusion as to the delineation between 

design and creativity. Architectural design concerns 

every piece in the chain of a project, and the links 

between them. The most innovative work is done 

using a holistic approach that considers both the 

general concepts and the details of the project. 

Architects work with the envelope shape of a 

building, and then the structural engineering within, 

and the fabricators and erectors that implement it. 

There are precise requirements at every stage, but the 

approach is one of integration. 

The situation in civil infrastructure engineering 

is more serious. The integrated design approach may 

be stymied by such aspects as government regulation, 

which may not allow the engineer to do certain things 

such as cut the life cycle into pieces. The process is 

very sequential and regimented. These regulations are 

developed for good reasons, such as to forestall 

corruption, and protect government offices from 

liability. Officials wish to follow established 

procedures to preserve the safety of their positions; 

it’s risky to use new designs and approve creativity. 

However, this also contributes to a view of the 

discipline in which design is not a creative process, 

and innovation is not important. One example of this 

is the presence of regulations specifying that 

government agents are not to approve engineering 

elements that have been patented and thus would 

benefit the specific company that developed them. 

For instance, the Taiwanese government was wary of 

specifying a diameter for a tunnel project that was the 

same as a previous project, lest it benefit the prior 

company. One solution to this, implemented in Korea, 

is to assign extra score during the bidding process to 

companies who bring creativity and patents to the 

table. Another solution to these conflicts is to 

combine design and construction on turnkey projects. 

Identifying Design Considerations Particular 

to Civil Engineering 

The workshop identified a clear need to better define 

and elaborate upon design issues specific to the civil 

engineering field. In particular, the generation of a set 

of good, well-defined questions that can be 

specifically addressed by the community. Questions 

might be broken down into separable phases of the 

design process, such as: conceiving, synthesizing, 

planning, analyzing, and selecting. Example general 

questions to get started include: What are the 

different parts of civil engineering design? Are there 

particularly instructive examples of how civil 

engineers work with the design process? Which 

design categories are most important in civil 

engineering? One suggestion was to select one 

fundamental design process element, such as 

synthesis, and treat it as the core of the design 

process and then observe how civil engineers work 

with it. Civil engineering is an area where 

applications are extremely important, so academic 

analysis ought to try not to be overly focused on 

research aspects. 

Several aspects of the design process in civil 

engineering feel qualitatively different from other 

engineering disciplines. For example, stakeholders 

are important in all engineering fields, but due to the 

scale and support sources of civil engineering 

projects, stakeholder research in civil engineering can 

appear to have more to do with politics and 

management than other types of engineering design 

like product and machine design. Similarly, the time 

scales of implementation and lifespan, and related 

time-dependent complexity, are greater for civil 

engineering projects than other engineering 

endeavors. Construction, disposal and sustainability 

can be larger considerations in CEE, and may require 

a unique design perspective.  

This discussion evoked memories of the 

foundations of ASME and ASCE. ASME was formed 

in the 1890s to address wide-scale systemic 

mechanical engineering issues which could be 

addressed by codes and standards, like the lack of 

consistent fire hydrant connections in cities around 

the US. Despite common roots, mechanical 

engineering has embraced design-as-a-discipline, 

whereas CEE has not. A divergence in priorities 

occurred at some point. It was proposed that the 

divergence might have something to do with the 1955 

"Grinter Report." This report addressed the need for 

more rigor in engineering education and led to a 

focus on "engineering science" at the expense of 

engineering practice in US universities. Although the 

backlash associated with this shift was identified in 

the 1960s and steps to address it began appearing in 

the 1970s and 80s, it wasn't until the 1990s that 

design theories and design education came to the 

forefront in engineering. The re-emergence of design 

as-a-discipline, supported by ABET and NSF, took 

hold in mechanical engineering. But the movement 

was felt less strongly in civil engineering and most of 

the changes precipitated by these discussions passed 

it by. 

Looking further down the design process, civil 

engineering is also different from other engineering 

fields in terms of selection. What are the selection 
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criteria in civil engineering? How does one decide, 

for instance, if one bridge is better than another? 

How should selection, or optimization, be performed 

from a design standpoint? As Lord Kelvin noted, we 

don't really understand something until we can 

measure it. Civil engineering shares the intellectual 

genes of other engineering fields, so similar 

analytical philosophies may be able to be used, but 

with care to recognize the differences. For the 

selection problem, ideas must be somehow sorted, 

ranked and measured. If design is to be a researched 

discipline within CEE, quantitative results must be 

obtained for the various elements, and those numbers 

must be formed into composites amongst the many 

subcategories. To make this relevant to CEE, the 

things that make CEE design special must be 

identified. 

Due to the scale of civil engineering projects, 

designers must be wary of the distinction between 

design and invention. This is an area where there can 

be conflict with fields such as mechanical 

engineering. One such example is the idea of power 

accumulation on the seafloor that Prof. Alexander 

Slocum presented in Taiwan. This is an example of 

thinking big and prioritizing invention over design: 

schemes may look impossible and not see the light of 

day in the inventor’s lifetime, but are proposed 

anyway. The inventor, as opposed to the engineering 

designer, may not be able to explain how invention 

happens. The process is not rigorous or consistently 

followed, compared with formal design methods such 

as axiomatic design. There is no formal method for 

recognizing which ideas are brilliant and which are 

not. Inventions are not always socially, economically 

or technically successful, particularly at the scale of 

civil engineering projects. 

Educational Support for Design in CEE 

For design to be considered a true discipline within 

CEE, it must be associated with a program of design 

education. The workshop participants spent a 

considerable amount of time discussing ways in 

which education could be used to support design as a 

discipline. This discussion manifested itself along 

several categorical lines. These were educational 

strategies, approaches to evaluation, tools, and 

support from the educational institution. 

 

Examples of Educational Strategies 

The consensus among workshop participants was that 

hands-on, project-based learning and studio-style 

education was of critical importance, much as these 

styles of education are valued in other design 

disciplines. The studio does not have to exactly 

replicate other studio environments; it can be an 

auditorium. Core topics such as mathematics and 

materials science can be covered and applied to the 

course within a greater theme. Exercises can start 

immediately and be challenging right away: the 

students may be “thrown into deep water without a 

life belt” to see what works. An example project from 

Denmark was a device to transport people and goods 

in the center of Copenhagen using human power. 

KAIST’s experience was discussed at length. At 

KAIST, some classes have projects; it varies by 

instructor and department. Sometimes the projects are 

purely analytical. Students have the option of 

performing undergraduate research, up to twice, for 

which KAIST pays. The students are able to write up 

an internship instead of a thesis, but all students must 

do the thesis or something else. 

Key questions in design education include 

whether projects are individual or in groups, and why 

projects are not deliberately integrated into courses. 

Colleagues from DTU noted that their students had to 

work both in groups and individually. For graduation, 

DTU students can either work individually or in pairs. 

They also noted that over their careers, students’ 

perceptions change. At DTU, a few students stop at 

their Bachelor’s degree but the majority continue to 

the Master’s. Currently there are about 160-170 

graduates from the (relatively new) DTU Design 

Management program involved in 60 different 

companies and organizations. 

 

Evaluation Approaches 

Evaluation of design curricula always poses 

challenges. The workshop participants considered it 

best to allow students to phrase their answers in their 

own words and then have researchers interpret their 

responses later on. In some institutions, interview 

rounds are conducted with approximately 80% of 

graduates, with a cross-examination of some of the 

others. This data is then examined to try and identify 

trends or unique viewpoints. 

It is not clear how students themselves know 

what worked best in their design education. The 

students’ interpretations are themselves subject to 

interpretation. This is applicable all the way to the 

PhD level. People do exist who are experienced with 

this type of assessment and can formulate the 

assessment tools. For example, all Danish 

educational tracks have to pass evaluations every 5 

years. What kinds of findings were seen? Some 

overlap was noticed between government funding 

and what graduates like. The graduates want to see an 

integration of theoretical subjects with projects. This 

is done each semester. 

 

Tools 

Tools are a concern, because their immediate utility 

to the engineer is high, but there can be a dangerous 

tendency to rely on tools rather than fundamental 

design principles. Tools have inherent problems such 
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as obsolescence. The goal of nurturing a design 

discipline in CEE should be the teaching of design as 

a science, not the use of particular design tools as a 

trade. Existing tools, such as BIM and tools from 

Fraunhofer, can be good for the end phase in design 

projects, but should not be taught to the exclusion of 

fundamental principles – they should only be taught 

if they can be applied in concert with those principles. 

If tools are to be used as stepping stones, care should 

be taken that gaps are not left to be fallen into. 

The use of design tools should be accompanied 

by an evaluation program in this area also. One 

approach would be to get students’ opinions at 

different levels: for example, after their Bachelor’s 

program, post-Master’s, and later in their professional 

careers. Ask them not only what worked best in a 

practical sense, but what did they take away and 

recollect as the key properties. Feedback can also be 

sought from industry. In general, industry seems to 

state that graduates are very good with tools and 

know how to use them. How to evaluate what works 

best is still open for discussion. 

 

University Support 

The workshop participants identified a number of 

areas in which their institutions might be approached 

to do more to support the fostering of design as a 

discipline within CEE. Current efforts seem to be 

sporadic or nonexistent, so there is room for 

improvement across the board. The most direct 

stumbling block seems to be existing institutional 

rigidity; universities need to provide space, both 

physically and metaphorically, for design instructors 

to play with new methods. An example given was the 

CDIO initiative and pedagogical program. Every year 

a meeting is held to share experiences. 

In order to advance design and understand and 

convey the practice of design, comprehensive design 

courses are necessary, but simply convincing the 

university to allow such courses to take place is not 

sufficient to change the scene in CEE with respect to 

design. Students in design courses may still not have 

an appreciation of real design applications. 

Universities can help to facilitate dialog and 

presentations from real engineering designers 

working in industry, such as outside lectures from 

Samsung engineers, or interactions with companies 

such as ARUP. ARUP’s procedure is to take a theme 

(like the asymmetrical trusses of the Sydney Opera 

House) and figure it out. ARUP is a big engineering 

company that focuses on early-stage design. They are 

a very proactive company and come to the first 

meeting with the architect with a line of proposals to 

consider. They also want their engineers to be 

proactive and make suggestions for how to think like 

an engineer – for example, do things before someone 

asks you to.  

Different institutions have different pre-existing 

priorities, and these must be taken into account when 

trying to move the focus to design. KAIST is an 

institution that cares about research and reputation, 

and its curriculum is dominated by engineering 

science. Currently there is no comprehensive design 

course in CEE at KAIST, but there is a hope to start 

one. Some university programs (such as Hanyang 

University) emphasize real-world applications. At 

DTU the requirement is that all education is research-

based using publications, accreditation, research titles, 

etc. to refer to the subjects taught. The attitude is not 

so much knowledge as thinking about and conceiving 

ideas, even if those ideas get shot down. The attitude 

is that the teaching and learning context is 

preeminent. 

Finally, the support for design as a discipline is 

not dependent solely on faculty and the university 

administration. The attitude of the students is very 

important, and can result in new obstacles. It can be 

difficult for students trained to receive grades based 

on finding a single “right” answer to be productive in 

an open-ended environment without waiting for 

someone to tell them what to calculate or do. For 

example, with one new design course in a 

"traditional" civil engineering department, the 

students were resistant to working in an open-ended 

environment. The students did not know what to 

calculate and it was not natural for them to work in 

an open space, because they had not had prior 

training in doing so. As a result, the students were 

angry and complained. The course was run three 

times and unfortunately looks like it will close down. 

Exposing students to open-ended problem solving 

earlier in their careers will help prepare them for 

upper level and capstone design courses and their 

working lives.  

Importance of Design Societies 

Participants discussed the importance of existing 

design societies to this effort, and whether or not 

more effort should go towards examining and 

perhaps approaching these organizations. The 2009 

IASDR (International Association of Societies for 

Design Research) meeting theme was increasing rigor. 

About 1000 people participated. Examples of failures 

to increase rigor included: 

1. Switching to more rigorous analysis 

instead of teaching design in a more 

rigorous way. 

2. Teaching things related to design, rather 

than design itself. For example, 

communication, statistics, machine 

elements (component fixation), etc. 

In Architecture, the parallel to this may be teaching 

architectural history, new ways to use polymers, 

architectural evolution, etc. Architecture doesn’t 
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become mathematical to increase rigor. Instead, it 

becomes more historical. There may be lessons from 

these society meetings that can be applied to CEE. 

Further Work 

Priorities that the working group identified for future 

efforts included the following: 

 

Curriculum Research  

Continued efforts by this working group can generate 

research findings, much as the Freshman Design 

Course at KAIST has already been generating 

research. The freshmen notice things that the 

instructors don’t. They ask questions that have not 

been predicted and identify pedagogical aspects that 

don’t work as well as they should. Based on the FDC 

experience, a concrete recommendation is to consider 

appointing an education research fellow. The research 

could be either prescriptive or descriptive, and these 

sometimes converge again later. Using graduate 

students who are used to closed-ended, analysis-

based education for this research was not seen as 

feasible, as "deprogramming" them takes too long, at 

least 3–4 semesters. 

 

New Courses 

New classes or workshops could be created for 

learning engineering knowledge in a way that 

experiences CDIO, such as rethinking a course on 

statics, or slightly reframing existing courses. KAIST 

has not thought about creating new courses for 

graduate students. A few new courses could be 

selected: nanotechnology, sustainability, etc. Design 

could also be included at lower levels. Opportunities 

should be grasped for incorporating design projects 

and hands-on design experience. At MIT in 

mechanics and heat transfer, students follow up on 

their theoretical learning by designing something 

such as a compressed gas bottle rocket or a heat pipe. 

Design can be assigned in lieu of a final test or 

included in a final project. Students need to be shown 

that there are multiple ways of accomplishing a 

design task. To put it in Axiomatic Design terms, 

maybe they can be given the top-level Functional 

Requirements, but the lower-level Functional 

Requirements and Design Parameters remain open. 

 

 

Encouraging Design Thinking 

Design thinking is for all. It should not be a problem 

to introduce design thinking into any discipline. 

There are more opportunities in new open fields in 

civil engineering for energy. There is a pressing need 

for the design of new systems in this area. It is 

important to have patience and a long-term plan, and 

then take it one step at a time. Computing in civil 

engineering has taken 20 years to get to the level of 

adoption it is at today. In the beginning it was all 

computational mechanics, but now there is more soft 

computing and informatics redefining the boundary. 

People still think of computing as computational 

mechanics, solving old problems with new tools – as 

these views evolve, so may attitudes to design 

thinking. It is the job of working groups like this one 

to clarify why we need similar evolution in terms of 

design as a discipline. As proposals are submitted for 

new research areas, such as smart living spaces and 

smart infrastructure, a focus on design thinking can 

be included. Breaking boundaries is more difficult 

than just talking about it, but concrete improvements 

can change attitudes. For example, dams use very 

similar designs, but for sedimentation there are no 

solutions available. Out-of-the-box design thinking is 

required. 

 

Motivating CEE as a Creative, Design-Centric 

Endeavor 

Numerous complaints about the state of design and 

creativity in CEE academia need to be addressed. It 

might be possible to do so with more attention to this 

topic. Sometimes students leave the college of 

engineering because they feel it is not an 

environment which sufficiently nurtures their 

creativity. Particularly from CEE, students become 

interested in architecture, which they perceive as the 

outlet for the creativity and design thinking that is 

missing in engineering. These attitudes can persist to 

the faculty level, as faculty who wish to do design 

have trouble surviving and making tenure cases. At 

some universities such as KAIST, patents count, but 

not as a substitute for papers, so a faculty member 

cannot concentrate completely on design. Design 

problems need to be framed as research, and design 

research projects developed that are not purely 

analysis and can support both students and pre-tenure 

faculty. 
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Introduction 

The purpose of the second working group was to 

determine how to build and sustain the emerging civil 

design community. Topics discussed included the 

goals, format, and location of future meetings; how to 

increase involvement from industry and architecture; 

plans to offer professional education and outreach to 

colleagues who are interested in design in civil and 

environmental engineering; and the long-term 

possibility of creating a civil design society. 

Goals of Future Meetings 

Because design is not generally considered to be a 

discipline in civil and environmental engineering, 

there is little understanding of or support for design 

research and education in traditional CEE 

departments. One of the primary goals of this 

workshop, and those that follow it, is to serve as a 

manifesto for civil design – outlining the lack of 

design thinking within civil and environmental 

engineering and providing a statement of purpose for 

students, professors, researchers and practitioners 

with an interest in civil design. 

The working group participants hope that this 

and future workshops will allow the creation of a 

civil design community without the difficulty in 

convincing traditional civil engineers of the value in 

doing so. For colleagues with an understanding of 

and vision for design in civil and environmental 

engineering, it is hoped that this and future meetings 

will (1) help connect and facilitate communication 

between groups and individuals who are interested in 

civil design; (2) provide a forum to share successes 

and lessons learned at other institutions which may 

help to open doors at our own organizations; (3) 

create a community which would support its 

members in increasing related activities and 

discussions within civil engineering departments and 

institutions around the world; and (4) develop a 

common vocabulary for discussing design in a civil 

and environmental engineering context. 

For colleagues who are new to the concept of 

design-as-a-discipline, particularly in civil and 

environmental engineering, it is hoped that the 

workshop and associated events will provide 

opportunities to learn about different views of design 

and design research in order to approach design in a 

more confident, effective and systematic way. 

Planning for Future Meetings 

The nature and format of future meetings was 

discussed at length during the second working group. 

Multiple options were suggested for how to move 

forward. One proposal was to try to incorporate the 

DCEE workshop into an existing meeting (like those 

hosted by ASCE, ASEE, CDIO, ICAD, the Design 

Society, the Society for Design and Process Science, 

the Academy for Transdisciplinary Learning and 

Science, etc.). A second option was to try to associate 

the DCEE workshop with another group and run the 

meetings back-to-back. A third option was to 

continue the DCEE workshops with the expectation 

of eventually forming an independent international 

society which would organize activities 

independently or in cooperation with other societies. 

The fourth option was to continue the DCEE 

workshops with the expectation of developing into a 

larger DCEE conference. 

The working group participants agreed that it 

was important to strengthen the ties between the 

attendees of the first meeting and to use that as the 

foundation for a larger civil design community. Thus, 

there was a strong preference for continuing with the 

DCEE workshops as an independent entity with the 

expectation that the meeting would eventually 

develop into a larger conference. In addition, there 

was a strong preference for holding the workshop 

every year, rather than every other year, to maintain 

the momentum of the group. 

During the working group session, different 

formats for publishing the workshop proceedings 

were debated. Although all of the participants agreed 

that it was preferable to publish the DCEE 
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proceedings as a special edition of an established 

journal, there were also concerns about reaching the 

desired audience. If the special edition was published 

in an engineering design journal, then it might not 

reach a civil engineering audience. If it were 

published in a civil engineering journal, then it would 

likely only reach individuals in one area (specialty, 

application, or silo). Ultimately, it was decided that 

the first workshop proceedings would be published as 

a book. Attendees and key members of the civil 

engineering community would receive hard copies of 

the proceedings by mail, while an electronic version 

of the proceedings would be made available on the 

internet to reach a wider audience. As the community 

and its literature matures, we will continue to pursue 

the possibility of a special edition journal or the 

creation of a dedicated civil design journal. 

The working group also discussed the logistics 

of organizing the next workshop. It was decided that 

an official steering committee would be formed to 

share the vision of design-as-a-discipline in civil and 

environmental engineering, begin to define the goals 

of the community, and to organize the next workshop. 

It will take time for word about the DCEE workshop 

to spread. Thus, the next few meetings are expected 

to be small with perhaps 30 to 50 participants from at 

least 5 countries. The format of the presentations and 

proceedings at the next workshop were discussed and 

a number of models (papers vs. posters, number of 

presentations, format of presentations and discussions, 

etc.) from different meetings (EUSPEN, ICED, etc.) 

were presented. In the end, it was decided that the 

format of future meetings would be determined by 

the steering committee.  

There were many offers and alternatives 

proposed for the venue for the 2nd International 

Workshop on Design in Civil and Environmental 

Engineering including: DTU, KAIST, MIT, NTU, 

WPI, and Texas Tech. The group agreed that it was 

important for the next workshop to be held outside of 

Asia to increase international visibility. It is likely 

that the second DCEE workshop will be held at DTU 

in Denmark with the hope of hosting the third 

workshop in the US and the fourth again in Asia 

(perhaps at NTU). 

Increasing Industry Involvement 

The attendees of the first DCEE workshop came 

exclusively from academia or academic backgrounds. 

However, it was widely acknowledged that it is 

important to increase involvement from industry. Prof. 

Lotte Jensen noted that design thinking is an 

important part of management in large civil 

engineering firms. Thus, the group believes that there 

would be support from civil design firms for the civil 

design initiative. Unfortunately, this understanding 

does not extend to the engineering levels of the same 

companies. This can be frustrating for graduates from 

civil engineering programs like DTU that expose 

their students to design thinking. And it underscores 

the need for increased dialogue with all levels of 

industry. It was also noted that "analysis generally 

belongs to academia but design belongs to industry." 

Thus, the importance of design-as-a-discipline may 

not be recognized by academia until industry joins 

the discussion.  

Increasing Involvement from Architecture 

Although design-as-a-discipline in engineering is 

strongest in the field of mechanical engineering, 

design in civil and environmental engineering may 

ultimately have a much closer relationship with 

architecture than ME because of the nature of the 

problems that both groups address. Thus, the 

participants of the working group believe that the 

DCEE workshops may need to strengthen the 

involvement of architects in related activities and 

discussions. It was noted that architectural design and 

architectural engineering are different. One colleague 

asked if the group shouldn't focus its efforts on civil 

engineering rather than increasing the scope of the 

discussion. However, Prof. Lotte Jensen mentioned 

that there is a group of Nordic faculty members made 

up of architects who teach in engineering 

departments and engineers who teach in architecture 

departments. Members of this group may have very 

relevant and helpful insights into the DCEE 

community’s challenges and interests. Thus, the next 

DCEE workshop may be scheduled to allow this 

group to attend. 

Outreach and Education 

One of the major obstacles in building a civil design 

community is the lack of shared context when 

discussing design. Because the term "design" is not 

well defined within civil and environmental 

engineering, perceptions of civil design are often 

influenced by the strengths of other nearby design 

communities. For example, many members of the 

KAIST Department of Civil and Environmental 

Engineering associate civil design with Axiomatic 

Design Theory because of the strong ties that 

members of the department and the university 

president have with AD. Similarly, the views of many 

colleagues at Stanford University have been strongly 

influenced by the work and philosophy of the Hasso 

Plattner Institute of Design at Stanford (also known 

as the D-School). 

It was proposed that a tutorial or series of 

tutorials be developed and offered to introduce 

colleagues in civil and environmental engineering to 

different views of and sub-disciplines within 

(engineering) design. These tutorials could be held 

before the next workshop to gather more participants 
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and help them to better understand the content and 

goals of the workshop, or they could be held in 

conjunction with the next workshop (perhaps a day or 

two before). Prof. Christopher A. Brown offered to 

hold a tutorial on Axiomatic Design for civil and 

environmental engineers. Prof. Derrick Tate offered 

to hold a tutorial on TRIZ. However, Prof. Chung 

Bang Yun from KAIST suggested having the tutorials 

focus more on design applications from civil and 

environmental engineering and not just on design 

theory. He noted that it might be easier to couple 

CEE with more design-orientated disciplines (like 

ME, industrial design, and architecture) once we had 

attracted the attention of other groups and individuals 

within the civil domain. 

The group concluded that it would be nice to 

have 1 day of pre-workshop tutorials before the next 

meeting. It was suggested that perhaps 15 - 20 people 

would be needed to hold successful tutorials and that 

it might be wise to particularly target Ph.D. 

candidates rather than solely focusing on faculty 

members and engineers from industry. 

Forming a Civil Design Society 

During the second working group, there was also an 

extensive discussion about where the DCEE 

community would ultimately live. Should a new civil 

design society be created? Or should the DCEE 

members become a sub-community under the 

umbrella of an existing organization? And if so, 

which one? 

The Design Society was given as an example of 

an organization that presides over different groups 

and meetings like the International Conference on 

Engineering Design (ICED). It was suggested that 

this might be a very good model as ICED also has a 

number of special interest groups, some of which are 

very active and meet for workshops at the ICED 

congress every other year. Another option would be 

to join an existing civil engineering organization like 

the Korea Society for Civil Engineers (KSCE) or the 

American Society for Civil Engineers (ASCE). 

However, there was some concern from the 

participants that we were hoping to create a truly 

international organization and that ASCE may not be 

international enough for that purpose. 

It was noted that being associated with a larger 

organization would have a number of advantages, 

including increased visibility and better publicity. 

However, joining another society would also add 

constraints to our activities, tie the organization of 

our activities to the parent organization’s staff, and 

require all interested parties to pay dues to the 

umbrella organization. There was an additional 

concern that existing academic societies might be a 

hindrance when trying to form relationships with 

industry. 

In the end, the group concluded that the 

formation of a civil design society or the linking of 

the DCEE community to another organization was 

not urgent and that the decision should be made at a 

later time. For now, the focus on this group should be 

on the organization of the second workshop, 

particularly since the group is currently too small to 

need an official organization and it may be possible 

to gain the exposure that a larger society would bring 

without formally joining one.
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Report for Working Group 3: Design Education in Civil and 

Environmental Engineering 
 

Leaders: Hervé Capart (chair), Christopher A. Brown (co-chair), Andrew G. Brooks (scribe) 

Summary by: Andrew G. Brooks and Mary Kathryn Thompson 

 

Participants: Per Boelskifte, Andrew G. Brooks, Christopher A. Brown, Hervé Capart, Shang-Hsien (Patrick) 

Hsieh, Lotte Bjerregaard Jensen, Shih-Chung Kang, Carmen Neculita, Monica Pena, Harvey Rosas, Derrick Tate, 

John M. Thompson, Mary Kathryn Thompson, Yoojin Yi, Chung Bang Yun. 

 

 

Introduction 

The theme for the third working group was design 

education in civil and environmental engineering. 

During this meeting, issues discussed included the 

challenges that face civil design professors and 

students, how to provide the necessary infrastructure 

for civil design education, how to transfer best 

practices from other design fields to civil design, and 

potential future activities of this group. 

Challenges for Design Education in Civil and 

Environmental Engineering 

Challenges for Faculty  

The greatest challenge for traditional civil and 

environmental engineering faculty is that most, if not 

all, of their educations prioritized analysis over 

synthesis and required little or no project-based 

design courses. Thus they cannot draw on their own 

experiences to develop design curricula for the next 

generation. Many do not feel that they have the 

knowledge (particularly in terms of design thinking, 

theory and methodology) or tools to implement a 

design-based curriculum should one be developed. 

Furthermore, most are too busy with other teaching 

and research responsibilities to take the time to learn 

about design. One of the students present at the 

meeting said that it was more important to change the 

mentality of the faculty than the students, as the 

students ultimately will follow the lead of the 

professors. If the professors think that something is 

important, the students will too. On a more positive 

note, Prof. Hyung-Jo Jung from KAIST observed that 

the fields of civil and environmental engineering 

have wonderful design problems for students to work 

on, indicating that civil design education may be very 

successful once these initial hurdles have been 

overcome. 

 

Challenges for Students 

Many students associate the term “design” with form 

rather than function, and art rather than engineering. 

Engineering design is not the same as architectural or 

industrial design. Thus, students often do not 

understand what they will learn in engineering design 

courses or why that material is important. In addition, 

students associate the term “design” with creativity. 

However, engineering students often believe that they 

are not creative (and that engineering is not a creative 

field) which can discourage students from choosing 

design courses or actively working on design projects. 

Even within engineering, the definition of 

design can be elusive. Prof. Hwasoo Yeo from 

KAIST described design as "the process of decision 

making." However, other members of the working 

group referred to the need to find "the optimal design 

or the optimal system architecture." Both views of 

design are valid. They simply come from different 

stages of the design process. But without such 

clarification, these seemingly conflicting views of 

design can confuse students and cause them to 

question the expertise of their teachers. 

Students often depend heavily on their 

professors to outline the process and give them the 

information that they need to solve a given problem. 

However, like research, design education often 

requires students to seek out the information that they 

need from experiments, stakeholders and the 

literature. Thus, design education (or its precursors) 

must help students develop the confidence to learn on 

their own and adapt to a “pull” type model of 

education. 

Similarly, students in many parts of the world 

have limited experience with open-ended problems. 

As a result, they often have great difficulty in 

identifying and/or defining a project topic and are 

frustrated when a problem is not provided to them in 

fully encapsulated form by the course faculty. Once 

the problem is defined, students sometimes try to 

convince the professor, client, experts, or 

stakeholders to provide the design solution. 

One graduate student at KAIST noted that the 

"design" courses at her previous university did not 

require deep or systematic thinking. She suggested 

that universities develop courses and programs that 

encourage and facilitate deep and systematic thinking 



First International Workshop on Design in Civil and Environmental Engineering, April 1st-2nd 2011, KAIST 

 

112 

 

even outside of design classes.  

Many of the faculty members who participated 

in the working group discussed the need for students 

to understand the difference between "doing the right 

thing" and "doing the thing right" (or alternatively, 

functional vs. physical thinking). Although several 

colleagues noted that it is challenging to get 

undergraduate students to think functionally, Prof. 

Shang-Hsien Hsieh from NTU argued that we need to 

introduce design thinking to engineering students 

early. This is consistent with experiences at KAIST 

which have shown that freshmen are able to learn and 

apply design thinking skills much quicker than 

similarly inexperienced graduate students. 

Other members of the working group noted that 

teaching functional thinking is difficult at any stage 

of one's career. Prof. Mary Kathryn Thompson from 

KAIST proposed reverse engineering famous civil 

designs to help students understand how the 

successful designs are consistent with design theory 

and how unsuccessful designs could have been saved 

with that knowledge. Prof. Derrick Tate from Texas 

Tech thought that such exercises would be valuable 

but should be done in a short period of time rather 

than spending an entire semester on it.  

Dr. Andrew G. Brooks emphasized the need for 

excitement, iteration, and documentation, giving 

open-source projects like Instructables as an example. 

He also stressed the need for students to have 

examples to look at so they understand that there is 

no need to re-invent the wheel. One participant 

mentioned that design students only need (or see the 

need for) systematic design thinking when they work 

on large problems. Thus, professors must choose 

design project topics carefully. Another colleague 

wondered if students shouldn't initially be taught 

design without the theory and rigor until they are 

confronted with more complex design tasks which 

require them. 

Prof. Per Boelskifte from DTU said that their 

philosophy is to inform the students of what they are 

expected to learn and why. After that, design students 

are “thrown into the deep end” and “pulled back if 

they start to drown.” Thus, the students are given 

some structure and support, but also a great deal of 

freedom. DTU also emphasizes reflection and re-

design. Many of their courses offer the students a 

chance to re-design and re-engineer their projects 

during an intensive period after the end of the regular 

semester. 

Finally, the parallels between design and 

research were discussed at length. Working group 

participants noted that research requires an 

investigation (and ultimately negotiation) of the 

thesis topic as well as the ability to do things on your 

own. Graduate students struggle equally with 

learning to do research. It was proposed that we 

should consider teaching students to do research in 

the same way that we teach design. 

Providing Infrastructure for Design 

Education  

Classrooms and Workspaces to Encourage Design 

The physical environment in which students work 

and learn plays an important role in design education. 

It not only supports the courses and projects inside, it 

also conveys the underlying philosophy which guides 

those activities and encourages integration of 

materials, knowledge, skills, and perspectives. This is 

particularly true for the studio environment which is 

commonly found in architecture and industrial design 

and is one of the founding principles of the MIT 

Media Lab. The studio environment revolves around 

participation, group criticism and transparency. This 

is in stark contrast to the top-down professor-centered 

approach that is still prevalent in many civil and 

environmental engineering departments where 

feedback comes primarily (or only) from the teaching 

staff. 

Studios are typically simple but versatile rooms 

which can serve as both a classroom for lectures and 

presentations and a laboratory or workspace for 

hands-on projects. The studios at DTU feature soft 

walls with magnetic backing and blackboards so 

there are many places to sketch, post, and discuss 

ideas. They also offer plentiful industrial shelving so 

projects can be put aside when necessary, and lots of 

electrical outlets for computers and other equipment. 

Students in the DTU design management program 

spend an entire semester in one of these studio 

classrooms. Thus, all of the courses that take place 

during that semester are linked both in terms of 

content and in terms of physical context. At the end 

of the semester or the year, DTU design management 

students "graduate" to another studio for higher level 

courses. These studios are very popular with students. 

Those who do not have access to such spaces are 

often envious of students in programs who do. 

 

Access to Tools to Realize Design Concepts 

Although studio environments often contain basic 

hand tools for students to use, access to more 

sophisticated and powerful tools can also make a 

major difference in design education. Access to 

machine shops and machine tools provides students 

with a means of expressing their creativity and 

refining their ideas. For this reason, some members 

of the working group believe that access to tools 

encourages students to build. Likewise, they 

hypothesize that a lack of access to machine tools and 

other methods of realizing their ideas might 

discourage creation and thus design thinking. Perhaps 

more importantly, students who learn to simulate but 

never build their creations sometimes fail to 

understand the difference, and can end up making 
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expensive (potentially fatal) mistakes.  

At DTU, design students have limited access to 

tools because of the machine shop hours (7am – 3pm, 

Monday – Thursday) and must fit their lab/shop time 

into their busy academic schedules. Staffed machine 

shop hours at MIT are similarly limited (9am – 12pm, 

1pm – 5pm, Monday – Friday) however there are 

some shops (including the Edgerton Student Machine 

Shop and the Hobby Shop) with extended hours and a 

few non-staffed machine shops on campus for 

graduate students. Other institution like Stanford 

University rely on a student buddy system to ensure 

machine shop safety and so shop hours are only 

limited by the availability of certified student shop 

managers. All three institutions have strong and 

internationally recognized design programs. In 

contrast, access to machine tools and rapid 

prototyping facilities remains a challenge for KAIST 

students who are interested in design and fabrication, 

particularly in a research or recreational context. 

Incorporating Best Practices in Design 

Education 

The third working group discussed how to apply best 

practices from existing design fields, including the 

use of portfolios and case studies, to civil design 

education. 

 

Portfolios 

Portfolios are a common component of many design 

programs. They allow students to showcase and 

reflect on the work that they have done in project-

based courses that would ordinarily have no place in 

a resume. Online portfolios, like those hosted for 

design management students at DTU, also provide a 

way to discourage cheating on CVs and certify that 

the work that students show is really theirs. 

Portfolio projects can be included as a visual 

alternative to more traditional communication 

courses which focus almost exclusively on writing. 

Northwestern University offers a portfolio elective 

for students in their engineering design certificate 

program. Portfolios also allow for more creative 

types of project evaluation. For example, at the 

University of Washington, students turn in several 

assignments for each project. Students receive 

comments on all assignments but can choose which 

assignments are graded. This helps to emphasize 

learning over grades. 

 

Case Studies 

Many of the working group participants felt strongly 

that case studies should be an important part of civil 

design education. Prof. Chung Bang Yun from 

KAIST noted that civil engineering students 

understand and value analysis. In contrast, they 

generally do not understand or value design. As a 

result, civil design education has to "compete" with 

the more traditional analytical courses. He believes 

that real problems and real examples from industry 

would help to convince students of the value of 

design education and help them to embrace this new 

way of thinking. He also noted that this type of 

competition is common in civil engineering. For 

example, steel manufacturers sometimes try to 

compete with concrete manufacturers by investing in 

educational materials (manuals, books, videos, etc.) 

and then sharing them for free with major universities 

to shape students' perceptions of building materials 

and processes. 

Prof. Christopher A. Brown from WPI said that 

the most important part of case studies is the ability 

to generalize the lessons learned from them because 

good engineers always take the lessons learned from 

one project and apply them to the next. He also noted 

that when he teaches Axiomatic Design Theory to 

practioners from industry, they always ask for more 

case studies. Thus, Prof. Brown suggested creating a 

bank of case studies for civil design education and 

emphasized the need for the faculty members who 

contribute to case studies to get credit for such 

activities in their tenure cases. 

Prof. Lotte Jensen from DTU added that case 

studies are used in their architectural engineering 

courses starting from the first semester with great 

success. One exercise involves extracting something 

from a case study and designing a new building based 

on the extract. Case studies and exercises based on 

them help students to identify the structural concepts 

involved and re-use those concepts in a novel way. 

Conclusions and Future Work 

One of the major goals of the emerging civil design 

community must be to improve design education (and 

education in general) in civil and environmental 

engineering. This cannot be accomplished by 

discussion alone. 

 

Provide a Forum to Share Resources, Ideas and 

Experiences 

First and foremost, the DCEE workshops can provide 

a forum to share resources, ideas and experiences 

related to civil design education. In this way, we 

could share lessons learned in an attempt to avoid 

unnecessary trial-and-error within each member's 

department and ensure that our departments’ curricula 

remain nimble in an ever-changing world with a 

constantly evolving understanding of design. 

Although ASEE has a civil engineering division, its 

focus is not on design education and while it has a 

design division, its focus is not on civil engineering. 

In addition, many of the individuals who we are 

trying to reach are not associated with ASEE. Thus 

we believe that an additional forum for civil design 
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education would still have value.   

 

Serve as an Advisory Board for Civil Design 

Education 

Recommendations about how to improve education 

often carry more weight when they are issued by 

formal committees or organizations which have 

devoted a great deal of time and resources to 

investigating and presenting the issues. Related 

activities might include benchmarking civil design 

programs around the world and determining what is 

missing from the current body of design knowledge 

that is important for civil design education. This 

group may have the opportunity to work with other 

organizations such as ASCE and ASEE to serve the 

civil engineering community in this capacity. 

 

 

 

Develop and Share Educational Materials for 

Civil Design 

As interest in design as a sub-discipline within civil 

and environmental engineering grows, there will be a 

need to help civil engineers to do design and to help 

civil engineering professors teach civil design. The 

necessary resources might include a textbook, tool 

kits, course materials, case studies, instructional 

videos, professional short / summer courses, and so 

on. The group acknowledged that developing these 

materials would take a great deal of effort and that it 

would have to be a long-term undertaking. But they 

also believe that this would be an important step for 

establishing design as a sub-discipline within civil 

and environmental engineering and a valuable 

contribute that this group could make to the larger 

civil engineering community.  

 

 

 

 

 






