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Executive Summary 

The United States and Japan share common problems of civil infrastructure systems (CIS), 
such as physical aging and deterioration, functional obsolescence, high maintenance costs, and huge 
outlays for renewal and upgrading. Both nations urgently need cost-effective strategies for the 
planning, design, construction, maintenance and retrofit of their respective CIS to enhance and 
sustain their current economic prosperity into the 21st century, and to further promote their respective 
competitiveness consistent with the principles of a free and fair global economic system. 

A two and one-half day Bilateral Seminar on Civil Infrastructure Systems (CIS) Research 
was held on August 28-30, 1997, under the joint sponsorship of the U.S. National Science Foundation 
(NSF) and the Japan Society for Promotion of Science (JSPS), with supplementary support by the 
Multidisciplinary Center for Earthquake Engineering Research from non-federal sources. The 
objective of this seminar was to provide a forum for identifying and comparing common CIS issues 
in the U.S. and Japan, exchanging ideas on solutions, promoting cooperative research between the 
two nations, and formulating action plans, all in the frontier areas of CIS research involving the 
following main themes of study: 

1. Science of aging and deterioration 
2. Health monitoring and condition assessment 
3. Renewal engineering 
4. Socioeconomic issues, including institutional effectiveness and productivity 
5. Research coordination 

The seminar consisted of five plenary technical sessions addressing the five themes, two 
break -out workshop sessions and three plenary sessions for the development and adoption of a 
working group report, resolutions and recommendations, in addition to the opening and closing 
sessions. Executive sessions dealt with administrative needs and facilitated communication among 
conference and session chairs in developing the resolutions and recommendations. Each of the 
twenty-eight participants from the U.S. and Japan presented a paper on the CIS issues of his/her 
expertise. 

This volume contains the proceedings of the seminar and consists of two parts. Part I contains 
seminar recommendations for potential future cooperative U.S.-Japan research projects on CIS 
research, and Part II contains papers presented in the seminar. M. Shinozuka and A. Rose, in 
cooperation with M. Watabe and M. Yoshimura, co-edited this volume. The seminar agenda, list of 
participants, and resolutions from the five working groups are included in the appendices. 
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Part 1: Seminar Recommendations 



Background 

Civil infrastructure systems (CIS) provide society's basic ability to transport people and 
goods, deliver clean water, electric power, natural gas and liquid fuel, facilitate communications, 
mitigate the impact of natural disasters, and serve many other functions for the enhancement of the 
welfare and freedom of the general public. Indeed, this century has seen the United States and Japan 
investing heavily in highways, airports, canals, dams, embankments, mass transit, telecommunica
tion and other systems. However, acceleratingly rapid growth of societal activities and the resulting 
demand for CIS over this period is exceeding the rate of new construction and retrofitting of existing 
CIS. This is generally true everywhere in the United States as well as in Japan, particularly in the 
urban population centers, where increasingly excessive demand, misuse and lack of funds for 
maintenance, retrofit and new construction are exacerbating the stress on CIS in the U.S. In addition, 
recent natural disasters, such as the repetitious floods in the Mississippi River basin, Hurricane 
Andrew and Northridge earthquake in the United States, and ubiquitous typhoon-related disasters 
and the 1995 Hyogoken Nanbu (Kobe) earthquake in Japan, demonstrated the fragility of CIS and 
the devastating degree of socioeconomic and human losses their failures can bring. These trends are 
common in most industrial nations. Particularly in this respect, the United States and Japan share 
common problems of CIS such as physical aging and deterioration, functional obsolescence, high 
maintenance costs, and huge outlays for renewal and upgrading. Both nations are in urgent need of 
cost-effective strategies for planning, design, construction, maintenance and retrofit of their 
respective CIS in order to enhance and sustain current economic prosperity into the 21st century, and 
to further promote their respective competitiveness consistent with the principles of a free and fair 
global economic system. 

In accepting this challenge, the U.S. National Science Foundation (NSF) has developed its 
institutional strategy in two recent publications entitled Civil Infrastructure Systems (CIS) Strategic 
Issues, NSF 94-129, and Civil Infrastructure Systems: An Integrative Research Program, NSF 95-
52. These publications indicate NSF's support for CIS research and education initiatives to achieve 
the following goals: (a) enrichment of the science and engineering base; (b) integration, transfer 
and utilization of knowledge; and (c) education and training of the next generation of engineers, 
scientists and other professionals with multidisciplinary emphasis, all for the purpose of enhancing 

and renewing the state of CIS. 

In this context, the seminar addressed and identified these and other fundamental issues of 
CIS that can most cost -effectively be resolved to the benefit ofboth countries by carrying out bilateral 
joint research, as well as synergistically combining and complementing the intellectual, institutional 
and financial resources of both countries. Furthermore, the seminar identified research institutions 
and organizations together with their researchers capable of carrying out the CIS research pertinent 
to the joint effort. The CIS research by its nature must encompass a broad spectrum of subject matters 
that are scientific, technological, socioeconomic and policy-related. Therefore, multidisciplinary 
and multi-institutional approaches are essential in addressing and resolving the complex CIS issues 
of modern society. In particular, the research must be well coordinated among traditionally less 
cohesive academic, industry and government institutions to maximize the return of the societal 
investment in CIS research. New funding sources must also be found from among government and 
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private sectors that would not ordinarily participate in the narrowly defined traditional research 
agenda involving CIS. 

This seminar is very timely in the wake of the U.S./Japan common agenda announcement of 
April 1996 between President Clinton and Prime Minister Hashimoto, in which earthquake disaster 
mitigation was added as one item to be pursued jointly under the common agenda program. Since 
the issue of earthquake disaster mitigation is also part of CIS problems, the seminar was cognizant 
of this and developed strategies for the purpose of this agenda item as well. 
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Objectives 

The objective of this seminar was to provide a forum for identifying and comparing common 
CIS issues in the U.S. and Japan, exchanging ideas on solutions, promoting cooperative research 
between the two nations, and formulating action plans, all in the frontier areas of CIS research, 
involving the following main themes of study: 

1. Science of aging and deterioration 
2. Health monitoring and condition assessment 
3. Renewal engineering 
4. Socioeconomic issues, including institutional effectiveness and productivity 
5. Research coordination 

The seminar consisted of five plenary technical sessions addressing these five themes, two 
break-out workshop sessions, and three plenary sessions for the development and adoption of 
working group reports, resolutions and recommendations, in addition to the opening and closing 
sessions. Executive sessions dealt with administrative needs and facilitated communications among 
conference and session chairs in developing the resolution and recommendations. Each of the twenty 
eight participants from the U.S. and Japan presented a paper on the CIS issues of his/her expertise. 

This volume represents the proceedings of the seminar and includes: seminar resolutions, 
recommendations for the development of future cooperative U.S.-Japan research projects on CIS 
research, and the presented papers. M. Shinozuka and A. Rose, in cooperation with M. Makoto and 
M. Yoshimura, co-edited this volume. 
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Working Group Goals and Scope of Discussion 

Goals 
As a major function of the seminar, working group sessions played a significant role in 

achieving the seminar objectives, including selection of high priority cooperative research areas. Five 
working groups were organized in accordance with five themes identified in the Objectives. The chair 
of each working group was requested to coordinate, with proper emphasis, the discussion within the 
group to address the objectives of the seminar and to produce a written report to be presented at the 
plenary session set aside for that purpose. 

In selecting high priority cooperative research areas, it was suggested that the following 
criteria be used: 

1. Complementary nature of cooperative research; 
2. Fundamental research value as university-based research in cooperation with government 

and industry; 
3. Impact and utility of research results; 
4. Multidisciplinary and integrative nature of research; 
5. Urgency of research results; 
6. Budgetary requirement of leveraging of funds; 
7. Compatibility with the Clinton-Hashimoto common agenda. 

Each working group also was requested to make comments on the mechanism that would 
facilitate and support cooperative research in, among others, the following areas: 

1. Exchange of research personnel on a long or short term basis; 
2. Sharing of experimental, computational and other facilities unique to each country; 
3. Development of an information clearinghouse to collect and effectively disseminate the 

cooperative research results; 
4. Identification of potential funding resources for cooperative research projects. 

5 



Scope of Discussion 
Working Group 1 
Chairs: 

Working Group 2 
Chairs: 

Working Group 3 
Chairs: 

Working Group 4 
Chairs: 

Working Group 5 
Chairs: 

Science of Aging and Deterioration 
S.P. Shah and K. Takanashi 

Physics, chemistry and rnicromechanics of deterioration process 
Integration of material science, structural engineering and system 
performance 
Uncertainty in deterioration process 

Health Monitoring and Condition Assessment 
R. Eguchi and A. Mita 

Damage definition 
Damage measurement 
Damage index 
Health monitoring and condition assessment 

Renewal Engineering 
J. Roberts and K. Yokoyama 

Vulnerability analysis for all natural hazards 
Renewal cost and life cycle cost reduction 
Performance-based design for CIS renewal 
Optimum renewal strategies 
Large scale testing 
Advanced materials 

Socioeconomic Issues, Institutional Effectiveness & Productivity 
W. Petak and R.Shimada 

Sustainability 
Engineering, management and political processes for CIS decisions 
Life cycle planning 
Strategic CIS development and renewal planning 

Research Coordination 
R.N. Wright and I. Okawa 

University-government and industry partnerships 
Use of existing coordination mechanisms 
University education 
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High Priority Cooperative Research and Activity Areas 

In consideration of on-going, planned and potential research projects and activities for the 
enhancement of infrastructure performance, effectiveness and productivity, the participants identi
fied the following research and activity areas within each of the five major themes of the workshop. 
These research and activity areas will expand the knowledge base not only relevant to the built 
environment in general and infrastructure systems in particular, but also to integrated assessment 
procedures relaying the engineering performance information on these systems to the broader 
socioeconomic and policy issue constituents for their decision support activities. More specific 
research and activity areas are identified and listed in the working group reports contained in 
Appendix D. 

Science of Aging and Deterioration 
The very basic physical issue that will influence all phases of the life of infrastructure systems 

(planning, design, construction, maintenance, and operation) is the fact the system physically ages 
and deteriorates. At this time, unfortunately, the physics of aging and deterioration is not well 
understood in spite of the paramount importance of this issue. The following research areas are 
identified as having high priority toward the resolution of the issue: 

1. Integration of physics, chemistry, and micromechanics of degradation process. 
2. Synthesis of material science, structural engineering and system performance 

(micro-meso-macro scale) for predicting life cycle performance of infrastructure systems. 
3. Development of reliability analysis methodologies accounting for uncertainty involved in 

the aging and deterioration process. 

Health Monitoring and Condition Assessment 
A growing consensus exists on the need for an enhanced capability in health monitoring and 

condition assessment among the parties responsible for controlling the life cycle cost of infrastructure 
systems, while maintaining acceptable levels of safety and functionality throughout the life of the 
systems. In fact, health monitoring and condition assessment technology is emerging as a critical 
subject of research for infrastructure systems in order to continually ensure system safety and 
functionality. More importantly, however, health monitoring and condition assessment technology, 
sufficiently enhanced particularly with the aid of rapid development of related advanced technolo
gies, can bring a paradigm shift in the practice of civil structure design by providing the profession 
with the concepts and procedures of damage tolerance design. Indeed, this shift, while it may take 
some time, is consistent with the current transition that prevails in the profession moving from 
response-based design to performance-based design. 

The high priority research areas are: 

1. Development and synergistic use of advanced sensors and NDE techniques. 
2. System identification techniques to correlate sensor data with physical damage. 
3. Real-time assessment of damage caused by earthquake and other natural forces. 

7 



4. System integration to manage infrastructure facilities with health monitoring and condi
tion assessment as an integral part. 

5. Damage tolerance design for civil infrastructure systems. 

Renewal Engineering 
Renewal of existing civil infrastructure systems entails a continued and sustained effort of 

national magnitude, requiring an enormous amount of human and financial resources. Politically and 
economically viable strategic plans must be developed and implemented for this purpose especially 
being mindful of sustainability of renewed environments. Renewal engineering will primarily deal 
with technological components of this effort with the following high priority research areas: 

1. Improvement of vulnerability analysis methods of civil infrastructure systems for all 
natural and technological hazards, including fire hazards, to provide planners and political 
leaders with information to make effective renewal decisions. 

2. Evaluation of renewal costs versus potential life cycle cost reduction. 
3. Development of performance-based civil infrastructure systems renewal procedures. 
4. Large scale testing of civil infrastructure systems to the extent that all states of performance 

are reproduced in the test. 
5. Use of advanced materials, structural systems, and construction methods for rehabilitation 

and reconstruction. 

Socioeconomic Issues, Institutional Effectiveness and Productivity 
For the purpose of developing, maintaining and renewing the infrastructure systems within the 

framework of sustainability, the research community must urgently address socioeconomic issues 
beyond engineering endeavors to improve on and take advantage of science of aging and deteriora
tion, health monitoring, condition assessment, and renewal engineering. In this connection, the 
following research areas are identified to have high priority: 

1. High level systems analysis to develop perspective for understanding the socioeconomic 
issues in CIS. 

2. Definition of sustainable development with respect to civil infrastructure systems that 
establish guiding principles and decision criteria. 

3. Identification of values and perspectives of stakeholders, such as owners, government, 
industry and citizens, having an interest in the status of civil infrastructure systems. 

4. Documentation of experience in retrofit and reconstruction to provide the understanding 
for political processes involved. 

5. Development of a systems architecture to provide a socioeconomic and political 
framework of civil infrastructure systems for engineering. 

Research Coordination 
Efficient research coordination is critically needed to maximize the utility of available 

financial and human resources for the civil infrastructure systems research, since the research must 
be carried out under cross-disciplinary, multi-institutional, multi-cultural and international coopera
tion. While the civil infrastructure research community has been cognizant of this necessity and some 
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effort has been made in this direction, it is recommended that the effort be expanded to achieve more 
streamlined and enhanced coordination. 

The following avenues of action are identified as highly promising to accomplish the purpose: 

1. Development of more effective partnerships of government, industry and academia to 
respond in a timely way to civil infrastructure systems issues. 

2. Expansion of successful U.S.-Japan partnerships such as UJNR Panel on Wind and 
Seismic Effects to address the research recommendation of this seminar. 

3. Reinvention of educational and research programs in universities to respond to capabili
ties of information technologies and needs for the leadership with cross-disciplinary and 
international perspectives in decision making in academia, industry and government. 
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microcracking and other fracture processes, AE signals can be used to examine the fracture process zone 
directly. A number of different AE experiments have been conducted over the last few years. The goals 
of these experiments included: 1) the understanding of materials behavior based on micromechanical 
phenomena, 2) the characterization of the mechanisms for damage evolution, and 3) the establishment of a 
fundamental basis for nondestructive evaluation of concrete. Towards these goals one set of experimental 
results are described here. 

A series of concrete specimens were fabricated and loaded in uniaxial compression. A new method 
of experimental control was used for stable control of crack growth [2]. As shown in Figure 1, a series of 
four L VDT displacement gages were mounted on the specimen. The gage which showed the greatest 
displacement was used as the feedback controller in a closed-loop loading setup. As long as localization 
occurred within the gage length of one of the four transducers, stable crack growth could be assured. 

Four AE transducers were attached to the specimen as shown in Figure 1. Since the specimen was 
thin compared to its length and width, all analysis was performed in two dimensions. The experimental 
program consisted of a number of different types of plain (unreinforced) and fiber reinforced concrete 
specimens. Only the results of the plain concrete are discussed here. The load-deformation behavior for 
one of the concrete specimens is shown in Figure 2. The deformation was measured by the appropriate 
LVDT. 
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Figure 1. Tension specimen geometry 
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Figure 3. Locations of AE events in uniaxial tension specimen 



The location of the AE sources was determined for each recorded AE event. A least-squares method 
was used to estimate the location from the different signal arrival times [3]. The locations of the AE 
sources are shown in Figure 3 for three different stages of the test. The three stages are labeled as A, B 
and C in Figure 2. Stage A is the initial loading of the specimen. Stage B is the area around the peak 
load, and Stage C is the softening region of the curve. As can be seen in Figure 3(a) the locations of the 
AE sources tend to be somewhat randomly distributed through the specimen. At about 80% of peak load 
the AE sources along a band on the right-hand side of the specimen as illustrated in Figure 3(b). This 
corresponds to the localization of microcracking into a single critical crack. All subsequent AE sources 
(in the post peak region) occur along this band as shown in Figure 3( c), indicating that strain softening 
corresponds to growth of a single critical crack. 

The results of this experiment show that AE techniques could be used to observe localization 
phenomena in concrete specimens. The AE locations showed that localization in this specimen occurred 
at roughly 80% of the peak load. In summary, acoustic emission techniques have been shown to be a 
valuable tool for inferring the basic fracture properties of cement-based materials. Microcrack 
localization phenomena could be followed using the AE source location data. Characteristics of 
individual microcracks were evaluated using quantitative AE analysis techniques. · 

Two Dimensional Electronic Speckle Pattern Interferometry 

The advantage of acoustic emission techniques is the ability to obtain damage data in three 
dimensions. The limitation is that the spatial resolution of the technique is limited. An experimental 
method which compliments AE analysis is electronic speckle pattern interferometry (ESPI) which can be 
used to accurately detect microcrack formation at the surface of the specimen. While ESPI analysis is 
limited to the specimen surface, the resolution is detailed such that microcracks on the order of 0.25 
micron openings can be detected. 
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Figure 4. Experimental setup for 20 ESPI 



The 2D ESPI system was developed to measure two-dimensional in-plane displacements. The 
system was capable of real-time monitoring and continuous recording. Figure 4 shows the 2D ESPI 
system which is a combination of optics and electronics. Details of the optical setup and data processing 
are presented elsewhere [ 4]. Some of the experimental results are summarized here. 

A carbon fiber reinforced mortar specimen was loaded in uniaxial tension. The load-displacement 
plot is shown in Figure 5. As the specimen was being loaded, it was monitored by the 2D ESPI system of 
Figure 4. Throughout the test, the interference patterns (fringes) were recorded by the two CCD cameras 
on a 1 01 x7 6 mm area of the specimen. After the test, the fringe patterns were analyzed for discontinuities 
in the fringe patterns. Any discontinuity represents an active crack. 
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o~~~~~~~~~~~~~~~~~~-L~~~~ 
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Figure 5. Stress vs. strain for carbon fiber reinforced mortar 

Fringe patterns at various loading stages are shown in Figure 6. Each of these patterns corresponds 
to a load as shown on Figure 5. In Figure 6(a) the fringe pattern is continuous indicating there are no 
active cracks on the specimen surface. Figure 6(b) shows the first discontinuity in the fringe pattern and 
thus the first active crack. It should be noted that this crack appears at only 1.11 kN or about 29% of the 
peak load. This highlights the fact that damage begins to accumulate very early in the loading stage of 
mortars. As additional load is applied, the initial crack grows. In addition, more cracks form at different 
locations on the specimen as shown in Figure 6( c). It should also be noted that the addition of fibers to 
the cement matrix effectively forces a greater distribution of cracking in the specimen. Fibers tend to 
bridge and stop existing cracks, causing additional load to be distributed elsewhere in the material. This 
load redistribution is spread throughout the specimen until it reaches a maximum as shown in Figure 6( d). 
Beyond this point, the additional energy must be absorbed by growth of the largest crack. Figure 6( e) 
shows the growth of the largest crack, and Figure 6(f) shows the active cracks at the peak load. The term 
"active cracks" here refers to those that grow between successive points on the load-deformation curve. 
The large number of cracks shown in Figure 6(d) do not disappear, but in fact do not grow beyond that 
point. 

The strength of the ESPI analysis described here is that it is extremely sensitive to the discontinuities 
in the displacement field caused by cracks. The crack activity was plainly visible, and could easily be 
correlated with load data to get a detailed picture of damage evolution and localization in the fiber
reinforced mortar specimen. The three stages of damage evolution: distributed cracking, localization, 
and critical crack propagation, were clearly seen. The ESPI data thus agrees with the results of the 
acoustic emission experiments in localization. 
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X-Ray Microtomography 

X-ray microtomography (XMT) is a technique by which the internal structure of a material may be 
determined from maps of its x-ray absorptivity. Three dimensional maps are reconstructed from hundreds 
of through transmission radiographs of the sample taken from different angles [8]. A schematic drawing 
of the apparatus is shown in Figure 9. Microtomography is similar in practice to conventional medical 
CAT -scans. The primary differences are the x-ray source and detector. Microtomography uses 
synchrotron radiation for the x-ray source and a high resolution x-ray detector. A spatial resolution of 
about 2 f..lm is possible, although 13 f..lm pixels were used in the preliminary experiments described here. 
The data that results from a scan is a series of images which represent cross-sectional "slices" through the 
material. The advantage of microtomography for investigations of damage in cement-based materials is 
its ability to measure internal structure in three dimensions at high resolution. 

Digital 
Readout Electronics 

& Data Stomge 

Specimen 
M!1unted On 

Rotation 
Stage 

Figure 9. Schematic drawing of apparatus for XMT 

X-Ray 
Source 

An experimental apparatus was developed for scanning samples while under load. This apparatus 
allowed multiple scans to be made on a single specimen at different load levels. The resulting internal 
damage could then be correlated directly with bulk material properties such as load and deformation. 
Image analysis routines were developed to extract three dimensional crack area from the cross-sectional 
image data. The approach is very straight forward. In a single slice, the total length of a crack is 
measured. Then the measured crack lengths for all the slices of a particular scan are added to determine a 
crack area. Crack areas for scans taken at different levels of strain are then compared to the bulk load and 
deformation response of the specimen. 

Results indicate internal crack growth can clearly be observed in three dimensions. Three 
dimensional renderings of tomographic data are shown in Figure 10. Some of the features critical to the 
fracture behavior of the material are clearly illustrated, such as crack branching and bridging. It should be 
noted that due to limitations of the x-ray beam from the synchrotron, investigations are limited to small 
samples. The cylinders shown in Figure 10 are 4 mm in diameter. Thus any conclusions from the 



experiments must . be qualified. However, in the future test, the technique will be matched up with 
computer vision, where larger samples can be examined under more varied experimental conditions. 

Figure 10. Three dimensional renderings of tomographic data taken 
at two different levels of damage. 

SUMMARY 

The primary intent of the AE, ESPI, DIC, and XMT experiments was basic fracture properties. 
However, there is considerable interest in the development of nondestructive methods to evaluate the 
condition of in-service structures. Some experiments were conducted as a part of a program to develop 
NDE techniques to evaluate distributed damage in reinforced concrete bridge decks. Specifically, 
ultrasonic techniques were used to evaluate the extent of damage in concrete laboratory specimens. A 
series of plain concrete specimens were cast and subjected to freeze-thaw, salt-scaling, and mechanical 
stresses. The specimens were inspected with ultrasound before and after being damaged in order to 
examine the effects of progressive damage on ultrasonic signals. It was found that ultrasonic attenuation, 
as measured as the decrease in peak-to-peak amplitude of the ultrasonic signal, was much more sensitive 
to changes in the material damage level, as compared to ultrasonic pulse velocity. In order to verify the 
damage levels, after all testing was completed, the specimens were thin-sectioned and examined using 
optical microscopy. The microscopy was used to measpre the microcrack density. The microcrack 
density was correlated to the degree of damage as measured by ultrasonic methods. 

The experiments described in this paper show that effective nondestructive evaluation techniques are 
an invaluable part of investigations of basic fracture properties of cement-based materials. The AE, ESPI, 
DIC (computer vision), XMT techniques were particularly valuable for making inferences on microscopic 
damage and localization phenomena. With this knowledge of basic fracture properties, relationships with 
a variety ofNDE parameters can be established, and field tests can be developed. 
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ABSTRACT 

The computational framework of durability analysis based on microscopic mechanisms are crucial for 
rational durability design of reinforced concrete, in which performance to be achieved is examined. 
Thermodynamic couplings of moisture transport, powder material hydration and the microstructure 
formation phenomena must be the core for it. In this scheme autogeneous shrinkage can be treated in the 
same manner as drying shrinkage by regarding capillary pore tension as driving force for them. Further, 
considering corrosion of the reinforcing bars in concrete as one of the primary long-term deterioration 
causes, the governing equations of moisture and chloride transport through the concrete microstructure are 
formulated. As a corrosion model a micro-cell approach is applied. Preliminary simulation studies show 
the versatility and extensibility of the proposed schemes. 

INTRODUCTION 

The design of concrete structures is typically done based upon structural performance considerations 
in reality though realizing the service potential of the structure for long term is also expected. This 
situation exists - not because that the requirements on the structural performance criteria are more 
stringent, but because sound design methods for the durability design of concrete structures does not exist. 
The codes of practice have traditionally addressed the durability design based upon a general set of 
guidelines or "engineering notes". The traditional approach has been generally prescriptive in nature. 
However, recently it has been realized that the future durability design systems must include the 
performance-based criteria into the evaluation system [1]. Though elementary, the JSCE durability design 
proposal which was first issued in 1989 can be termed as one such proposal. In this scheme, the durability 
of structural concrete is numerically scored as a durability index value. The durability index is obtained by 
a linear summation rule, which includes various influencing factors like water to cement ratio, water 
content, slump and spacing of reinforcement etc. The goal of this rather simple performance based design 
method is to have the durability index higher than a durability limit state value. This concept made clear 
that the evaluation of the limit state of durability of concrete structure is the core of development. 

In the performance based design scheme for reinforced concrete structure, the design process which 
includes material selection, structural design and construction planning as initial decision making is 
repeated to find appropriate overall design satisfying requirements. In this design value setting of design 
items and overall performance checking should be clearly divided and it can make possible free design 



irrelevant to individual prescriptions and pursuit of 
benefit due to rationalization. To get these fruits from 
performance based design however, it is indispensable 
to establish performance evaluation technology which 
can predict behaviors of reinforced concrete under 
arbitrary conditions supposed. Owing to the 
development of enhanced constitutive laws for 
concrete and reinforced concrete, it is now possible to 
numerically predict the structural response and the 
mechanical states of constituent materials in time and 
3D space under any external mechanical action with 
certain reliability [2]. Especially in the latest standard 
specification of JSCE for seismic design, it was 
obligated that the seismic performance of structure 
must be checked directly by nonlinear dynamic Fig. 1 Framework for the rational evaluation of 
response analysis for important structures. This is concrete durability. [4] 
because achieving performance is not guaranteed by 
only regulating strictly the specifications of structure. However, the numerical analysis to simulate 
transition of properties and states of RC for durability problem is still green. It is the technical problem to 
be solved on this matter to describe numerically how RC structure behaves without any experiments under 
arbitrary material properties, mix proportion and environmental conditions. To realize more sophisticated 
performance based durability analysis systems that would be in harmony with the technological progress of 
future, we should seek for an integrated durability analysis system of concrete structures. 

This work is a part of the project where the ultimate aim is to seek for a so called life-span simulator 
of structural concrete based upon the microscopic modeling of concrete in a manner that is similar to the 
established methods of structural analysis in the field of structural engineering. A preliminary report on 
this methodology has already been published elsewhere [3]. The method involves an integration of various 
physical phenomena that occur over the lifetime of a typical concrete structure. The goal is to be 
accomplished by a computational tool supported by experimental studies in the general framework as 
shown in Fig. 1. The core of the simulation tool is a coupled microstructure, hydration and moisture 
transport analysis computations for arbitrary powder materials and structures exposed to arbitrary 
environmental conditions over the life span. Basically, in this scheme development of the cementitious 
microstructure, heat generation and moisture transport inside concrete structures can be traced over time 
and space domains for a given material design and boundary conditions. To extend this system to consider 
long-term deterioration process of reinforced concrete structures, several phenomena such as various 
shrinkage and crack occurrence, mass transport, carbonation and corrosion etc. need to be considered. For 
these further development of the system, numerical modeling and analytical approach for 
drying/autogeneous shrinkage, chloride ion transport and micro-cell corrosion are discussed in this paper. 

MICORSTRUCTURE DEVELOPMENT, HYDRATION AND MOISTURE TRANSPORT THEORY 

Most of the deterioration mechanisms of concrete structure, such as cracking due to drying shrinkage, 
carbonation, corrosion and sulfate attack etc. are related to the water content in concrete. It is therefore 
indispensable to predict the water content in concrete under any environmental conditions for a rational 
and quantitative durability design of the concrete structures. For the purpose mentioned above, the inter
relationship of microstructure development, hydration and moisture transport are analytically treated by 
three dimensional FEM code, DuCOM based upon fundamental physical material models pertaining to 
each physical process [3,4]. This scheme is supposed to form the core of an analytical durability 
evaluation method where an integrated approach is taken. This methodology serves as a basis for the 
quantitative evaluation of parameters relevant for the durability of concrete structures. Considering its 
initial mix-design, the curing conditions and the environmental conditions, parameters like permeability 
could be automatically obtained. The integration is primarily done by analytically examining the inter
relationships of hydration, moisture transport and pore-structure development processes. These processes 
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capillary and gel pores per unit volume of matrix are obtained from porosity of outer product and weight of 
gel crystals, the overall microstructure is expressed by porosity distribution function <l>(r) as [5] 

<j>(r) =<1> 1 +<l>g{l-exp(-Bgr)}+<l>c{l-exp(-Bcr)} (2) 

where, r : pore radius (m). The distribution parameters Be and Bg can be easily obtained from the computed 
porosity and surface area values for the capillary and gel region by assuming a cylindrical pore geometry. 

Multi-component cement hydration model [6] 

The hydration process is simulated using multi-component model for hydration heat of concrete 
based on cement mineral compounds. In this model the hydration process of each mineral compound 
present in cement is combined to represent the overall hydration phenomenon. In view of the concept of a 
multi-component powder material, the effect of arbitrary types of cement or powder materials can be 
rationally taken into account to predict the overall heat generation rate. The influence of variable moisture 
content or free water in the hydrating concrete is also taken into consideration. The total heat generation 
rate of concrete H per unit volume is idealized as 

H = c'):_p,H, H, = H,,r, exp{- ~ ( ~- ;J} (3) 

where C : the cement content per unit volume of concrete, Pi : the corresponding mass ratio, Hi : the 
specific heat generation rate of individual compound, Hi, ro : the referential heat rate of i-th component 
when absolute temperature is T0, Ei : the activation energy of i-th component, R : gas constant, T: absolute 
temperature at each location. The referential heat rate of each reaction is dependent on the contact 
probability between free water and unhydrated chemical compounds and it is expressed as function of 
amount of free water, the thickness of inner hydrated cluster and the accumulated heat of each compounds. 
The amount of free water adopted is in fact the total condensed water in developing microstructure, which 
are computed by models of microstructure formation and moisture transport. The free water for hydration 
is the primary source of non-linear coupling between moisture transport and hydration heat model. In the 
multi-component hydration heat model the degree of hydration of each compound and the total amount of 
water consumed per unit volume concrete, B· WP due to chemical reaction are incrementally computed at 
any point of hydration. State variables described above are crucial parameters for microstructure 
development model and the amount of water fixed as chemically bound water is considered in mass 
conservation of moisture in concrete. 

Moisture transport process [ 4] 

The ingress of moisture into the pores of concrete is a thermodynamic process, driven by the pressure 
and temperature potential gradients. In this study, total water present in matrix pores is subdivided into 
interlayer, adsorbed and condensed water. The amount of water in concrete microstructure in the form of 
condensed and adsorbed phases can be obtained by integrating the degree of saturation of individual pores 
over the computed porosity distribution and the modified B.E.T. equation. Interlayer water is differently 
treated since it is probably under the influence of strong surface forces and does not move readily under the 
application of pore pressure potential gradient. In this model, the hysteresis behavior of moisture isotherm 
of concrete where the water content in concrete exposed to the same relative humidity is different under 
drying and wetting stages is expressed by considering the physical phenomenon called the ink-bottle effect 
in porous medium [7]. With the water consumption due to hydration at early age of concrete, the overall 
moisture balance of concrete can be expressed as 

(~ as. ) aP ~ a<l>. a~ PL LJ<I>i-' --div(K(P,T)VP)+PLLJsi-' -WP-=0 aP at at at (4) 

where, ~ : porosity of each component(interlayer, gel and capillary), Si : degree of saturation of each 
component, P : equivalent liquid pore pressure, PL : density of pore water. Moisture conductivity K is 
obtained from the flux models using the computed porosity distribution function [4]. 
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CHLORIDE ION TRANSPORT AND CORROSION IN CONCRETE [9] 

Chloride salts are well known to assist in the corrosion phenomenon of concrete reinforcements. The 
presence of chloride salts in the concrete leads to the destruction of the passive layer provided by an 
alkaline environment around the bars. Furthermore, presence of chloride ions might accelerate the 
corrosion process since, the pore solution rich in chloride serves as an electrolyte and reduces the 
conductivity of concrete around corrosion zone. It is important therefore, that any analytical durability 
evaluation system should incorporate the chloride ion transport into the same framework to forecast the 
expected service life of a structure. Traditionally, the movement of chloride ions in concrete is considered 
to be a diffusion process where the transport occurs by the ion concentration gradient. Pick's law of 
diffusion has been used to simulate the ion penetration in the concrete [10]. There have also been attempts 
to empirically correlate the Pick's diffusion coefficient with concrete properties like water to cement ratio 
and strength etc. Such treatment however neglect the bulk movements of pore water that might occur in 
real life situations for alternate drying wetting conditions. This has led to a wide scatter in the apparent 
diffusion coefficient data for similar concrete when exposed to different environmental conditions. While a 
simple diffusion theory based approach might be suitable for relatively static conditions like completely 
submerged concrete, the bulk transport of the pore water as the medium carrying chloride ions must be 
considered for a more general treatment of the problem. The problem is more important for cases where the 
concrete cover might contain cracks and the salt movement due to bulk movements of pore water may far 
outweigh the movement due to simple Pick's diffusion. 

Ion transport formulation [9] 

Salt transport in porous materials under usual conditions is an advective-diffusive phenomenon. 
Apart from the diffusion of ions and molecules of the salts in the pore solution phase due to concentration 
difference, there is an associated advective transport due to the bulk movement of pore solution phase. In 
a three dimensional porous continuum, the flux of ions can be therefore expressed as 

J=<j>S(-DVC+uC) (10) 

where, JT = [ lx ly lz] : flux vector of the ions (mol.m-2.s-1
), <1> : porosity of the porous media, S : 

degree of saturation of the porous medium, D : diffusion coefficient of the chloride ions in pore solution 
phase (m2.s-1

), VT = [ dldx ()f()y ()f()z ] : the gradient operator, uT = [ Ux Uy Uz ] is the advective 
velocity of ions due to the bulk movement of pore solution phase (m.s-1

), C : concentration of ions in the 
pore solution phase (mol.r1

). In the case of chloride ion transport in concrete, S represents the degree of 
saturation in terms of the free water only, as adsorbed and interlayer components of water are also present. 
Furthermore, it is a well-known fact that chlorides in cementitious microstructure have a fixed (bound) and 
free components. The bound components exist in the form of chloro-aluminates and adsorbed phase on the 
pore walls, essentially making them unavailable for free transport and subsequent corrosion of bars. The 
parameter C represents the free chloride component. It has been suggested that the free and bound 
components of chlorides in concrete are under an equilibrium condition given by the relationship [10]. 

1 ctot :::;; 0.5 

a fixed 1- 0.5(Ctot - 0.5t'
39 

0.5:::;; ctot :::;; 4.5 (11) 

0.141 4.5:::;; ctot 

where Crot = Cfree + Cbound; is the total amount of chloride expressed in weight percent of the amount of 
cement per unit volume of concrete, afixed = Cbound I Crot : equilibrium ratio of fixed chloride component to 
the total chloride ion components. In this paper, eqn. 11 has been used to obtain an instantaneous 
equilibrium relationship of free and bound chloride ions. That is, it has been assumed that a local 
equilibrium between bound and free chloride is reached immediately. Furthermore, at low salt 
concentrations, the chloride ion velocity components might be quite close to the actual bulk velocity of the 
pore solution phase. However, at increased concentrations ionic interaction effects may arise in the fine 
cementitious microstructure, thereby reducing the apparent bulk velocity of chlorides. The exact 



mechanisms, for this phenomenon are not understood clearly at this stage. Therefore, following 
expression is used io represent the actual advective component of chloride ion transport. 

(12) 

where, u : velocity vector of chloride, uw : the velocity vector of pore solution phase obtained directly from 
moisture transport formulation, 't : the reduction factor representing the interaction effects in the pore 
solution phase (0.3). Using eqn. 10, the mass balance condition for free chloride can be expressed as 

(13) 

where, Qc : the rate of binding or the change of free chloride to bound chloride per unit volume of concrete 
(mol.m 3 .s-1 

). Theoretically, it should be possible to obtain Qc from eqn. 11. However, this relationship does 
not appears conducive to the computation of rate terms especially at low free chloride content. Tentatively, 
we have assumed Qc as zero and assumed an equilibrated relationship of eqn. 11 to obtain bound chloride 
directly, once the free chloride content is known. It must be noted that eqn. 11 does not explains the 
condensation phenomenon observed in practice. That is, the experimentally obtained "free" chloride 
concentrations near the exposed surfaces of concrete could be much higher than that would be expected 
from simple equilibrium conditions of environmental liquid and pore solution concentrations. It has been 
proposed, that a significant amount of chloride might exist as the adsorbed phase that does not takes part in 
the transport, but are observed as free chloride when pore water is squeezed out of the concrete. The 
relationship of such adsorbed and/or condensed chloride to the actual chloride ion concentration of the 
pore fluid is currently not known. However, it is expected on intuitive grounds that the adsorbed phase of 
chloride would be generally a function of the pore solution chloride ion concentration and the amount of 
pore fluid existing in adsorbed phased. In this paper, no attempt has been made to formulate such a 
relationship and it is seen as a part of the future work. Tentatively we assume the relationship C = C1,ee· 

Coupling eqn. 13 with the moisture transport formulation [4], it is possible to obtain the distribution of free 
and bound chloride in the concrete with time. This information could be used for predicting the relative 
risks of corrosion based on the rate of loss of passivation layer and estimates of corrosion currents. In this 
paper, we have used a simpler micro-cell based model that has been proposed to explain the corrosion 
phenomenon of steel bars. 

Micro-cell based corrosion model [11] 

The corrosion induced due to chloride ions often result in the formation of 'macro-cells'. In these 
systems, the concentrated and corroding anode can be quite separated from the cathodes. High moisture 
content, low resistivity of the concrete and localized unavailability of oxygen are conducive to the 
formation of macro-cells, that often lead to localized pitting and loss of cross-sectional areas of the 
reinforcing bars. However, for more or less uniform conditions of moisture and oxygen availability over the 
length of the steel bars in concrete, the resulting corrosion may occur uniformly with the formation of red
rust. In this paper, the rate of corrosion is obtained from an empirical rate type equation that considers the 
dependence of corrosion rate on the availability of water, oxygen and chloride. Mathematically, it can be 
expressed as the corrosion rate of unit surface of the reinforcement per unit time, as 

(14) 

where, q : rate of corrosion (g.cm-2.dai1
), k : conversion factor = 55.8x2/32.0, ao : referential rate 

coefficient (0.151 cm.dai1
), a : coefficient for sensitivity of chloride effect (16.9), C02 : concentration of 

oxygen in the pore solution phase (gm.cm-3
), T: Temperature (K); E : activation energy. Currently, not 

sufficient data exists for the determination of activation energy parameter E. In all the subsequent analysis, 
we have assumed the temperature T as uniform and equal to To (293K) to neglect the temperature effects. It 
has been assumed that the pore solution phase has sufficient availability of oxygen in all conditions. 



43



44



CRITICAL RESEARCH NEEDS IN STEEL BRIDGES 

Karl H. Frank 
Department of Civil Engineering 
The University of Texas at Austin 

INTRODUCTION 

The major challenges in the maintenance and expansion of our highway infrastructure in steel bridges is 
the prevention of failures due to fatigue crack extension and corrosion of members. Traditionally design 
has emphasized strength. Corrosion and fatigue are often classified as serviceability issues and are not 
given the same consideration as the static strength of the structure. During the last thirty years, most of the 
bridge failures that have occurred have either been due to extension of fatigue cracks or loss of section due 
to corrosion and pack rust at hanger joints. The large failures which have occurred by earthquakes have 
lead to demolition and replacement of deficient structures, large scale retrofit programs, and revised design 
standards. The less rapid degradation of our structures due to cracking and corrosion has not triggered a 
significant change in the design and construction methods employed in the design of the structures. As we 
plan for the future, we must recognize the need to develop new strategies to maintain the existing structures 
and for development of new design criteria. 

FATIGUE CONSIDERATIONS 

The fatigue life of a structure is dependent upon the magnitude of the stress concentrations and initial crack 
like discontinuities at a connection detail, the magnitude of the applied stress range, and the rate of 
application of the loading. The relationship between typical joint details employed in bridge construction 
and the fatigue life is reasonably well understood. Most structural codes have a classification system which 
provides the designer with know ledge of the fatigue severity of the connection detail. The stress range at 
the detail is adjusted in the design to provide the required design life. The design life in the U.S. is 
between 50 to 100 years. 

The two key assumptions in the fatigue design process are that the vehicular loading and traffic count of 
the trucks will remain constant over the life of the structure. The designer has no control over these 
variables. Often the number of vehicles assumed in the original design are surpassed within the first year of 
operation. Economic pressure is placed upon the governing bodies to increase the legal vehicle weight of 
trucks or to ease restrictions and fees for overweight vehicles. The cost of the increased damage to the 
bridge is often not considered in the decision making process nor in the charge for the permits. The 
economic benefit of increased truck pay load versus reduced service life needs to be carefully considered. 

A further issue is the future of vehicular traffic in the design life of the bridge. Who knows the type and 
size of vehicles which will use our roadway 100 years from how? Within the past 100 years we have seen 
the development of the modem transport truck which has replaced the train and horse drawn wagons as the 
primary means of moving goods on the surface. Will we see a return to trains in the future and therefore a 
reduction in truck traffic? What will be the source of fuel in the future for the vehicles using our 
roadways? 

It is very likely that the future transport vehicles will be heavier. Heavier vehicles are more efficient and 
therefore more economical. We can see the migration to heavier trucks in the increase in the number of 
permit loads allowed on our highways. If the truck loads increase and the truck rate stays the same or 
increases a significant reduction in the fatigue life of our bridges will result. 

The life of welded steel structure subjected to cyclic loading is proportional to the inverse .of the cube of 
the applied stress range. Once a structure is in service, the primary method of extending the structures 
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structures, relationship to nondestructive evaluation, and the relationship of all these items to structural 
analysis and modeling. 

Local versus Global Testing 

Of all the different approaches to instrumenting structures, perhaps the simplest classification is local 
versus global. Here local refers to the examination of a single element or small region, whereas global 
refers to the entire structure or system. Obviously the approaches to these two applications are quite 
different. As it is impossible to instrument an entire structure for every possible quantity of potential 
interest, a hierarchy can be established between global and local analysis. In theory, it would seem that 
local problems should manifest themselves in the global response of the structure. If that were the case, a 
coarse global monitoring system could be used to point to a local problem. A more detailed analysis of the 
local problem could then be done with the appropriate testing technology. The problem with this scenario 
is this manifestation of a local variation may be of such a small magnitude, that its effects on the global 
response of the structure may be within the normal fluctuations. 

Smart Structures 

Instrumenting new structures for self-diagnosis is an area that is gradually gaining wider application 
in the U.S. In some respects any instrumented structure may be referred to as "smart" in the sense that it is 
able to detect changes in the state of the structure. How "smart" a structure is may be defined by the level 
of sophistication by which the data is collected, processed, transmitted, and acted upon. Although there 
has been some work in structural systems that can actually repair themselves, the primary form of 
intelligence designed into a smart structural system is one of behavior monitoring, and to a limited extent, 
assessment. 

In the U.S., a group of researchers led by Drs. D. Huston and P. Fuhr at the University of Vermont 
have instrumented a number of structures using a variety of sensor technologies including fiber optics, 
strain gages, and thermocouples. A newly constructed classroom and laboratory building on the University 
of Vermont campus included an array of sensors for monitoring vibrations, wind pressures, service 
loadings, creep, cracking, and point measurements of strain.2 The data is being logged for future long-term 
assessments· of structural performance. 

In the context of whole civil infrastructure systems, implementation of smart structure technology 
may provide opportunities to centralize infrastructure management systems. 

Relationship to Nondestructive Evaluation 

Nondestructive evaluation (NDE) technology has long been viewed as the means to answer questions 
of condition assessment and performance prediction, as it has been doing for some time in the aerospace 
industry. NDE typically connotes local testing. As with any structural testing, successful application of 
nondestructive evaluation requires fundamental knowledge in both sensing technology and materials 
theory. The sensing technology addresses the question of condition assessment, whereas materials theory 
is applied to answer the question of performance prediction. 

Unfortunately NDE technology for infrastructure applications is not nearly at the level of 
sophistication of that in the aerospace industry due to problems of both sensing technology and materials 
theory. The simple reason for this is the extreme variability of construction materials such as concrete, 
wood and composites, due to their inherent heterogeneity. Heterogeneous materials are both difficult to 
inspect and predict. This can be contrasted to many homogeneous materials where defects such as cracks 
can be directly related to fatigue life and fracture toughness through elementary fracture mechanics theory. 
Heterogeneous materials do not have a widely accepted relationship such as that established. 

Relationship to Structural Modeling and Analysis 

Because of the success of finite element methods and other modeling techniques, our ability to 
analyze the global response of a structure exceeds our knowledge individual elements for many types of 
materials. That is, our modeling techniques allow us to accurately predict the response of a large system of 



components even though our understanding of the component response may be somewhat limited. This is 
the primary reason that large system models must be tuned to experimental data. It is the only way that the 
models can be adjusted to represent the real behavior of the structure. 

In the U.S., a group of researchers at the University of Cincinnati, led by A. E. Aktan have spent 
several years looking at ways to instrument, model and assess highway bridges by integrating local and 
global monitoring schemes. The focus of their research effort has been to replace traditional (somewhat 
subjective) load rating schemes with objective, rational methods using load history and advanced testing 
techniques. 3 Their approach has been to combine long term strain gage monitoring (local) with dynamic 
analysis and structural modeling (global).4 The questions of condition assessment are addressed through a 
"structural identification" methodology. The methodology serves as an umbrella covering all issues of 
performance, serviceablity, and reliability. 

The most exciting aspect of the work Aktan and his colleagues is the integration of structural 
performance modeling with specific sensing and testing technologies. 

OVERVIEW OF TECHNOLOGIES 

Although the purpose of this paper is not to provide a comprehensive report on different sensing and 
instrumentation technologies available, a brief summary of some of the different commonly used 
techniques are described here for background purposes. Numerous references are available for each of the 
technologies described. This overview has been broken down into the following broad categories: mature 
sensing technologies, developing sensing technologies, instrumentation and data analysis. 

Mature Sensing/Interrogation Technologies 

For this paper, mature technologies refer to those that have been used on past instrumented structure 
projects, and therefore may be considered to have a reasonable "track record." In this section a sensor 
refers to a devise which can actually record some kind of signal, whereas an interrogation technology is 
one by which a structure is probed for a particular response. Interrogation technology in general must be 
coupled with some sort of sensing capability. 

Traditional Techniques 

Traditional techniques are those whose use predates the recent electronics revolution, such as electric 
resistance strain gages, extensometers, and load cells. A good reference on traditional techniques may be 
found in reference 5. For advanced monitoring applications, only those sensors that can be directly 
connected to an electronic monitoring system are considered here. 

Of the traditional techniques, electrical resistance strain gages are still a widely used and viable 
technology. Perhaps the most common method of "instrumenting a structure" is to attach a series of strain 
gages, and monitor their output. The reason for their popularity is low cost, relative ease of use, and 
substantial knowledge base supporting their behavior. The disadvantages include their fragility, long term 
durability in extreme environments, and the often substantial surface preparation required for use. Despite 
these drawbacks, strain gages are an important sensing technology that will continue to have wide use in 
structural monitoring for the foreseeable future. Strain gages may be considered a local sensing device. 
However, a large enough array of strategically placed strain gages can provide a fairly comprehensive 
picture of global structural behavior. 

Modal Testing 

Modal testing is a method to use dynamic properties of a structure to estimate its integrity. It can be 
relatively simple in its approach or quite complicated depending on the structure and the desired 
information. Dynamic sources can be either ambient vibrations or various impact hammers or shakers. 
Monitoring is done using either single or multimode accelerometers, or in some cases, strain gages and 
fiber optics. Although accelerometers typically produce data for a specific point, modal testing and 



analysis may be considered a global technique since the measured accelerations are a function of the global 
structural response. 

One approach to structural monitoring using modal analysis is to monitor the structure long enough 
so that a dynamic fmgerprint can be developed. A change in the fmgerprint over time may indicate 
damage evolution in some part of the structure. Work to date using this approach has shown that global 
behavior changes can be detected through modal analysis, however, these changes as yet can not 
necessarily be traced to specific local sources. 6 

Active Acoustics 

The term "active acoustics" here refers to interrogation technologies where stress waves are 
introduced into the structure in such a way that the response provides local information about material 
condition. This ranges from relatively high-frequency ultrasonics for homogeneous materials to the 
relatively low frequency impact-echo method for heterogeneous materials. Both of these are strictly local 
condition assessment. 

Ultrasonic testing has a relatively long history in the aerospace industry, and has found use in civil 
engineering in particular for crack detection in steel structures. As is mentioned above, the fracture 
mechanics-based relationships between crack length and fatigue life provides a valuable technique for 
nondestructive evaluation. While impact-echo techniques can be effectively used to estimate certain types 
of crack sizes in concrete structures, there is no accepted companion theory to make reliable service life 
predictions based on the test results. 

Attempts have been made to apply ultrasonic techniques to concrete, but the problems of aggregate 
scattering and attenuation make measurements difficult to interpret. With the exception of impact-echo, 
ultrasonic applications to concrete have been aimed more at bulk properties than location of defects. 
Although many have tried to relate ultrasonic pulse velocity to compressive strength, the relationship is 
weak due to the lack of any fundamental basis. 

Developing Sensing/Interrogation Technologies 

While the techniques just listed have been useful and valuable in a wide range of structural 
monitoring applications, there has been an explosion of new sensing technologies introduced over the last 
10 or more years, fueled primarily by the microelectronics revolution. The methods considered below are 
some of the more promising for civil infrastructure systems. 

Fiber Optics 

Although fiber optics are quickly becoming the standard for structural monitoring applications, they 
are listed in the developing technologies section due to the ever-expanding list of applications. Fiber optics 
have been a much-hyped technology for advanced instrumentation and monitoring of civil engineering 
structures. This is with good reason. Probably no other technology has as wide a range of possible 
applications. The optical fibers can act as both sensor and signal pathway. Sensing schemes can be set up 
as either localized or distributed in nature. An array of fiber optic sensors can be integrated with a 
multiplexing data acquisition system to monitor a wide range of system parameters including strain, crack 
monitoring, pressure, and temperature. 7 

Fiber optics are perhaps most associated with "smart structures" in civil engineering, primarily due to 
the multitude of ways the optic sensors can be integrated into the structure. A smart structure which 
includes an array of fiber optic sensors can be set up to monitor vibrations and strain, as well as locate 
cracks. The technology is especially appropriate where composite materials are used. Optical fibers can be 
embedded directly in the matrix for an integrated material-sensor system. 

Electromagnetics 

A wide range of sensing technologies are emerging as other engineering and sci~ntific disciplines 
take on the problems of condition assessment of civil engineering systems. Many of these are based on 
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NEW TECHNOLOGIES 

REAL-TIME SEISMOLOGY 

Although real-time seismic monitoring has been applied to promote public safety in Japan, similar 
applications have been slow to materialize in the United States. Following the Lorna Prieta earthquake, a 
survey was conducted to assess the perceived utility of an earthquake early warning system which would 
provide a few seconds of warning in advance of damaging levels of shaking . Researchers found that most 
groups which were expected to enthusiastically endorse this new technology were luke-warm, at best, 
considering a few seconds warning too little time to take meaningful action in advance of a major 
earthquake. Nor was such a system regarded as a cost-effective strategy for hazard reduction and thus, 
unlikely to receive much support from users (Holden et al., 1989). 

Despite this somewhat disappointing beginning for real-time monitoring, Caltech and the U.S. Geological 
Survey pushed ahead with plans to upgrade the Southern California Seismic Network (SCSN) to provide 
real-time broadcasts of earthquakes and seek the support of government agencies, large utilities and 
corporations for the potential post-event benefits these broadcasts might provide. Gradually, participants 
were recruited to participation in the Caltech-USGS Broadcast of Earthquakes (CUBE) and by the time of 
the Northridge earthquake, there were 18 Level III participants in the Earthquake Research Affiliates of 
Caltech (ERA), the organizational vehicle for provision of real-time earthquake broadcasts from SCSN. 
These participants made an annual contribution of $25,000 to the Caltech Development Fund (which 
helped support the purchase of new seismic monitoring equipment) and received reports of earthquakes via 
pagers which carried the magnitude, location, time and other earthquake data within 2-5 minutes of 
occurrence. 

For approximately four years, CUBE reliably broadcasted earthquakes up to about M5.5 to participants. At 
4:31 a.m. on January 17, however, the CUBE system experienced both hardware and software difficulties 
which resulted in delays of approximately one hour in providing information on the Northridge earthquake. 
A study currently under way is designed to determine how response of CUBE participants was affected by 
the performance of CUBE after the Northridge earthquake, and in general, how receipt of real-time 
earthquake information from SCSN has been integrated into the response plans of these organizations 
(Goltz, 1995). 

Preliminary results from this study indicate that the CUBE system usually provides the first data upon 
which action may be taken. To assist in determining whether a response is justified, many CUBE 
participants have customized the Q-pager software (which displays spatial and other data on an earthquake) 
by adding overlays to the basic southern California map on which earthquake epicenters are plotted. These 
overlays include facilities such as transmission lines, dams, power stations or other critical structures. In a 
few instances, participants reported monitoring the patterns of small earthquakes in a particularly critical 
location under the assumption that these earthquakes may be precursors to a large damaging event. 

Statewide real-time broadcasts are now available and have been adopted by those agencies (OES and 
Caltrans) and companies (utilities and railways) with statewide jurisdiction, facilities or distribution 
networks. These statewide broadcasts are available through a cooperative agreement between Caltech 
(CUBE) and the University of California at Berkeley (REDI or Rapid Earthquake Data Integration). In 
March, 1995, CUBE participants received software which permits the mapping of ground acceleration data 
broadcast in real-time from the SCSN. Most users consider this to be a very important development in that 
the potential impact on facilities can be more precisely estimated and mobilizations of personnel for 
inspections can be expedited. 
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also allow the user to update early estimates with actual reconnaissance data. Thus, as more accurate and 
specific data become available, they can be incorporated to refine or correct initial predictions. 

Real-time loss estimation offers direct and tangible benefits over conventional loss studies. For the first 
time, loss estimation can be used in the emergency response and early recovery phases of a disaster as a 
decision support tool. Based on rapid receipt of magnitude and location, estimates of ground shaking and 
intensity can be calculated and mapped giving emergency responders a sense of the overall scope of an 
event minutes after it has occurred. Reconnaissance efforts can focus on those areas projected to be hardest 
hit based on estimates of intensity. Inspection teams can be dispatched, staging areas can be identified, 
medical emergency resources mobilized and sheltering needs considered, as responders are guided by 
estimates of damage, casualties and displaced persons. Recovery can be hastened by calculation of total 
dollar loss estimates and breakdowns of losses by facility or structural type, usage or other categorizations 
expedite governmental disaster assistance. 

Immediately following the January 17 earthquake, data and models which will be the basis for EPEDA T in 
Southern California were utilized and, though the system was not fully operational at the time, produced 
timely and accurate information which was used by state and federal officials to support key policy and 
program decisions. Estimates of dollar losses and ground shaking intensity were used by the California 
Office of Emergency Services to define the general regional scope of the disaster during the critical 24-48 
hours after the event. The shaking intensity map was instrumental in approximating the locations of 
heaviest damage, used in briefing state agency executives, including the Governor, and in making decisions 
regarding shelter needs, locating Disaster Application Centers and "fast-tracking" the federal Disaster 
Housing Assistance Program. A total dollar loss estimate of $15 billion, generated within 24 hours of the 
earthquake, served as the basis for negotiation of a supplemental Congressional appropriation of $8.6 
billion in federal disaster assistance. 

GEOGRAPHIC INFORMATION SYSTEMS (GIS) 

In the context of emergency management, GIS technology has rapidly evolved over the last decade and, in 
the aftermath of the Northridge earthquake, is regarded as a vital response and recovery decision support 
system. An obvious advantage for response and recovery officials is the ability to gain both a regional and 
highly localized assessment of situations requiring rapid decision making. Such decisions are facilitated by 
the interrelationship of structural, demographic, economic and environmental data in mapped as well as 
tabular formats. The utility of GIS has been enhanced by technological developments in related areas 
including remote sensing, global positioning, software and hardware improvements and desktop 
applications (Topping, 1993). 

A GIS unit had been established within the California Governor's Office of Emergency Services prior to 
the Northridge earthquake; after the January disaster, however, this unit was greatly enhanced with 
additional personnel, new equipment and technical expertise available on a consulting basis. Co-located in 
the Pasadena Disaster Field Office with its GIS counterpart in the Federal Emergency Management 
Agency, this unit provided an important source of information in both the response and recovery phases of 
the Northridge earthquake. In addition, this unit has taken major strides toward development of a disaster 
management database for California. 

In the immediate aftermath of the Northridge earthquake, GIS was used to develop a shaking intensity map 
based on model estimates. This map was instrumental in gaining a rapid assessment of the regional scope 
of the disaster and supported key decisions regarding the location of shelters and disaster application 
centers and documenting the state's request for a presidential disaster declaration (Goltz, 1995). As 
recovery programs were initiated, GIS was instrumental in identifying and displaying language and 



demographic characteristics, geographically locating disaster assistance applications and in hazard 
mitigation planning (Topping, 1994). 

For lifeline operators, GIS also played an important role in Northridge response and recovery. The 
wastewater collection system for the City of Los Angeles consists of a complex network of underground 
sewers, both gravity driven and forced mains. In total, over 7,000 miles of sewer pipe traverse the City of 
Los Angeles. As in past earthquakes, damage to underground sewer pipes has been difficult to detect 
because the effects are not immediately visible, unless ground failure has occurred. In some cases, leaks 
and breaks are only detected when adjacent water mains are filled and wastewater spills onto the ground 
and street because of blockages caused by internal damage or collapse. Other indicators of severe sewer 
damage include street settlement, crushed or buckled curbs, damage to sidewalks and failed water mains. 

In an attempt to quickly identify areas of severe sewer damage after the Northridge earthquake, the City of 
Los Angeles relied on GIS (Solorzano et al., 1994). First, GIS was used by the Bureau of Engineering to 
identify areas of extensive building damage, water main repair and surface disruption (i.e., damage to 
sidewalks, roads, etc.). This information was then overlaid onto maps of the sewer system in order to 
prioritize close circuit television (CCTV) surveys. Areas that fell within relative high risk areas (e.g., areas 
with extensive building damage) were surveyed first. This assessment revealed that approximately 16% of 
the inspected sewers required emergency repair, 49% sustained some damage and the remaining 35% 
sustained no damage. 

Similarly, the Los Angeles Department of Transportation used a GIS-based Automated Traffic 
Surveillance and Control system (A TSAC), installed several months prior to the earthquake to monitor 
traffic flow, to plan detour routes and implement signal timing strategies in the Santa Monica 1-10 Freeway 
corridor. The ATSAC system is also used to control the message signs along the freeways and, after the 
earthquake, these signs were used to advise motorists of the various detour routes and traffic conditions 
(LADOT, 1994). 

AERIAL AND SATELLITE-BASED MONITORING SYSTEMS 

Images, measurements and other data obtained from the vantage point of high altitude aircraft and satellites 
has recently entered the technological arsenal of emergency managers. These technologies have been 
employed to monitor geological changes and as a source of damage assessment during and after major 
emergencies including fires, bombings and flooding. These technologies including aerial photography and 
satellite imagery have recently been proposed for assessing the effects of large earthquakes (Crippen, 1992; 
Crippen and Blom, 1993). Using SPOT satellite images acquired approximately one month after the 1992 
Landers earthquake, the Jet Propulsion Laboratory in Pasadena was able to capture spatial details of terrain 
movements along fault breaks associated with the earthquake that were virtually undetectable by any other 
means. 

The Japanese have used aerial photographs to identify areas of significant ground failure after several large 
earthquakes. By comparing pre- and post-earthquake aerial photos of liquefaction affected areas, they have 
successfully mapped areas of ground movement including both magnitude and overall displacement. 
Figure 14.1 shows aerial photographs of the Kawagishi-cho and Hakusan area before, and four hours after, 
the 1964 Niigata, Japan earthquake. Evident in these photographs is significant planar distortion of 
buildings after the event. Also clearly visible is the change in curvature of the shoreline after the 
earthquake. 



Another example of aerial reconnaissance after an earthquake is shown in Figure 14.2. This photograph 
shows earthquake damage detected after the 1971 San Fernando earthquake. Explosion craters resulting 
from gas leakage along Glen Oaks Boulevard in Sylmar can be clearly detected. Also visible in the center 
of this photo are ground cracks that resulted from extensive ground shaking during the earthquake. In this 
particular area, over 100 pipeline breaks were recorded in water and natural gas pipelines (Eguchi, 1982). 
It has been demonstrated historically that extensive ground distortion generally leads to significant damage 
to underground lifeline components (Eguchi, 1991 ). 

Until recently, it was not clear how satellite data could be used effectively to identify areas of earthquake 
impact. In general, the data that are publicly available are limited by the level of resolution possible. For 
example, the SPOT image pixel size used to detect ground movement during the 1992 Landers earthquake 
(See Figure 14.3) is 10 meters (Crippen and Blom, 1992), which is larger than many of the displacements 
observed during the event. However, through the use of image matching by correlation analysis, JPL has 
been able to computationally detect displacement vectors revealing horizontal ground strain patterns. The 
most effective means of using this data in a post-earthquake situation is in identifying large areas of 
tectonic ground movement. Data resulting from satellite imaging may suggest areas for detailed aerial 
reconnaissance. A technique derived by Gabriel and others (1989) has been used to map small elevation 
changes over large areas using differential radar interferometry. This technique could be used to 
supplement satellite imaging (which only estimates horizontal changes) to identify areas of significant 
tectonic changes or perhaps ground failure settlement. 

Global Positioning Satellite (GPS) systems were employed after the Northridge earthquake to assess the 
extent of crustal deformation and displacement. Based on measurements taken before and after the 
earthquake, the extent and nature of co-seismic displacements were determined. These data indicated that 
measurable displacements were produced over a 4,000 square kilometer area including much of the San 
Fernando Valley and adjacent mountainous areas (Hudnut et al, publication pending). Although these 
measurements were not available immediately following the earthquake, they could be made within 
sufficient time in future earthquakes for lifeline organizations to make response decisions based on the 
probable location and magnitude of displacements. 

DISCUSSION AND CONCLUSIONS 

Lifeline operators, both public and private, have been receptive and, in many cases enthusiastic, users of 
new emergency management technologies. The application of these technologies in the Northridge 
earthquake was, for many organizations, the first real test of their actual or potential utility in a major 
regional crisis. In some cases, existing systems proved to be successful and of critical importance, in 
others, performance was disappointing but important lessons were learned and vulnerabilities exposed. In 
addition, many new applications were discovered and the potential integration of these technologies moved 
from the conceptual to actual pilot testing. In this fmal section, we will identify areas in which the further 
application or integration of technologies could improve lifeline performance. 

Expanded application of real-time earthquake monitoring holds considerable promise in improving 
performance during and hastening recovery after an earthquake for lifeline organizations. Most of the 
participants in the Caltech USGS Broadcast of Earthquakes are utilities and rail transportation providers. 
While most CUBE users, including lifeline organizations, have used the receipt of real-time source data for 
determining response needs, some have worked toward linkage of real-time notification with automated 
shutdown or other procedures which would ensure continued service after a major earthquake. 
Telecommunications companies, for example, have developed methods of rerouting network traffic away 
from areas likely to have sustained earthquake damage based on real-time broadcasts. Lifeline 



organizations have also been advocates of expanded real-time information including strong ground motion, 
estimates of displacement and early warning systems. 

Earthquake loss estimation studies and scenarios such as those developed by the California Division of 
Mines and Geology have been used by lifeline organizations for planning and hazard mitigation purposes. 
Most, if not all, of these planning scenarios have included relevant vulnerability information which 
specifically address transportation and utility lifelines. Although new rapid loss estimation techniques 
which are linked to real-time earthquake monitoring systems have been developed for state and federal 
agencies, lifeline organizations, both in the United States and Japan, have expressed considerable interest 
in these new systems which provide a range of geotechnical, economic (e.g. damage, dollar loss) and 
population impact (e.g. casualties, displaced persons) data within minutes of the occurrence of a major 
earthquake. 

In our earlier discussion of the application of GIS technology, we cited two examples of the use of GIS 
systems by lifeline operators in the Northridge earthquake. The experience of the two Los Angeles city 
agencies suggests that GIS-based systems in lifeline organizations are more fully integrated with 
operational processes than is the case in other organizations. Recall that the Department of Transportation 
used their GIS-based system to assess traffic conditions, implement control mechanisms and provide public 
information in one operation. This level of system integration suggests that lifeline organizations are likely 
to provide key innovations in the application of GIS technology to the management of emergencies. 

Aerial surveillance and satellite imagery could be potentially beneficial sources of rapid information on 
above ground lifeline systems. Although high altitude aerial reconnaissance was attempted in the 
Northridge earthquake, neither the mission nor the results of this effort are known and to date have not 
appeared in after action assessments or other media known to the authors. The value of aerial photography 
and remote imaging are questionable for underground lifelines. The potential benefits of GPS data for 
pipelines and other underground systems, however, is quite significant. 

The convergence of these new technologies after the Northridge earthquake mark an important 
development for emergency management in general, and for the performance of lifelines in particular. Of 
particular significance is the integration of real-time monitoring of seismic activity, loss estimation 
methodologies and GIS systems. The potential benefit lies in the ability of lifeline operators to obtain early 
warning of potentially damaging ground motion and implement procedures to lessen impacts and to 
respond rapidly to an earthquake, based on both empirical information and model estimates. 
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much greater than those due to permanent load only. The time history of Cl axial load is shown in Fig. 7. C1 
was computed to have collapsed at 33. 7s., when this column underwent axial compression of 800tf (Axial 
Stress Index of 0.53) and displacement of near 20cm. Note although almost same axial compression 
occurred at 32. 7s., displacement at this time was very small. The north columns including Cl are understood 
to have collapsed at around 33.7s. due to large lateral displacement combined with high axial compression. 

CONCLUSION 

The nonlinear dynamic response analysis of the building with soft first story collapsed by the 1995 
Kobe earthquake was conducted. The major findings from the study are as follows: 
1) The observed response of the building, such as residual displacement, mechanism and damages to 
members were well simulated by the analysis using the recorded ground-motions. The first story columns 
collapsed due to large lateral displacement combined with high axial compression. 
2) Nonstructural walls occasionally affect overall behavior of buildings. For this building, since the slits 
provided for the nonstructural walls above the second floor level were ineffective, these nonstructural walls 
behaved as structural walls , causing the first story mechanism. If the slit had been effective , the collapse of 
the first story might have been avoided. ' 
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some major hurdles which need to be overcome before they are commonly specified. Issues which still need 
to be addresses and fundamental research areas include: 

• repairability 
• fire protection 
• environmental impact of production and disposal 
• long term durability. 

Advances In Portland Cement-Based Materials 

More than a century and a half after the invention of portland cement, there is still no construction 
material which can match the cost performance of concrete for ordinary construction purposes which is why it 
still remains the most widely used construction material over the world. The simple principle of having a 
material with the unique property of being castable into any shape or form and then have it self harden four to 
six hours later into a strong and durable material is remarkable. By modification of mix designs, the 
introduction of fiber reinforcement, the inventions of superplasticizers, shrinkage reducing admixtures, air
entrainment admixtures, and other mineral admixtures, concrete has the ability to be stronger, stiffer, more 
ductile, and more durable. Specially designed mixes can modify concrete to give it nearly any property 
desired. Some significant recent advances made with concrete and other cementitious materials which show 
promise for future applications will be described in this sub-section. 

With the use of superplasticizer and careful proportioning of cement, water, fine and coarse aggregates, 
self-compacting concretes have been made and used12

. Self-compacting concrete has low water to cement 
ratio and fairly high cement content and exhibit extremely good flowability without segregation. 

The major drawbacks of concrete have always been its lack of strain capacity, low tensile strength and 
low fracture toughness. Fibers have been introduced into concrete in order to improve its ductility in 
compression, resistance to tensile cracking, and toughness. Reduced cracking also helps improve the concrete 
durability by reducing the penetration of water and deleterious chemicals. Small volume fractions of 
polypropylene fibers (0.2% to 0.5%) have been shown to improve resistance to shrinkage cracking13

• Slurry 
infiltrated fiber concrete (SIFCON) provides extremely good strength (compression, tension, bending, shear), 
stiffness, and energy absorption under cyclic loading by using up to 12% steel fibers by volume14

. Significant 
advances have been made in the characterization of fiber reinforced concrete; however, they have not been 
widely used in the construction industry. While an engineer may be able to specify a particular volume 
fraction of steel fibers, there is no guarantee that the desired engineering properties will be obtained, and 
without adequate quality control test methods, it is unlikely that they will be widely used. 

Freeze thaw durability of concrete can be better controlled through the use of air entraining admixtures, 
and chloride attack and ASR problems can be controlled through the use of mineral admixtures such as silica 
fume (micro silica), metakaolin, fly ash, and granulated blast furnace slag. Being able to control material 
durability is critical if we are to design structures to have long life span. Without durability, the value of 
improved mechanical performance diminishes. 

Higher concrete compressive strengths have long been the desire of engineers so more efficient 
reinforced concrete structures can be designed. Available strengths have been rising exponentially. Water 
reducers and subsequently superplasticizers were initially responsible for the strength gains; as the water 
demands of the concrete decreases with the use of water reducers, the matrix becomes denser and the bond 
between the matrix and aggregates is increased until the aggregates become the weak component in the 
concrete instead of the matrix and the interface between the aggregates and matrix. Use of silica fume in the 
concrete further increased the strength by densifying the matrix and making it stronger through pozzolonic 
reactivity. With the use of superplasticizers to reduce the water to cement ratio below 0.3 and silica fume, 
concrete with strengths as high as 140 MPa are available for use in construction. High strength concrete is 
often called high performance concrete since other properties such as porosity and abrasion resistance are 
greatly improve. Many examples of high strength concrete use in construction are availab~e from columns in 
high rise buildings, bridge decks, off-shore oil platforms, and bridge piers. 
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The expensive and time consuming components of the longer path in Figure 1 are development of quality 
control standards and the production of real life sample applications. These components can be made less 
expensive if there is better cooperation and coordination between countries in their development; instead of 
several countries independently developing these components and reliving the same mistakes. 

CONCLUSIONS 

As engineers, we are entering an extremely exciting era with all the potential advances in materials. It 
also promises to be a very challenging era as application and acceptance of new materials is difficult to 
implement. Already, there are many high performance construction materials which have been developed and 
mechanically characterized; however, it seems they won't be applied any time in the near future because there 
are vital links missing in the chain which extends from material to acceptance and use of the material. Each 
new material must go through a process of matching material to application, characterization, quality control 
development, and real life sample application. And, of course, the material must be readily available from 
reliable suppliers, engineers must be educated how to design with the material, and the contractor must also be 
trained to proper install or build with the material. Mechanisms for the exchange of information of newly 
developed materials is currently in place; however, little exchange of hands on experience and development of 
quality control testing is practiced. By arranging exchanges of contractors and constructors, not only 
academicians, during new applications of innovative materials, the cycle of learning could be reduced. 
Finally, quality control methods should be shared between countries; this saves effort in two ways: test 
methods do not have to be developed multiple times and materials can be universally used and don't have to 
satisfy different requirements in different countries. 
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Figure 7 Completed Santa Monica Freeway Structures 

Two improved design features were incorporated into the accelerated reconstruction of the Interstate Route 5 
and State Route 14 Freeway to Freeway Interchange just two miles south of the Gavin Canyon Bridge site. 
Both features were used to provide for large movements during earthquakes. The first detail provided for large 
movements at necessary deck joints while eliminating the possibility of a deck collapse as shown in Figure 2. 
The detail is shown in Figure 8 which is typical of three similar details used at this interchange on three 
separate ramps. The columns are more closely spaced than normal so the decks can be cantilevered out to the 
movement joint a\with neither side supporting the other. Large movements from ground motion or structure 
deflection can be accomodated with these details. A closeup of this detail is shown in Figure 9. 

Figure 8 Large Movement Joint for Long bridges 
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Figure 11 Completed Interchange at Interstate 5 and Route 14 Freeways 

REHABILITATION/RETROFITIING 

Caltrans has funded research at the University of California at San Diego for the past six years to develop 
field applications of advanced composite materials for both repair of older structures and construction of new 
bridges. The most highly developed application to date is the use of advanced composites in repair of bridge 
columns and other supporting elements to improve their ductility for seismic resistance. Epoxy impregnated 
fiberglass and various resin impregnated carbon fiber materials have been tested in the laboratory on half-scale 
models of bridge columns to determine the ductility that can be achieved in an older, non-ductile concrete 
column. The tests have confirmed the viability of these materials for strengthening existing structures and for 
replacement components of rebuilt or new bridges in infrastructure renewal. Material Quality Control 
Specifications and procedures have been well established by the Aeorspace and Defense industry but civil 
infrastructure field application quality control specifications were not originally available and have been 
developed along with the testing program. 

Column Stren~henin~ 

Following the October, 1989 Lorna Prieta earthquake Caltrans began a research program, in cooperation 
with the University of California at San Diego (UCSD), to develop techniques for utilizing epoxy impregnated 
fiberglass sheets to wrap around older, non-ductile concrete bridge columns as an alternative to the already 
proven steel jacket technique. The jackets provide sufficient confmement in the concrete to allow them to 
perform in a ductile manner under seismic loading. It was known that the Japanese had used high strength 
carbon strands to similarly reinforce industrial stacks and chimneys but the use of glass fiber sheeting had not 
been used. The major unknown was the durability of the fiberglass materials under cyclic loading and to what 
level of ductility the columns could be designed. The testing program was conducted under the same 
conditions that were used in the testing of steel plate jackets. Half scale models of the prototype bridge 
columns were constructed, wrapped with the desired layers of glass fiber sheets and tested through several cycles 
of loading at various levels of ductility until the column failed due to degradation of its hysteretic performance. 
These laboratory te~ts proved that the epoxy impregnated fiber glass column wraps could develop nearly the 
same ductile performance as the steel plate jackets. Figure 12 shows a typical testing laboratory setup for the 
fiberglass column wrap. Figure 13 Shows the completed field installation on bridge columns in the Interstate 
Route 5/State Route 2 interchange near Griffith Park in Los Angeles. This installation was completed in 1990 
and performed well during the Northridge eatthquake. 
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Fig.-5 Type I and Type II Lateral Force Coefficients in the Ductility Design Method 
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Fig.-8 Application of New Materilas for Seismic Retrofit of Reinforced Column 
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EXTENDING USER COST 

The Concept of Indirect Effects 

Analysis of user cost in the literature thus far pertain only to those directly affected. However, modem 
economies are characterized by a high degree of interdependence arising from the need for highly-processed 
inputs, which require a large number of suppliers; fmc-tuned production techniques, which limit substitution 
possibilities; and a market orientation, which means little of what we consume is homemade. Thus, an impact 
on one part of the economy ripples through the rest of it. A factory shutdown, arising from say a bridge outage, 
means orders from its direct suppliers are terminated, which in tum reduces "upstream" orders from successive 
rounds of other suppliers. The factory shutdown also reduces the supply to direct customers, who then will 
reduce "downstream" shipments to successive rounds of other customers. The sum of these "indirect" effects 
are some multiple of the original factory production loss, hence the term "multiplier" effect. Moreover, the 
multiplier effects are not limited to the interindustry interactions just mentioned, but also extend to household 
business interactions. When a factory closes, its employees no longer receive paychecks, and its owners no 
longer receive profits (or dividends). This translates into direct cutbacks in consumption, which means still 
further rounds of ripple effects of lost production and even more lost income "induced" by the original loss of 
income from the factory shutdown. 1 

Moreover, some infrastructure disruptions do not lead to direct losses of production per se, but to 
increased costs, typically arising from lower productivity. Examples are delays due to a damaged transportation 
system and reduction in product quality due to overheating of a process as electricity or water used for cooling 
is curtailed. A multiplier effect arises here as well in terms of interindustry cost-push inflation, i.e., an increase 
in the cost of one product raises the cost of all products for which it is an input, these products then raise the 
costs of all products for which they are inputs, etc. High-priced goods have the effect of lowering consumer 
purchasing power, which then sets off a chain of output (synonymous with production or sales) multiplier 
effects as discussed previously.2 

Estimating Indirect Effects 

These successive rounds of multiplier effects would appear to be rather tedious to compute, but several 
types of economic models can readily do so. The most basic approach is input-output (1-0) analysis, which 
refers to a linear model of all purchases and sales between sectors of an economy, based on the physical 
relations of production. A more advanced approach is computable general equilibrium (CGE) modeling, which 
captures the optimizing behavior of individual decision-making units in response to price changes and subject to 
resource constraints. 1-0 and CGE models have been widely used to measure the economy-wide impacts of 
natural hazards in general (see, e.g., Cochrane, 1974; Brookshire and McKee, 1992) and with respect to 
infrastructure systems in particular (see, e.g., Gordon and Richardson, 1996; Rose et al., 1997).3 

The basic input into the calculation of indirect effects is a measure of direct cost increases, production 
increases, or consumption decreases. However, care must be taken to include only appropriate portions of 
direct effects and to avoid double-counting. The reason is that some direct effects do not have multiplier 
consequences, while, in some cases, counting both consumption and production losses results in a duplication. 

These considerations can be clarified with the aid of Table 2, which enumerates direct and indirect 
effects for two categories of infrastructure: transportation, such as bridges and highways, and utilities, such as 
water and electricity. The table readily reveals that some categories of impacts may not be applicable for all 
types of infrastructure. Moreover, the relative magnitudes of impact components will vary as well. 

For example, commuters suffer damage from transportation outages through loss of time (economists 
believe that even leisure time has a value); however, there are no multiplier effects associated with this activity. 
On the other hand, the loss of productivity to producers or transportation companies results in cost increases that 
do have price multiplier effects first and then output multiplier effects subsequently. 4 

For the case of utility disruptions, the direct effects on consumers are labeled an "inconvenience" as 
opposed to a delay, but here also there are no multiplier effects. On the production side, there are likely to be 
productivity losses due to down-time or declines in product quality. 
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Table 1: Production Function Estimates 

PAPER EQUATION DATA COEFFICIENT* COMMENTS 

ASCHAUER (1989) Cobb-Douglas prod. time series 1949-1985 0.39-0.36 CRS in all inputs, 
func. and TFP regres. on private business 0.37-0.41 including public capital 
t, g, cu economy Significant input 

MUNNELL (1990a) Cobb-Douglas prod. time series 1948-1987 0.34-0.41 CRS in all inputs; also 
func. reproduces private non- farm priv. and publ. cap. coef. 
Aschauer sector Significant Equal 

MUNNELL (1990b) Cobb-Douglas prod. cross-sect. time series 0.15 see Munnell 1991 and 
func.?? 48 states 1970-1986 other references 

MUNNELL ( 1991) Cobb-Douglas prod. cross-sect. Average Returns to Scale 
func. 1970-1986 states values 

12 high endowm. 
26 mid. endowm. 0.14 1.01 
10 low endowm. QJ.l 1.03 

0.22 1.04 
Significant 

GARCIA-MILA AND Cobb-Douglas prod. cross-sect. time series Highways: Returns to Scale 
McGUIRE (1988) func. 14 annual obs. of 48 0.045-0.044 1.04 

states gross state prod. Education: 
labor, capital 0.16-0.072 Cannot reject 
expenditures on increasing R TS 
education and 
highways Significant 

EBERTS (1988) Translog prod. func. cross-sect. 0.04 CRTS public and 
manufacturing 1958- private capit. substitutes 
1978 38 Metropolitan public and labor 
areas Sig_nificant complem. 

HULTEN AND Cobb-Douglas prod. time series 1949-1985 0.42 (-) coeff. for labor? 
SCHWAB (199la) fun c. same as Aschauer Significant 

0.028 
First differ. Insignificant 

TATOM (1991) Cobb-Douglas prod. time series 197 4-1987 CRTS 
func. including energy Business Sect. 0.146 
price Insignificant 
First differ. 

MERA (1972) Cobb-Douglas prod. func. Japan pooled data of 
regions and time 3 sectors 
pri~ary 0.22 
secondary 0.20 (.50) 
tertiary 0.12-0.18 
4 classifications of Significant 
social overhead capital 

FORD AND PORET TFP regressions USA and 11 OECD Half of countries 
(1991) Countries time series and significant effect after 

country cross-section 1960 
Mixed support of 
Aschauer results 

HULTENAND TFP regression on g, t, Cross section time Public capital insignif. 
SCHWAB (1991b) andk Series regional study of in all regressions 

Snow-Sun Belt 1970- private capital insignif. 
1986 Gross output in gross output regres. 
value added signif. in value added 

implying scale .88 

*Coefficient of infrastructure capital 



(1990a) extended this line of argument, and her results generally support the proposition that there is a strong and 
significant effect of public capital on productivity. 

Aschauer and Munnell employ aggregate time-series data on the United States to estimate the relationship 
between private output and the stock of nonmilitary public capital, which consists of the following equipment and 
structures: highways, streets, educational buildings, hospital buildings, sewer and water facilities, conservation and 
development facilities, gas, electric, and transit facilities, and other miscellaneous but nonmilitary structures and 
equipment. Aschauer finds that the elasticity of output with respect to public capital is 0.39. Munnell finds an elasticity 
of 0.33 for output per hour with respect to public capital. She uses the estimated coefficients of the aggregate 
production function to calculate annual percentage changes in multifactor productivity and concludes that the "drop in 
labor productivity has not been due to a decline in the growth rate of multifactor productivity or technical progress. 
Rather it has been due to a decline in the growth of public infrastructure." 

Several criticisms of these results have been raised. Some have argued that the estimated elasticities and the 
implied marginal productivity of the public capital are extremely high. The marginal productivity of public 
infrastructure capital based on Aschauer's estimates will exceed that of the private capital stock by several times, which 
seems highly implausible (Aaron (1990)). Others have argued that the aggregate time series correlation may not reflect 
a causal relation, but may reflect a spurious correlation, i.e., both labor productivity and public infrastructure spending 
have declined over the same period due to other forces (Aaron (1990) and Tatom (1991a)). A third issue is that a 
reverse causation may exist between public infrastructure capital and productivity growth; it is argued that the positive 
coefficient estimated in various studies may result from the effect of productivity growth on infrastructure capital rather 
than the reverse. Also there is some evidence of a lack of robustness when more recent data are used to estimate the 
aggregate production function of Aschauer and Munnell. 

There are a number of production-function studies that utilize data at the state level. The data consist of time
series cross-section of data on 48 states for several years. This richer body of data has certain advantages which 
mitigate the possibility of spurious correlation over time. As a whole, the studies based on state-level data support a 
small but positive relationship between public infrastructure and productivity. 

Munnell's (1990b) elasticity coefficients: public capital, 0.15; private capital, 0.31; and labor, 0.59; show that 
although public capital has a positive effect on output productivity, it is only half the size of the effect of private capital. 
For example, a 1 percent increase in public capital causes a 0.15 percent increase in output productivity, whereas a 1 
percent increase in private capital causes a 0.31 percent increase in output productivity. However, calculating the 
marginal products shows that one more unit of public capital will increase output by the same amount as an additional 
unit of private capital. The results remain plausible when public capital is split into its three components-highways, 
water and sewer systems, and other. The first two, which are the largest part of core infrastructure, have much larger 
effects than does the "other" category. The coefficients are labor, 0.55; private capital, 0.31; highway stock, 0.06; water 
and sewer facilities, 0.12; and other public capital stock, 0.01. 

Using Munnell's data, Eisner (1991) reports that for all functions considered, the significance of public capital 
holds up when the data are arranged to reflect cross-sectional variation, but disappears when the data are arranged to 
allow for time-series variation. The data tell us that states with more public capital per capita have more output per 
capita, but that a state that increases its public capital in some year does not as a result get more output in that year. 
Therefore, Eisner regards the direction of causation between output and public capital as undecided and postulates that a 
lag structure will be needed to get a true time-series relationship between output and public capital. 

Calculating manufacturing productivity growth rates for the years 1951 to 1978 for major regions of the United 
States, Hulten and Schwab (1984) test whether different rates of public capital growth correspond to different rates of 
productivity growth. They find that the differences in output growth are not due to differences of public infrastructures, 
but instead to variation in the rates of growth of capital and labor. In a later paper, Hulten and Schwab (1991) expand 
the analysis to include the years 1978 to 1986, but their conclusion remains the same: public infrastructure has had little 
impact on regional economic growth. 



These disparate results are likely due to whether the unobserved state-specific characteristics are controlled in 
the estimation process. Holtz-Eakin (1992) has tested the hypothesis that the positive and strong effect of infrastructure 
will diminish or disappear if the state-specific effects are accounted for. An interesting recent study which provides a 
feel of the range of estimates is performed by McGuire (1992). McGuire estimates four specifications of a state-level 
production function with public capital as an input: Cobb-Douglas with no control for State effects; Cobb-Douglas 
controlling for State fixed and random effects; and translog with no control for State effects. The drawback of a Cobb
Douglas production function is that it restricts the elasticity of substitution between each pair of input variables to equal 
1. The four specifications of the model yield broadly similar results, with public capital having a positive and 
statistically significant effect on GSP. The elasticity ranges from 0.035 to 0.394 in McGuire's new estimates. 

When public capital is split into its three component parts (highways, water and sewers, and other), highways 
has the strongest impact, with elasticities ranging from 0.121 to 0.370. Water and sewers has a much smaller but 
usually significant effect, and other public capital is not statistically significant or has a negative effect on private 
output. Indeed, some economists hypothesize that state-level data may systematically underestimate the productivity 
value of public capital, because such data cannot capture the aggregate effects of public capital as a system. 

Similar findings have been reported by a number of production function studies which utilize even more 
disaggregated data. Studies by Eberts (1986), Eberts and Fogarty (1987) and Duffy-Deno and Eberts (1991) use data at 
the metropolitan level. They test the direction of causation between infrastructure capital and output and estimate the 
magnitude of the elasticity of output with respect to infrastructure capital. Their findings suggest that the causation runs 
mostly from infrastructure capital to output growth and there is a positive but considerably smaller elasticity of output 
with respect to public capital than those based on aggregate production functions, relationship between infrastructure 
and growth of output and productivity. 

From a reading of the evidence so far, based on production function studies it is possible to draw the following 
conclusions: (1) The early estimates based on aggregate production function analyses considerably overstated the 
magnitude of the effects of public infrastructure capital on growth of output and productivity. (2) The estimates on state 
level data indicate a much smaller contribution of infrastructure and that the composition of infrastructure capital 
matters; some types of infrastructure capital's contribution are larger than others. (3) There are serious estimation 
problems in both aggregate national time series studies and state and regional level studies that lead to highly disparate 
results. ( 4) On the whole, it seems that the evidence points to a positive but small elasticity of output with respect to 
public infrastructure capital of about 0.10 to 0.20 at the national level and possibly a lower range at the regional level. 

One reason for the wide range of estimates of the elasticity of output with respect to infrastructure capital 
based on production function estimates may be due to minimal modelling structure imposed on the data. If enough 
structure is not imposed on the data, provided that the underlying data are not subject to serious or major measurement 
problems, the parameter estimates of the underlying production structure are likely to be biased and the estimates are 
not likely to be robust. In estimating production functions, whether using national aggregates or state level data, the 
production function is treated as a purely technological relationship between output and inputs, and firms optimization 
decisions with respect to how much output to produce and what mix of inputs to use in the production process is not 
considered specifically. In reality, inputs and output are simultaneously determined when firms optimize (minimize) 
their profit (costs). When firms' optimization is explicitly considered, the marginal productivity conditions for the 
inputs should be estimated jointly with the production function. If the marginal conditions are not explicitly considered, 
the estimated production function parameters are likely to be seriously mismeasured. 

III. THE COST (PROFIT) FUNCTION APPROACH 

The cost- or profit-function approach takes explicit account of the optimizing behavior of firms with respect to 
inputs, with prices as the only exogenous variables. In addition, in most studies on infrastructure production is assumed 
to be of a Cobb-Douglas specification, which a priori imposes restrictive conditions of the substitutability of inputs. 
There is a need for more flexible functional forms. 

This approach also yields direct estimates of the various Allen-Uzawa elasticities of substitution. These 
parameters are the key to describing the pattern and degree of substitutability and complementarity among the factors of 
production. Furthermore, the effect of public capital on the demand for inputs can be directly ~stimated. If the effect is 
positive, the public capital and the private inputs are complements; if it is negative, the public capital and private inputs 
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run trends in TFP. growth and only minimally to its acceleration or deceleration over different periods such as 
the period 1973-76. 

V. CONCLUDING REMARKS 

The economic studies mentioned in this paper suggest that a positive relationship exists between 
investment in infrastructure and output and productivity growth. What is in dispute is the magnitude of the effects 
of changes in infrastructure capital on output and productivity growth. The initial few studies based on aggregate 
production function suggested an extremely powerful effect and attributed an excessively high rate of return to 
infrastructure investment. Subsequent studies and particularly those employing the dual framework, i.e., cost or 
profit functions, point to much more modest but still significant impact of infrastructure capital on output and 
productivity growth. 

Most recent studies that examine the impact of infrastructure capital, especially the highway capital on the 
cost structure of 35 sectors and two digit industries, suggest that all industries benefit from such investment though 
the degree of benefits vary among the industries. Highway capital has an important effect on employment, 
investment in plant and equipment, and demand for materials in each industry. Highway capital is a public good and 
the estimate suggests a fairly high social rate of return to this investment. The rate was particularly high at the 
beginning when the US Interstate Highway System was being built. As the system matured, the social rate of return 
has also declined. At the economy level, the impact of highway capital on growth of output and productivity are 
much more modest than the original production function estimates. It is also clear that investment in highway 
capital (for that matter, other types of infrastructure capital) is to raise productivity growth in the long run but not to 
affect short-term fluctuation in rate of productivity. 
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Part of a larger land reclamation pattern on the perimeter of Tokyo Bay, the Keihin industrial development swept 
into the sea, extending the shoreline with landfills from Tokyo to Y okosuka. This massive construction of factories 
on extended land dislocated the local marine-based economy typified by fishing villages and the seaweed industry. 
It also severed a historical connection between the people and the sea in cities such as Kawasaki, Yokohama, and 
Yokosuka. 

For over three decades, the new Keihin development represented an essential foundation for Japan's emergence 
as a world economic power through creation of products sent around the world. Then, within the past decade, 
heavy manufacturing began to decline and move away from the area to other countries. Like a tsunami, the great 
wave of industrialization began to recede, leaving large abandoned and underutilized areas in its wake. 

Now, substantial sums are being spent by national, prefectural, and city authorities on renovation and 
redevelopment of the Keihin area to give it new economic, functional and social utility. This is demonstrated by 
the addition of expressways and bridges connecting reclaimed land masses and recreating of marine recreational 
areas as well as introduction of mixed use communities along the waterfront to reconnect people to the sea. 

Due to the variable quality of dredge and fill reclamation techniques of the previous decades, however, some 
landfill areas are settling and would suffer severe deformation and sea wall failures in the next great earthquake 
in the Kanto region which is expected someday. Therefore, infrastructure systems and redevelopment projects built 
in this area are likely to bear additional costs for soil stabilization, strengthened foundations, and other earthquake 
hazard reduction measures in order to avoid future human and economic losses in particularly vulnerable portions 
of the area. 

Sustainable Infrastructure 

In assessing the meaning of these preceding examples, it might be reasonably argued that it is impossible to fully 
anticipate future costs and problems related to current infrastructure decisions. Rapid and extensive technological 
and socio-economic changes make perception of long-term future consequences particularly difficult. Aside from 
the numbers which may have justified a direction being taken, development of certain major public works (such 
as the Panama Canal) have often been based on a blend ofvisionruy as well as practical thinking. 

From the discussion so far, it can be seen that planning and engineering professionals and the scientific community 
do not yet have a clear model of sustainable development. Nor do we have specific understandings of the meanings 
of this relatively new concept in relation to infrastructure systems design, development, fmance, and management. 

What are elements of sustainable infrastructure development? From more recent thinking, the concept of 
sustainability as applied to civil infrastructure can be seen as connoting a mixture of 1) life cycle engineering and 
costing, 2) market-oriented strategic planning, 3) place-based analysis, 4) information technology development, 
5) linkages to land use and development planning, 6) long-term system fmancing, 7) project management and 
implementation, 8) operations and maintenance, 9) risk management, and 1 0) training and institution building. 

Life Cycle Considerations 

Issues considered might include traditional tradeo:ffs between ultimate design requirements for maximum benefit 
vs. short-term costs, desirable vs. practical service levels, optimum coordination with other infrastructure systems 
vs. the need to proceed expeditiously, long-term vs. incremental capital financing, full accounting in advance of 
maintenance and operations requirements including repair costs vs. expedient budgeting which ignores such 
factors. In its broadest expression, however, the concept of sustainable development implies balancing of such 
issues in favor of long-term considerations, benefits, and user interests. 

Infrastructure planning often does not fully take into account such considerations, This is especially true when 
considering the long-term operations and maintenance costs which might influence project design were such costs 
known and fully taken into account at an early stage. Short-term constraints, such as available budget, tend to 
discourage consideration of long-term functionality and maintenance factors. This results in accelerated decline 
or obsolescence of facilities at an unnecessarily early stage. This is especially a problem where technological 
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1. Development monitoring and trends analysis. This involves monitoring and evaluating market demand for 
infrastructure caused by quantitative, qualitative and locational shifts in urban development. It also involves 
determining the capacity of the infrastructure system to meet market demand, projected life cycle of this capacity, 
and possible social, economic, fmancial and environmental impacts of deficiencies in meeting this capacity. 

2. Modeling, options generation and options evaluation. This involves use and integration of available 
automated models, where available. Attention should be given to formulating reliable relationships between 
transport and land use modeling, together with the possible relationship of water demand modeling. 

3. Development planning. This involves spatial planning and analysis for land use changes in areas experiencing 
rapid economic and urban growth as well as for areas which are undergoing public or private redevelopment. 
Examples of such analysis include: 

a) Zoning regulations which govern the height, bulk, density, land use intensity, and placement on 
development sites of buildings, and related activities; 

b) Urban design controls which specify the architectural treatment, relationship between public and 
private spaces, vistas, landscaping, signage, and general texture of development; 

c) Special districts placed on selected areas which impose specialized land use regulations, development 
standards, or design review procedures due to identified historical, symbolic, and strategic values 
associated with an area; 

d) Transferable development rights involving creation of systems and procedures for transferring the right 
to develop a given area to another area in order to protect unique agricultural, environmental, historical 
or other special values; 

e) Developer agreements by which developers are permitted to enter into an agreement with the local 
government to develop in a certain way provided certain conditions are met, protecting the development 
from later changes at the policy level which might destroy its feasibility; 

f) Environmental standards which form the basis for such regulations as floodplain zoning, air pollution 
controls, and effiuent discharge controls imposed on the entire city or those portions affected by the 
presence of certain existing environmental conditions or anticipated adverse impacts from development; 

g) Fiscal incentives such as tax reduction agreements, lease concessions, and other joint development 
arrangements intended to stimulate private development in exchange for long-term job, income, and 
revenue generating benefits of such development; 

h) Infrastructure financing districts which assess specific properties for benefits gained through agreement 
of property owners to contribute a certain annual service fee in return for improvements such as roads, 
drainage, public landscaping, or street lighting; 

i) Impact analyses and mitigation consisting of cost recovery through fees of costs to the municipality of 
infrastructure development or environmental mitigation. 

4. Investment Programming. This involves development of fmancial policy instruments and analytical, 
programming and management tools including: techniques to appraise the viability of infrastructure projects, 
determine their prioritization and schedule their implementation, and develop tools to estimate costs of capital 
investment programs; ways to identifY, evaluate and select fmancing and cost recovery options for construction and 
operations and maintenance (0 &M), with an emphasis on various partnership arrangements with nongovernmental 
entities; and techniques for multi-year budgeting which allows for revenue forecasting, taking into account non
traditional sources of funds. 
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for maintenance will be sufficient to avoid deterioration and decay. Inadequate and deteriorating infrastructure 
can undermine a nation's economic viability in world commerce. 

Although a normal function of government, infrastructure financing is sometimes dependent upon contributions 
from the private sector. The history of infrastructure fmancing in the U.S. reflects various stages in this regard. 
During the initial stages of national development, large sums were spent by private sector interests to build roads, 
canals and railroads for which tolls were charged to recover investments and make profits. Over time the burden 
of infrastructure costs was shifted to the public sector. Federal programs initiated before and after World War II 
culminated in massive freeway, highway and mass transit projects which were fmanced by gas taxes and other 
means. 

The pendulum has now begun to swing back away from primary reliance on public fmancing due in large part to 
two related influences. The first is the popular anti-tax movement, started in the 1970s, which resulted in tax 
limitation initiatives passed by voters in states like California. The second is the recent effort at the national level 
to reduce federal expenditures. 

The lack of sufficient infrastructure or an unintended delay in its availability can be a negative factor in a city's 
ability to accommodate growth and can lead to deterioration of existing infrastructure from overuse. Various types 
of:fi.mding mechanisms such as bond sales and special assessments are needed in addition to property and sales tax 
revenues to address existing deficiencies and attain the desired level of service for all citizens of a city at projected 
buildout. 

If no action is taken, increasing infrastructure needs go unmet. This in turn expands deficiencies and reduces 
alternative financing options as unmet needs increase. In short, the fundamental consequence of inaction is accrual 
of overwhelming long-term infrastructure deficiency problems, in turn reducing the desirability of a city as a place 
to live and do business. 

Infrastructure development fees can be useful as a tool for funding certain types of infrastructure. However, 
because of difficulties in public fmance created by passage by voters in 1978 of Proposition 13, the tax limitation 
initiative, cities are now facing a dilemma. Even if they pass developer fees, they still must fmd other means of 
providing :fi.mds for existing infrastructure deficiencies because development fees by law can only be used to offset 
the costs of future growth. Other long-term infrastructure fmancing measures such as bonds require a two-thirds 
vote of the people which is hard to obtain. Cities are also reluctant to impose development fees at 100% of cost 
recovery because of the negative economic effects on development projects. 

An important lesson for other states and nations from California's experience may be that even though development 
fees are used to offset the costs of new facilities, the short-term economic benefits to taxpayers of tax limitation 
initiatives may have an opposite effect than intended in the long-term by greatly increasing infrastructure 
deficiencies. If other financing means are not found to correct existing and future deficiencies, the cumulative 
effects may be the creation of seriously deteriorated infrastructure conditions which may drive growth away as well 
as the escalation of future remediation costs to unmanageable proportions. 

Vulnerability to Disasters 

A final component of sustainable infrastructure development is the issue of risk management related to natural and 
technological hazards. The concept of sustainability is now being expanded to encompass pre-disaster mitigation 
of technological and natural hazards. 

Infrastructure is a vital lifeline during natural disasters such as floods and earthquakes. Yet insufficient information 
about the character of hazards or unwise decisions ignoring such information can unnecessarily lead to damage 
and destruction, extensive delays in post-disaster recovery, and unnecessarily expensive reconstruction of facilities 
over extended periods of time. Under post-disaster circumstances, issues of project fmance are exacerbated by 
unusually high repair and replacement costs which must absorb the additional mitigation costs at a time when the 
local economy is already seriously dislocated. In such circumstances, external sources of fmancing such as from 



national, state, or prefectural governments are often fmmd to be insufficient to cover the full range of disaster 
generated costs. 

In the U.S. in recent years, it has been realized that the billions of dollars in disaster reimbursements paid out under 
the Stafford Act unintentionally served as rewards to localities and governments for not mitigating known hazards 
such as floods, landslides, and earthquakes. This realization has helped motivate the Federal Emergency 
Management Agency (FEMA) to initiate a National Mitigation Strategy which will place new incentives and 
obligations on states and local governments to commit to encouraging local pre-disaster mitigation. This National 
Mitigation Strategy program encourages the new concept of disaster-resistant communities. 

Disaster-Resistant Community Design 

The broad purpose of the disaster-resistant community concept is to create new communities and infrastructure 
systems in an overall pattern which is more resistant to the effects of natural disasters and to mitigate existing 
hazards to avoid such future destruction and costs. Disaster-resistant community design represents a rational 
approach to reduce life and property losses and avoid the time, costs, and barriers to productive living associated 
with post-disaster recovery and rebuilding. 

The main strategy for disaster-resistant community design is to apply lessons learned from disasters in other cities 
around the world through intelligent layout of streets, utility systems, open spaces, and urban development. 
Examples of disaster-resistant design techniques include: setting buildings back from flood, landslide and fault 
hazard zones; requiring adequate minimum paved street widths; limiting street grades to assure fire truck access; 
requiring second access points into each development in case of blockage of the primary access during an 
emergency; restricting lengths of dead-end streets as well as the number of dwelling units on them; developing 
adequate water supply and frre flow and redundant storage locations; and using open space easements for frre 
breaks, equipment staging, and evacuation areas. 

A major challenge for infrastructure development with regard to disaster-resistant community design is to catalog 
and refine such mitigation techniques, introduce them into city planning and engineering practice, and train 
engineers and planners in their use. This brings up the fmal issue of training and institution building. 

Institution Building and Training 

It is important to recognize that all of these sustainable development practices require strengthened management 
information systems (MIS), management, and training. Sophisticated methods of analysis, comparison, decision
making, monitoring, problem solving, and negotiating are required to develop and manage complex infrastructure 
systems. Development of GIS and other information technology applications will help but not be sufficient unless 
matched with training and institution building components. 

For long-term progress in sustainable infrastructure design, development, financing, and management, it will be 
necessary to assess and develop new skills and institutional competence in public-private partnerships, contracting, 
capital financing, and market-oriented management. These assessments should defme mandates of various 
stakeholders, examine organizational structures and reporting relationships, and identifY upgrading of human 
resources, information, and facilities that will be required to undertake strategic planning on a sustained basis. 

We need to promote training which highlights linkages between strategic planning, investment programming, 
budgeting, project development, 0 & M, and risk management knowledge, as well as training which promotes 
attention to inter-institutional relations. In both institutional and training needs assessments, attention should be 
focused on real world problems and challenges faced by specific municipal organizations with attention to solutions 
being developed elsewhere. This appears to be true not just for cities in the U.S. and Japan but for cities all over 
the world. 

Research Agenda 

From this preceding review, the essential components of sustainable infrastructure development are all appropriate 
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incorporate risk assessments into the risk management process. While the analytical methods are being 
continuously improved, there are many constraints that affect the performance and utilization of risk 
assessments in the management of risks, most notably the lack of available data, high degrees of uncertainty in 
the results, insufficient capacity in knowledge and expertise, and insufficient fiscal resources. 

Questions that must be addressed when considering risk assessments are: (1) How good are the 
methods and domain knowledge required to estimate the risks? (2) How are the expected loss estimates to be 
entered into the decision making processes and what will be the significance of the uncertainties? (3) How will 
the bureaucracy and/or the political structures affect the political process and decision making about risk 
reduction? (4) What are significant factors affecting the perception of risk and how will the perceptions be 
incorporated into the public policy debate? (5) How will the process determine when a risk level is considered 
acceptable and balanced against the issues of equity and social justice? (6) How will the trade off between the 
demands for factual accuracy in the risk analysis and the demand for immediate action to meet the needs of 
society be made? In addition to questions related to the efficacy of risk assessment, critical questions related to 
specific policy considerations are: (7) To what extent should economic and other social costs be weighed 
against the benefits of immediate implementation of risk reduction policies? (8) Can improvements in the 
adoption and implementation of hazard mitigation practices reduce hazard losses? (9) How can risk mitigation 
be more effectively accomplished? 

Debates about who pays and who benefits are matters of significant concern to selected stakeholder 
groups where much of the debate is value based and not easily subject to analytical analysis, thus, making it 
possible for perceptions more than reality to influence the outcome. Numerous issues of fact confront the 
technically competent, but complex issues of value confront the policy maker who is expected to act on the 
facts. Only after completing the socially sensitive process of dealing with these subjects, will the policy 
process end with desired results, and only then is it possible to consider the policy implementation process. 

It is important to remember that, although risk management models are important in developing an 
understanding of the significance of the issues, they tend to define policy in terms of winners and losers, which 
make's adoption more difficult. Thus, in problem areas where the science and data are limited resulting in a 
high degree of uncertainty in the modeled results, models for public policy should be used heuristically and not 
as predictions of the future. This is particularly true when the models are utilized to assess the short term risk 
and policy for specific communities and/or locations, such as in the case of the earthquake risk. In the 
assessment of long term risk for a larger geographical area where the uncertainty, models can often provide 
predictions that will be useful in guiding public policy. Both modelers and public officials need to be aware of 
when it is appropriate to use models for heuristic or predictive purposes. 

In addition too inside advocates, there is a need for sufficient institutional capacity to support the 
assessment and management of policy proposals. Although technical support is required, legislators, legislative 
committees and their staffs, political caucuses, and boards and commissions must also have the capability to 
understand the issues. Larger jurisdictions are more likely to have the institutional capacity than are smaller 
jurisdictions. The federal government is likely to have the most sophisticated institutional capacity, whereas 
local government that is not likely to have much capacity, is the level at which most hazard policies are 
expected to be developed and implemented. 

As noted, there are many issues associated with the use of risk assessments in the policy formulation 
and implementation process. Following are several areas of concern. 

1. Complexity and Data Requirements - In order for risk assessments to be useful in the policy 
process they must be doable and practical. Conventional risk analysis methods are generally too complex and 
data intensive for most local and state governments to readily use as an aid to decision making. Most local 
governments need simple, easy-to-use risk assessment tools. 

To increase the application of risk assessment methods by local and state governments, a consensus 
process needs to be developed to establish uniform guidelines and standardized approaches to the performance 
of each step in the risk assessment process. Standards for data collection should be developed and assistance 
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INTEGRATED RESEARCH FOR CIVIL INFRASTRUCTURE 

Research has shown that those who understand the work of technical experts and who can 
communicate the significance of risk are better able to bring about a coupling of problems, policy options, and 
stakeholder interests. Thus, a research program needs to be started which will lead to the development of tools 
to help the engineering community effectively participate in the complex social-political system. The tools will 
help to improve the capacity of the experts, policy makers and interest groups to recognize the need for 
appropriate civil infrastructure system policies. The research program should have a long term perspective and 
a focus on (1) development of agreement on a common philosophy, language and process, (2) development of 
standard models, data requirements and risk assessment methods, (3) and development of standardized training 
materials, programs, and community-based workshops. A first step in the research program would be the 
development of a high level systems analysis to define the major system elements, their relationship to system 
improvement, and the characterization of system problems that impede progress in improving of civil 
infrastructure productivity. Following the systems analysis, a research program leading to the development of 
an Integrated Decision Support System (IDSS) as illustrated in Figure 4 should be started. 

··-·-·-·-·-·, 
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HAZARD REDUCTION 
POLICY ALTERNATIVES I 

POLffiCAL 
AND I " 

SOCIAL 
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I. 

1r-
; I 
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I I 
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• L.... 
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-·-·-·-·-·, 
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Figure 4. Integrated Decision Support System Components 

The research should incorporate incorporating the following major elements. 

1. Development of a system architecture that incorporates the political and economic factors affecting 
infrastructure system engineering is critical in facilitating the public policy decision process. The rules and 
variables must be understood as clearly as stress analysis and structural design, however, the rules differ 
profoundly from those of engineering design. From a system perspective, it is important that information be 
accurate and relevant to the risks, costs and benefits of a proposed infrastructure project. The development of 
national and state level norms and standards will aid in managing the system so as to achieve results acceptable 
to a broad community. 

2. Power is distributed widely in a political system. There is no single authority, and the interests of 
the stakeholders within the system most often diverge sharply from one another. In order to understand these 
relationships, simulation models and tools that simulate system interactions and processes in dynamic terms 
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• Over the last fifteen years, the source of research funds has shifted 
dramatically from the federal government to industry <2> , who conducts 
research primarily to improve commercial product lines. 

• Even with its diminishing role, the federal government remains the largest 
provider of research funds to independent researchers (mostly universities 
and other non-profit organizations). 

• Of this amount provided by the federal government only a small piece supports CIS research, 
and that is mostly on or for new technology development with very little for loss prevention. 

Yet there are indications that CIS research is effective (3>, including the technology for loss 
prevention, which has resulted in about a threefold decrease in the cost of losses per $1000 insurance in 
force every 40 years. 

Clearly, however, more could be done. The total amount available for CIS research was estimated 
by CERF at about $1 billion in 1992, which is minuscule when compared to our total investment in CIS, 
estimated at $20 trillion (3>. Further, it is extremely difficult for a single organization to address large CIS 
issues because of the variety of disciplines required. Hence, coordinated thrusts are needed for 

• effectively using our economic, material and human resources, 

• optimizing research performance through careful evaluations of relevance and 
effectiveness, and 

• addressing the complexity of issues, because CIS solutions often involve - and 
require resolution of- social, economic, environmental and political issues, as 
well as technical issues. 

Multidisciplinary coordinated research efforts are not new or unique; however, not all such efforts 
have been effective. Some current examples involving industry and addressing CIS issues include: 

• Center for Chemical Process Safety - This very successful collaboration has 
been spearheaded by industry through the American Institute of Chemical 
Engineers, focusing on safety and risk reduction in the chemical industry. Its success has 
prompted its work to be broadened and applied to process industries in general. 

• NSF Centers for Engineering/Scientific Research, such as the National Center 
for Earthquake Engineering Research and the Center for Advanced Cement-Based 
Materials - These Centers have covered a broad range of research topics and have been 
successful in launching some very strong university-industry partnerships. 

• Program for Architectural Surety - A new multidisciplinary effort promoted by 
Sandia National Laboratory is focused on transferring surety technology (covering 
safety, security, reliability) from military to private and general public 
sectors. In addition to Sandia, it involves a potential collaboration among 
industry, professional societies, universities and other national labs. 

• International Multi-Hazard Mitigation Program - The Idaho National 
Engineering and Environmental Laboratory is currently promoting an 
aggressive proposal to construct and operate a number of"very large scale" 
test facilities in order to better understand, and therefore better mitigate, the 
effects of natural hazard phenomena on structures. 
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INDUSTRY PERSPECTIVE IN JAPAN ON CIVIL INFRASTRUCTURE SYSTEM 
--ENGINEERING TREND OF JAPANESE CONSTRUCTION COMPANY-

Masanobu Tohdo 
Technical Research Institute 
Toda Corporation, Tokyo 

ABSTRACT 

Industry perspective in Japan is summarized and presented. The focus of the contents is at engineering 
trend of construction company, especially on earthquake engineering problems of : 1) strategies against 
earthquake disaster and seismic loads for design, 2) application aspect of structural response control 
techniques, and 3) development of rehabilitation techniques of existing structures. 

INTRODUCTION 

The social and industrial trends associated with civil infrastructure system have been currently as 
follows. 

1) The tight money policy in the government has been decreasing the investment for public project works, 
that intensifies industrial competition among private companies. 

2) The constructed buildings has shifted from the era of flow to the era of stock, in which buildings are 
not under scrap-and-build but have characteristics of high durability and long life. 

3) The recycling technology of construction by-products and scraped materials such as concrete fragment 
must have been developed and established because of the cost-up of their disposal and of course saving 
natural resources for the global environment. 

4) Since estimating the Life Cycle Cost (LCC) has commonly carried out, a little high initial cost might 
be accepted for highly durable buildings. 

5) The construction technology directs toward automated construction to save labors and ensure quality, 
on the one side aims at sharing of overall information through at every stage of design, computation and 
construction by using CALS (Continuous Acquisition and Life-cycle Support). 

6) The importance of earthquake disaster prevention and countermeasure techniques had been made 
more clear from the 1995 Hyogo-ken Nanbu earthquake. 

This paper presents perspective of a few problems on earthquake engineering based on the 
consideration of the sixth trends expressed above. The contents are consisted by three topics ; 

1) Strategies against earthquake disaster and evaluation of seismic loads for design 
2) Application aspect of structural response control techniques 
3) Development of rehabilitation techniques of existing structure 

STRATEGIES AGAINST EARTHQUAKE DISASTER AND EVALUATION OF SEISMIC LOADINGS 

It is well known that Japan is one of the countries in Pan Pacific around which earthquakes frequently 
occur and severe ones sometimes hit. Considering the natural phenomenon, it is important and necessary 
to take countermeasures against earthquake disaster. The strategies for the program might be set up as shown 
in Fig.1 : 1) pre-disaster measures, 2) emergency measures, and 3) post-disaster measures. Some example 
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APPLICATION OF STRUCTURAL RESPONSE CONTROL TECHNIQUES 

In the last decade, buildings applied structural (vibration) response control techniques have been 
constructed in Japan. The aim using the techniques are at 1) elimination of uncomfortable vibration for human 
life during slight or moderate wind or earthquake motions, and 2) release of human damage from collapse of 
buildings and especially maintenance of functions and valuable articles against severe excitations by strong 
wind and/or earthquake ground motions. The techniques can be classified into two main categories, passive 
and active response control and the types of them are shown in Fig.6. Schematic figures of buildings 
providing base-isolation, energy absorption or mass damper (include AMD) are illustrated in Fig.7. 

Seismic 
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;---

isolation sliding plate etc. 

passive energy dissi- hysteretic damper, friction damper 
,.....-
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1---

mechanism sloshing damper etc. 

hybrid mass damper (HMD) I 
active 

,_ 
I I control active mass damEer{AMD} 

---i active variable stiffness (A VS) l 

Fig.6 Classification of structural response control techniques 

Energy Dissipating 
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r 

Mass 
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~ ~~ 

Mass Effect Mechanism 
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Fig. 7 Schematic views of structural response control 
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Table 4 Maximum Amplitudes of M 
Date Obs. Site 

1968 Tokachioki 1968.5.16 Hachinohe Grnd NS 230 34 8.3 
EW 180 38 12.4 

1978 Miyagiken-oki 1978.6.12 Tohoku-univ 1F NS 255 36 14.5 65.4 
EW 203 28 9.1 39.8 
UD 153 12 3.2 16.1 

1994 Sanriku-Haruka 1994.12.28 Hac. CtyHall 81 N164E 415 44 6.7 76.1 
UD 118 8 2.2 14.2 

N254E 319 29 3.6 56.6 
1985 Chile 1985.3.3 Llolleo 8 N100E 437 23 4.2 39.3 

Near UD 849 20 6.8 34.9 
N010E 654 40 10.5 52.6 

1985 Mexico 1985.9.19 Zacatula Grnd NS 271 30 18.2 
Near UD 145 11 9.6 

EW 182 14 8.6 
SCT1 Grnd NS 98 39 19.1 
Mexico City UD 37 9 7.6 

EW 168 61 21.9 

1993 Kushiro-oki 1993.1.15 Kushiro JMA Grnd N063E 711 33 4.8 
UD 363 14 1.2 

N153E 637 41 8.0 
1994 Hokkaido-Toho 1994.10.4 Kushiro JMA Grnd N063E 314 27 4.9 

UD 190 10 4.2 
N153E 392 21 4.3 

1995 Hyogoken-Nanbu 1995.1.17 Kobe JMA Grnd NS 818 90 20.2 154.8 
UD 333 40 10.2 56.8 

Fukiai Grnd N030W 802 121 43.9 215.8 
Takatori Grnd NS 661 138 42.0 243 
Kobe univ Grnd NS 270 55 
NTI 83 N309E 342 84 27.5 142.1 

UD 169 20 7.5 38.84 
1940 Imperial Valley 1940.5.18 EICentro 1F NS 342 33 10.9 52 

UD 206 11 5.6 10 
1952 Kern County 1952.7.21 Taft Tunnel EW 176 18 9.2 27.14 

UD 103 7 5.0 8.96 
1971 San Fernando 1971.2.9 Pacoima Dam Grnd S016E 1148 113 37.7 138.9 

UD 696 58 19.3 63.2 
1979.10.15 Array 6 Grnd N230E 408 112 69.1 133.6 

UD 1655 57 35.8 88.9 
1992 Landers 1992.6.28 Lucerne Grnd soaow 740 146 261* 
1994 Northridge 1994.1.17 Rinaldi Grnd Hor. 826 170 33.3 240.6 

UD 830 49 9.2 56.2 
Sylmar Grnd Hor. 827 129 32.5 147.8 

UD 525 19 7.6 26.3 
Newhall Grnd Hor. 578 95 30.5 152.6 

UD 537 31 12.8 52.95 
Tarzana Grnd Hor. 1888 110 29.0 166.01 

UD 1130 72 17.0 80.3 

* lwan (1994) 
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Part III: Appendices 



August 28 

August 29 

August 30 

Notes: 

7:30-8:30am 
8:00-8:30am 
8:30-9:30am 
Coffee Break 
10:30-12:00 noon 
Lunch 
1 :30-3:00pm 

Coffee Break 
3:30-5:00pm 
5:30-6:30pm 
Evening 

8:00-8:30 
8:30-10:00am 
Coffee Break 
10:30-12:00noon 
Lunch 
1 :30-3:00pm 
3:30-5:00pm 
5:30-6:30pm 
8:00pm 

8:00-8:30am 
8:30-9:00am 
9:00-1 O:OOam 
Coffee Break 
10:30-11:30am 
11:30-12:00pm 
12:00noon 

Appendix A 
VVorkshop Program 

Seminar Program 

Executive Session (EXCOM Members) 
Registration and Continental Breakfast 
Opening Session 

Technical Session 1 Science of Aging & Deterioration 

Technical Session 2 Health Monitoring & Condition 
Assessment 

Technical Session 3 Civil Infrastructure Renewal 
Executive Session 
Free 

Continental Breakfast 
Technical Session 4 Socioeconomic and Productivity 

Technical Session 5 Research Coordination 

Working Group Session I 
Working Group Session II 
Plenary Session Working Group Reports 
Dinner Party 

Continental Breakfast 
Executive Session 
Plenary Session Development of Resolution 

Plenary Session 
Closing Session 
Adjournment 

Adoption of Resolution 

1. All technical sessions are plenary. 
2. Working group sessions are break-up parallel sessions for five groups of researchers 

respectively on the five themes to identify and recommend joint research projects. 
3. Each technical session consists of three themes. 
4. Executive sessions deal with administrative needs, and are attended by seminar and working 

group chairs. 
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Technical Sessions 

TECHNICAL SESSION 1: SCIENCE OF AGING AND DETERIORATION 

Papers (1) and (2) 

Papers (3) and (4) 

Papers (5) and (6) 

Damage/Deterioration processes (Area 1) 
US delegate: S. P. Shah 
Japanese delegate: T. Hasegawa 

Mathematical models and simulation of material deterioration (Area 2) 
US delegate: V. Karbhari (Presented by M. Shinozuka) 
Japanese delegate: T. Kishi 

Crack, failure, fatigue, corrosion (Area 3) 
US delegate: K. H. Frank 
Japanese delegate: K. Takanashi 

TECHNICAL SESSION 2: HEALTH MONITORING & CONDITION ASSESSMENT 

Papers (7) and (8) 

Papers (9) and (10) 

Papers (11) 

Advanced sensors and implementation (Area 4) 
US delegate: E. Landis 
Japanese delegate: A. Mita 

Advanced non-destructive evaluation techniques (Area 5) 
US delegate: G. Washer 
Japanese delegate: Y. Adachi 

Integrated real-time disaster information systems (Area 6) 
US delegate: R. Eguchi 

TECHNICAL SESSION 3: RENEWAL ENGINEERING 

Papers (12) and (13) High-performance and smart construction materials (Area 7) 
US delegate: D. Jansen 
Japanese delegate: Y. Yamamoto 

Papers (14) and (15) Innovative design, construction and rehabilitation methods (Area 8) 
US delegate: J. Roberts 
Japanese delegate: K. Yokoyama 

Papers (16) Maintenance and life cycle cost (Area 9) 
US delegate: A. Rose 

TECHNICAL SESSION 4: SOCIOECONOMIC ISSUES AND INSTITUTIONAL 
EFFECTIVENESS AND PRODUCTIVITY 

Papers ( 17) Infrastructure productivity (Area 10) 
US delegate: I. Nadiri (Participation by paper contribution) 

Papers (18) and (19) Sustainable development (Area 11) 
US delegate: K. C. Topping 
Japanese delegate: R. Shimada 

Papers (20) and (21) Policy issues (Area 12) 
US delegate: W. Petak 
Japanese delegate: T. Hasegawa 
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TECHNICAL SESSlON 5: RESEARCH COORDINATION 

Papers (22) and (23) CIS Research: Academic perspective (Area 13) 
US delegate: G. Lee 
Japanese delegate: M. Watabe 

Papers (24) and (25) CIS Research: Industry perspective (Area 14) 
US delegate: P. Croce 
Japanese delegate: M. Todo 

Papers (26) and (27) CIS Research: Government perspective (Area 15) 
US delegate: R. N. Wright 
Japanese delegate: I. Okawa 
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Appendix B 
Workshop Participants and Observers 

U.S. Participants 

1) Dr. Paul Croce, Vice President 
Research Division 
Factory Mutual Research Corporation 
1151 Boston Providence Turnpike 
P.O. Box 9102 
Norwood, MA 02062 
Phone: (617) 255-4910 
FAX: (617) 255-4024 
E-mail: not available, use fax 

2) Mr. Ronald T. Eguchi 
EQE International 
Lakeshore Towers 
18101 Von Karman Ave. Suite 400 
Irvine, CA 92715 
Phone: (714) 833-3303 
FAX: (714) 833-3391 
E-mail: rte@eqe.com 

3) Professor Karl H. Frank 
Ferguson Structural Engineering 

Laboratory 
PRC 177 
10100 Burnet Road 
University of Texas- Austin TX 78758 
Phone: (512) 471-4590 
FAX: (512) 471-1944 
E-mail: khf@mail. utexas.edu 

4) Professor Dan Jansen 
Department of Civil and Environmental 
Engineering 
113 Anderson Hall 
Tufts University 
Medford, MA 02155 
Phone: (617) 627-3761 
E-mail: djansen@tufts.edu 

5) Dr. T.R. Lakshmanan (Laksh) 
Director, Bureau of Transportation Statistics 
U.S. Department of Transportation 
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Appendix D 
Working Group Resolutions 

Working Group 1: Science of Aging and Deterioration 

Working Group Resolution 

Acknowledging the importance of aging and deterioration of infrastructure systems, we 
propose the pursuit of life-cycle prediction of performance. To achieve this objective, we propose 
the following research objectives: 

1. Integration of physics, chemistry, and micromechanics of degradation processes 
2. Reliability analysis of deterioration 
3. Development of models synthesizing material science, structural engineering and system 

performance (micro- meso- and macro-scale) and integrate them into models predicting 
life cycle performance of infrastructure systems 

High Priority Research Themes 

Steel 
• Coating 

- New coatings with low VOC 
- Encapsulate lead-based coating 
- Risk assessment of Zn coating 

• 3-D modeling of distortion-induced stresses and fracture 
• Predicting future vehicle loading 
• Tools for weld inspection 
• New steels with improved fracture toughness 
• Study of science of welding 

Concrete 
• Corrosion of reinforcing and prestressing steel 
• Cost effective repair materials: FRP, FRC, polymer modified 
• Cracking of HPC due to temperature and shrinkage stresses 
• Understanding ASR, freeze-thaw, carbonation sulfate attack (mechanisms, accelerated 

tests, prediction, uncertainty) 
• FRP reinforcements 
• Integrate micro- and meso-structure (welding, chemo mechanics) 
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Share costly experimental facilities 
Exchange information 
Organize focused workshops 
Establish industrial partnerships 

K. H. Frank 
T. Hasegawa 
T. Kishi 
S. P. Shah 
K. Takanashi 

Nature of Cooperation 

Participants 
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Working Group 2: Health Monitoring and Condition Assessment 

Working Group Resolution 

Acknowledging the importance of damage and condition assessment and health monitor
ing of civil infrastructures, we propose the following research objectives: 

1. Clear definition of damage in engineering terms for using health monitoring studies 
2. Quantitative method of measuring the degree of damage in a broad set of structures 
3. Correlation of physical indexes to more general indexes such as repair cost 
4. Prototypes of health monitoring systems to demonstrate feasibility of the method 
5. Quantitative method of measuring the degree of damage in a broad set of structures 

Background Themes 

• Motivation 
Cut life-cycle cost 
Assess safety of structures more accurately 
Allow for damage tolerant design 

• Application and Integration 
Can be used in a post-disaster situation to prioritize repairs 
Can be used to assess the in-situ conditions of a bridge/building for repair/maintenance, 
etc. 
Could be used for the health monitoring of "common" bridges 

High Priority Research Themes 

• Quantitative NDE techniques 
Substructure investigation 
Structural capacity (remaining strength) 
Fatigue status 
Internal properties (e.g. size and location of rebars) 
Material properties/characterization 
Reliability of NDE technologies 
Monitoring during manufacturing 
Indexes to correlate with damages 

• SystemiD 
Correlate sensing data to damages 
Real-time ID for during and post-earthquake damages 

• Networking 
Parallel ID configuration 
Optimal large-scale sensor network 
Standardized sensor units 
Standardized software interface 
Wireless data acquisition system 
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• Integration 
GIS 
Bridge management, facilities management, pavement management, etc. 
Post-disaster information system 

Nature of Cooperation 

1. Identify flagship projects (long bridge, super tall building, etc.) 
2. Exchange information through home page 
3. Standardize numerical simulation platform (e.g., Matlab) 
4. Establish partnership with experts in other field (e.g., structural control) 
5. Establish a validation center 

Y. Adachi 
R. Eguchi 
E. Landis 
A. Mita 
G. Washer 

Participants 
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Working Group 3: Renewal Engineering 

Working Group Resolution 

Acknowledging the importance of effective and economical CIS renewal, we propose the 
following research objectives: 

1. Improve the current methodologies for vulnerability analysis of the CIS for all natural 
hazards (wind, earthquakes, fire, floods) to provide planners and political leaders with 
information to make realistic renewal decisions. Methodologies are available in both 
the U.S. and Japan for many of these systems but much more cooperative research is 
needed in this area so scarce funds can be utilized effectively 

2. Develop methodologies for evaluation of renewal costs versus potential life-cycle cost 
reduction 

3. Engage in joint research to improve design and constructive methods for CIS renewal 

High Priority Research Themes 

• Vulnerability analysis (improve algorithms) 
• Performance based design for CIS renewal 
• Management systems for optimum renewal 
• Develop methodology to evaluate costs of renewal versus potential life-cycle cost reduction 
• Large-scale testing of: 

Joint-shear reinforcement (to improve design details) 
Soil-structure interaction 
Real-time dynamic shake table tests 

• Evaluate advanced materials 
Composites 

- New construction 
- Retrofitting existing structures 
- Durable alternative to rebar and prestressing strand 
- Issues 

High performance concretes 
- Issues 
- Seismic performance (and other dynamic situations) 
- Repair of normal concrete with high performance concrete 

• Quality control in construction 
Education/training 
Test methods 
Speed of material evaluation 
Faster inspection and approval 

• Design loads and detailing for wind loading 
• Flooding-scour critical 
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Improved instruments for scour detection 
Improved condition assessment 
Development of remedial measures 

• Fire Hazards 
More fire resistance in renewal efforts 
Develop advanced fire detection and suppression systems 
Disaster management (evacuation and access for fire suppression equipment) 

D. Jansen 
J. Roberts 
Y. Yamamoto 
K. Yokoyama 

Participants 
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Working Group 4: Socioeconomic Issues and Institutional Effectiveness/Productivity 

Working Group Resolution 1 

Acknowledging the importance of socioeconomic issues and institutional effectiveness/ 
productivity, we propose the following research objectives: 

1. Sustainability is an area of considerable interest and needs to be further defined as it relates 
to infrastructure design, development, financing, and management. 

2. The research agenda should include reference to sustainability issues, perspective, and 
assessment of methodology as applicable to infrastructure. 

3. Additional attention should be provided to processes by which management decisions are 
reached on major civil infrastructure system development and rehabilitation with regard 
to sustainability, hazard reduction, and productivity. 

Working Group Resolution 2 

Acknowledging the importance of socioeconomic issues and institutional effectiveness/ 
productivity, we propose the following research objectives: 

1. The research community needs to develop a CIS architecture that will provide a framework 
for engineering. 

2. Experience in retrofit and reconstruction needs to be documented for all major projects in 
order to provide the benefit of learning from both successes and failures. 

3. There is a need for a high level systems analysis in order to develop the necessary 
perspective for understanding the socioeconomic issues in CIS. 

Background Theme-Sustainability 

• Basic definition: not borrowing against the future 
• Alternative definition: harmonious pursuit of economic growth and environment quality 
• A voids irreversible effects 

Depletion of resources 
Elimination of future options for development or conservation 
Escalation of future costs to prohibitive levels 
Catastrophic damage 

High Priority Research Themes 

General 
• Estimate direct and indirect effects, both monetary and nonmonetary, of civil 

infrastructure 
• Integrate expenditures on safety, including hazard mitigation, into infrastructure 

productivity analysis 
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• Explore application of strategic planning principles 
• Include direct and indirect user cost in life-cycle cost analysis 
• Give greater consideration to non-engineering approaches to reducing user costs (e.g., 

utility, lifeline rationing) 
• Link design investment, and O&M to acceptable risks 
• Define sustainable development with respect to infrastructure; develop guiding principles 

and decision criteria 
• Identify values and perspectives of "stakeholders," i.e., groups having an interest in the 

outcome (owners, government, industry, citizens, etc.) 
• Evaluate current standards for environmental/infrastructure assessments 
• Assess opportunities for including "place-based" analysis 
• Need for improvement of cross-cultural and cross-disciplinary communication regarding 

infrastructure 
• Need for improved knowledge and technology transfer process 
• Development of understanding of total systems as a context for project and local system 

level assessment 
• Need to understand the effects of shifts in public vs. private roles and responsibilities 
• Need to consider all ramifications of infrastructure on sustainability including 

contributions to and protection against global warming, inclusions on biodiversity, and 
impacts on oceanic deterioration 

Assessing Methodologies For Infrastructure: Analysis/Evaluation 
• Apply land-based classification systems 
• Improve input-output (I-0) databases 
• Explore I-0 refinements and extensions, e.g., computable general equilibrium models 
• Improve life cycle engineering and costing 
• Link infrastructure and land use development 
• Explore and identify improved return on investment (ROI) for low probability/high 

consequence events 
• Improve risk management decision methods 
• Establish methods for applying CIS and information technology to appropriate levels of 

analysis 
• Develop methods for streamlining assessment - to simplify, reduce cost, and make 

assessment procedures more efficient/effective 
• Identify approaches to communication between CIS professionals and non-specialist 

managers, elected officials, and members of the public 
• Apply advancements in ROI methodologies to alternate long-term financing methods 
• Develop improved methods for knowledge and technology transfer to infrastructure 

professionals (training) 
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R. Shimada 
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Working Group 5: Research Coordination 

Working Group Resolution 1 

Acknowledging the importance of research coordination to achieve the objectives of civil 
infrastructure systems research, we propose the following objectives: 

1. Use partnerships of government, industry, and academia to respond in a timely way to 
issues related to CIS performance. 

2. Build on successful U.S.-Japan partnerships such as, UJNR Panel on Wind and Seismic 
Effects, to address the recommendations of this seminar. In many instances, successful 
U.S. -Japan government agency collaborations should be opened to industry and university 
participants. 

3. Reinvent educational and research programs in universities to respond to capabilities of 
information technologies, and need for interdisciplinary and international perspectives in 
research and decision-making in industry and government. 

Working Group Resolution 2 

Acknowledging the importance of sustainability as an area of considerable interest that 
needs further definition as it relates to CIS design, development, financing, and management, we 
propose the following objectives: 

1. Improve knowledge about sustainability in CIS development and rehabilitation. 
2. Define a policy of actively pursuing new knowledge on the elements of sustainability 

and their relationships to CIS. 

Working Group Resolution 3 

Acknowledging the importance of socioeconomic dimensions of CIS development and 
rehabilitations including communication with the public, we propose the following objectives: 

1. Improve knowledge about total systems design including socioeconomic aspects. 
2. Define a policy of integrating knowledge of, and showing responsibility for, socioeco

nomic considerations in CIS design, development, finance, and management. 

Working Group Resolution 4 

Acknowledging the importance of learning from experience in CIS retrofit and rehabilita
tion, both successes and failures, also including the impacts of natural disasters on infrastructure 
systems, we propose the following objectives: 

1. Improve knowledge gained from system rehabilitation experience about specific lessons 
learned including about damage from natural disasters for improved infrastructure 
recovery and reconstruction. 
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2. Define a policy of pursuing additional knowledge regarding system rehabilitation includ
ing recovery, retrofit, rehabilitation and reconstruction from natural disasters. 

Working Group Resolution 5 

Acknowledging the importance of informed and participatory management determina
tions and decisions on design, development, performance finance, maintenance and protection by 
CIS, management professionals should: 

1. Improve knowledge about CIS management decision processes. 
2. Define a policy of expanding inquiry into the factors and processes influencing 

decision-making by various levels of CIS management professionals. 

Background Themes 

• Reinvent university programs 
• Create Institute for Civil Infrastructure Systems Research and institutes at leading universities 
• Conduct U.S.-Japan full-scale seismic testing using facilities in Japan 
• Identify models for industry/academic consortia 
• Determine whether Japanese private R&D for construction can be duplicated in U.S. 
• Identify goals meaningful to private and public policy makers to gain support for and 

implement civil infrastructure systems research 
• Create programs that address the removal ofbarriers to innovation and implementation as well 

as research 
• Build on existing U.S.-Japan collaborations 
• Address CISR issue with urgency 

Research Coordination 

1. Partnerships on major issues 
- Examples: U.S. -Japan Earthquake Disaster Mitigation Partnership Construction and Building 

Subcommittee of the U.S. National Science and Technology Council 
Issues: Major issues important to government, industry and academia 
Participation: Partnership between agencies, industries and universities 
U.S.-Japan Potential: High for public purposes such as, earthquake disaster mitigation. 

2. Agency-Led Programs 

Low for competitive areas such as, Partnership for New Generation 
Vehicle 

- Examples: U.S.-Japan Cooperative Structural Testing 
Japanese Performance-based Seismic Design 
U.S. Engineering Research Centers 

- Issues: National issues fit to an agency mission 
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- Participation: Lead and participating agencies. Industry and universities as participants/ 
consultants with cost sharing 

- U.S.-Japan Potential: Many good examples where related programs exist: 
US/Japan Wind and Seismic Effects 
US/Japan Fire Research and Safety 
NSF/JSPS Center and Center Cooperation 
NSF Institute for Civil Infrastructure Systems Research 

3. Cooperative R&D agreements 
Examples: Factory Mutual/U.S. Army for development of a new flammability apparatus. 

Enidine/U.S. Navy/SUNY Buffalo to develop semi-active vibration control 
technology for earthquake and ship vibrations 

Issues: New products or services with commercial potential 
Participation: Industry and government and/or university laboratories 
U.S.-Japan Potential: U.S. and Japanese companies, universities and government 

laboratories can collaborate (but legal issues involving both 
governments may be difficult) 

4. Issue focused consortia 
Examples: Center for Chemical Process Safety 

Institute for Building and Home Safety 
Japan Building Contractors Society Criteria for Pile Foundation Design 
SEAOC/JSCA Seismic Performance Criteria 

Issues: Addressing a broad industry issue 
Participation: Private sector led with government and academic participation/support 
U.S.-Japan Participation: Many examples where competitiveness is not an issue. For 

instance, the BRI/NIST/US timber industry study of post
earthquake fire safety of frame houses. 

5. Interdisciplinary educational programs 
- Examples: NCEER education and research 

NSF educational coalition 
Sloan Foundation university centers on industries 

Issues: Long-term improvements in knowledge and education 
Creation of next generation leaders in industry, government and education 
Support and be supported by other mechanisms 
Initiate coordination and follow through 

Participation: Universities, industry and government 
U.S.-Japan Participation: U.S.-Japan seminars and workshops 

NSF/JSPS 
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Research Coordination Mechanisms 

What should the U.S. do? 

• Develop partnership to address important issues 
National Science and Technology Council involving agencies with industry and academia 
to address this seminar's recommendations 
NSF Institute for Civil Infrastructure Systems Research to guide response to this seminar 
and other studies 

What should the U.S. and Japan do together? 

• Involve industry and universities in effective ongoing collaborations such as: 
UJNR Wind and Seismic Effects 
UJNR Fire Research and Safety 
U.S.-Japan Earthquake Disaster Mitigation Partnership 

P. Croce 
G. Lee 
I. Okawa 
M. Todo 
M. Watabe 
R. Wright 
M. Yoshimura 

Participants 
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