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Abstract: Sustainability includes all aspects of the society, such as civil
infrastructural systems, energy, environment, health, safety, life-cycle analyses,
etc. New technologies like nano technology, simulation and smart materials
play key roles in achieving sustainability. Nuclear energy is a viable source of
clean energy. The historical perspective, R&D, challenges and barriers for
sustainability are presented. Key elements include mechanics, life-cycle
performance, smart materials, durability, nano and other new technologies.
Many complex materials require multi-scale and/or multi-physics research to
connect structure to properties and ultimately to function. The amalgamation of
the discrete multiple length spectrum and its multiple physics principles creates
a unprecedented area whose evolution can only be unveiled through the
marriage of advancement of theoretical studies, use of computational methods,
and experimental validation. Here we introduce a concurrent multiscale
simulation method, aiming at a seamless transition from the atomistic to
the continuum description of multi-element crystalline solids. We adopt a
cluster-based summation rule for atomic force calculations in the FE
formulations.
Keywords: sustainability; durability; Chong cycle; bridge coatings; accelerated
tests; nano-technology; multiscale material modelling; molecular dynamics;
MD; multi-physics; concurrent continuum/atomic simulation.

Copyright © 2013 Inderscience Enterprises Ltd.

105

106

K.P. Chong et al.
Reference to this paper should be made as follows: Chong, K.P., Wang, X. and
Chong, S-L. (2013) ‘Translational research in sustainability and mechanics’,
Int. J. Sustainable Materials and Structural Systems, Vol. 1, No. 2,
pp.105–122.
Biographical notes: Ken P. Chong has been the Engineering Advisor, Interim
Division-Director and Director of Mechanics/Materials for 21 years at NSF,
retiring in 2010. He is now with GWU and NIST, editing two journals, a book
series, doing lectures and research. He earned his PhD in Mechanics from
Princeton University. At NSF he has been involved in the development of
simulation, durability, nano S&E, and other initiatives. Prior to joining NSF, he
was a Senior Research-Engineer at the National Steel Corp.; a Professor/Chair
in Mechanics/Structures at the University of Wyoming. He was a Visiting
Professor at MIT, and Hong Kong University. He has published 200 papers and
authored several books; given 50+ keynote lectures, and received numerous
awards.
Xianqiao Wang currently is an Assistant Research Professor of Mechanical and
Aerospace Engineering at the George Washington University, and will join the
College of Engineering at the University of Georgia as an Assistant Professor
starting August 2012. He earned his PhD in Mechanical and Aerospace
Engineering from the George Washington University. His research interests
include computational mechanics, nano/bio-mechanics, multiscale material
modelling, and micro-continuum physical theories. He has published 27 journal
papers so far.
Shuang-ling Chong has been the Director of Coating/Corrosion Laboratory for
18 years at FHWA. She earned her PhD in Physical Chemistry from Rutgers
University. Her research includes accelerated-testing and evaluation of
environmentally-compliant bridge-coatings, paint-related tests/analysis,
provided technical assistance in coating-issues for US-DOTs. She received Best
Technical Paper Award from FHWA, 1991; Superior Achievement Award,
2004; JPCL Editor’s Award, 2002; Inventor of ‘Chong Cycle’ and ASTM
Method D7087. Before 1989, she worked at DOE for 14 years on fossil fuels
including separation/characterisation of the fuels, extraction of oil from oil
shale, and characterisation of solid-wastes from coal-fired power plants.

1

Introduction

Sustainability is defined as the “development that meets the needs of the present without
compromising the ability of future generations to meet their own needs” according to the
Brundtland Commission in 1983 in ‘Our common futures’. Sustainability includes all
aspects of the society, such as civil infrastructural systems, energy, environment, health,
safety, life-cycle analyses, etc. There are many challenges and barriers for sustainability
(Chong, 2010).
Translational research is important and has the following attributes:
•

is interdisciplinary by nature

•

usually involves a team

Translational research in sustainability and mechanics
•

relies on partnerships

•

results in clear benefit to society.
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The following shows a modified Pasteur’s quadrant including translational research
aspects.
Table 1

A modified Pasteur’s quadrant

Fundamental
understanding?

Yes

Pure basic research
(Bohr)

No

Incremental applied
research

Use-inspired basic research
(Pasteur, Gao)
Multidiscipline translational research
(Michelson, Smalley)
Pure applied research
(Edison)

No

Yes
Considerations of use?

Note: Modified by K.P. Chong
Source: Stokes (1997)

According to NIST, the US construction and building is a $1.2 trillion/year industry,
represents 5% of the GDP, and employs nearly 12 million workers. The construction
industry affects 12% of the US economy. The vast majority of construction firms are
small and do not have the resources to conduct the research needed. Some data suggest a
40-yr decline in construction productivity (–0.6% per yr) while non-farm productivity has
increased by +1.8% per year; there is an estimated 25–50% waste and inefficiencies in
labour and material control; and the cost of inadequate interoperability in commercial
and industrial construction alone is estimated to be $17–36 B/yr. Buildings represent the
single largest end-user of energy (40%) and electricity (72%) and contributor of carbon
dioxide emissions (39%) when compared with the transportation and industrial sectors.
The estimated cost of renewing the US physical infrastructure exceeds $2.2 trillion.
Additionally new technologies such as nano technology and smart materials play key
roles in achieving sustainability (Chong, 2010, 2011b). Other areas such as energy and
carbon foot print are essential elements in sustainability. There have been some successes
in the 1960’s in the California school building systems and the Canadian super-insulated
houses. However IAQ (indoor air quality) is still a serious problem in all buildings and
offices.
Nanotechnology on the other hand is a very efficient way in the creation of new
materials, devices and systems at the molecular level - phenomena associated with atomic
and molecular interactions strongly influence macroscopic material properties with
significantly improved mechanical, optical, chemical, electrical and other properties
(Chong, 2004, 2009). NSF former Director Rita Colwell in 2002 declared, “nanoscale
technology will have an impact equal to the Industrial Revolution”. Europe has been at
the forefront of nanotechnology in construction and civil infrastructure systems as can be
seen from the several International Symposia on Nanotechnology in Construction
(Chong, 2003; Larsen-Basse and Chong, 2005).
The transcendent technologies include nanotechnology, microelectronics, information
technology as well as the enabling and supporting civil infrastructure systems and smart
materials. These technologies are the primary drivers of the twenty first century and the
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new economy. Structural sensing, sustainability, energy, modelling and simulation,
environmental concerns are also some of the challenging areas. Research opportunities
and challenges in mechanics and materials, including multi-scale/multi-physics
modelling, as well as design of materials are essential in the new technologies. Figure 1
illustrates the development of materials over the ages.
Figure 1

The development of materials (see online version for colours)

Source: From J. Grossman, MIT

In the mid-1990s, the National Science Foundation (NSF) launched a major initiative on
Civil Infrastructure Systems (CIS; Chong and Liu, 1993). Figure 2 shows elements of the
critical infrastructures. Among the major CIS recommendations were:
1

deterioration science – examines how materials and structures break down and wear
out over time

2

assessment technologies – determine how durable, safe and environmentally benign
the (building) structures are

3

renewal engineering – extend and enhances the life of CIS and components

4

institutional effectiveness and productivity – decision processes on the CIS on the
economic and productivity issues.

These recommendations in addition to net-zero energy buildings are still very relevant for
the sustainability, a major part of the CIS. They resulted in many awards, workshops and
books (e.g., Chong et al., 1990; 2002; Li, et al., 2009; Monteiro et al., 2001) and other
related initiatives (e.g., Engineering Sustainable Buildings, NSF 09-606, led by Bank et
al., 2009).

Translational research in sustainability and mechanics
Figure 2
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Elements of the critical infrastructures (see online version for colours)

For several decades continuum theory has been a dominating theoretical framework for
the analysis of materials and structures (Liu et al., 2006). This approach to predict
material deformation and failure, by implicitly averaging atomic scale dynamics and
defect evolution spatially and temporally is valid only for large systems. It is realised that
as technologies extend to the nanometer range, continuum mechanics at this new arena is
questionable. Whereas atomic-scale modelling and simulation methods, e.g., molecular
dynamics (MD), have provided a wealth of information for nano systems by elucidating
the atomistic mechanisms that govern deformation and rupture of chemical bonds, these
methods can only handle problems very limited in length/time scales. Yet, ultimately we
aim at the design and manufacture of synthetic and hierarchical material systems or
structures in which the organisation is designed and controlled on length scales ranging
from nano to micro, even all the way to macro. Therefore multiscale modelling, from
atom to continuum, is inevitably and urgently needed.

2

Nuclear energy

Nuclear energy is a viable source of clean energy and should play an important role in
sustainability. Safety is a major concern. Figure 3 shows the carbon footprint for various
sources. As of November 2010, 29 countries worldwide are operating 441 nuclear
reactors for electricity generation and 65 new nuclear plants are under construction in 15
countries. Like wind and hydro-electricity, nuclear power has the lowest carbon footprint.
Nuclear power plant costs about three times more than coal power plant. However the
production cost of electricity is about 50% less as shown in Figure 4.
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Figure 3

The carbon foot print for various sources (see online version for colours)

Figure 4

Electricity production cost (see online version for colours)

Notes: Production costs = operations and maintenance + fuel; production costs do not
include indirect costs or capital
Source: Ventyx Velocity Suite, via NEI

US President Obama called for “a new generation of safe, clean nuclear power plants” in
his 2010 State of the Union address and pledged to triple US nuclear investment.
Following the Japanese quake and tsunami in March 2011 near Sendai, the Obama
administration restated its support, with spokesman Carney telling reporters that nuclear
“remains a part of the President’s overall energy plan”. In terms of energy in an
earthquake, each whole number increase in the Richter scale corresponds to an increase
of about 32 times the amount of energy released. The major damage came from the 15
metre high tsunamis at the Fukushima Dai-ichi nuclear power plants.
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The accident at Three Mile Island Unit 2 (TMI-2) nuclear power plant near
Middletown, Pa., on March 28, 1979, was the most serious in US commercial nuclear
power plant operating history, even though it led to no deaths or injuries to plant workers
or members of the nearby community. But it brought about sweeping changes involving
emergency response planning, reactor operator training, human factors engineering,
radiation protection, and many other areas of nuclear power plant operations. It also
caused the US Nuclear Regulatory Commission to tighten and heighten its regulatory
oversight. Resultant changes in the nuclear power industry and at the NRC had the effect
of enhancing safety to a high level.

3

Generation IV nuclear reactors

Generation IV reactors (Gen IV) are a set of theoretical nuclear reactor designs currently
being researched. Most of these designs are generally not expected to be available for
commercial construction before 2030, with the exception of a version of the very high
temperature reactor (VHTR) called the next generation nuclear plant (NGNP). The
NGNP is expected to be completed by 2021. Current reactors in operation around the
world are generally considered Gen II or III or second- or third-generation systems, with
most the first-generation systems having been retired some time ago.
Gen IV nuclear reactors are much more efficient and safe than current ones. The
following lists some of the major improvements.
•

nuclear waste lasts decades instead of millennia

•

100 to 300 times more energy yield

•

capable of using existing nuclear waste to produce electricity

•

improved operating safety

•

reduction of field work and construction time

•

used for many different activities, including piping modules, cable tray modules,
equipment modules, containment dome, containment liner plate, steel-reinforced
concrete modules for non-containment buildings

The following lists some technical barriers and possible innovations according to NIST.
•

existing US codes and standards for structural design inapplicable due to unknown
failure limits states, unknown performance of connection between modules, and
unknown response

•

use of environmental friendly HPC in combination with high strength bars

Concrete, a major construction material, has come a long way with respect to its
performance and strength. The following Figures 5 shows the multi-scale modelling
research done at NIST over the last couple of decades.
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K.P. Chong et al.
Multi-scale modelling of the structure and properties of cement-based materials
(see online version for colours)

Source: Courtesy of E. Garboczi

Figures 6 and 7 are finite element (FE) analyses and fracture tests respectively done by V.
Saouma on nuclear reactor shells when a big hole and steel tendons were cut to replace
the generators during a re-licensing application. Cracks were found in the process. The
FE analyses confirmed the formation of the cracks. Research of materials in creep
fracture under high temperatures and sustained loadings is needed.
Figure 6

Fracture mechanics based on FE analysis (see online version for colours)

SAOUMA, U. OF COLORADO

Source: Courtesy of V. Saouma
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Fracture characterisation (see online version for colours)

Can only test cylindrical cores
from site.
Determined fracture energy
under normal conditions, and
at 80oC under sustained load

Testing of the core inside an environmental chamber
where the specimen was tested at elevated temperature
and loading applied over many days

More research into Creep Fracture
urgently needed

SAOUMA, U. OF COLORADO

Source: Courtesy of V. Saouma

The following lists some of the major challenges and research areas in mechanics with
respect to nuclear power plants (Chong, 2011a).
•

fracture mechanics

•

multi-scale, multi-resolution mechanics

•

new materials; nano-mechanics

•

nuclear mechanics; new reactors

•

penetration mechanics

•

structural mechanics

•

thermal stresses; heat transfer

•

multi-phase flow mechanics

•

mechanics/mitigation of earthquakes; tsunamis; disasters.

4

Potential breakthroughs in construction processes

US National Research Council identified the following activities with potential for
breakthrough improvements (http://www.nist.gov/bfrl/nrc_111709.cfm):
1

Widespread use of interoperable technology applications and Building Information
Modelling (BIM).

2

Improved job-site efficiency through more effective interfacing of people, processes,
materials, equipment, and IT.
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3

Greater use of prefabrication, preassembly, modularisation, and off-site fabrication
and processes.

4

Innovative demonstration installations.

5

Effective performance measures to drive efficiency and support innovation.

As can be seen from the list, nano technology (e.g., nano clay additives in fire proofing),
simulation (Chong et al., 2002) and engineered materials play important roles in
sustainability.
To achieve net-zero energy buildings, NIST developed the Policy Framework in
Figure 8, listing R&D issues, barriers and goals (see: NIST, “Measurement Science
Roadmap for Net-Zero Energy Buildings: Workshop Summary Report”, March 2010). In
addition a useful sustainability decision tool, named BEES 4.0 (Buildings for
Environmental and Economic Sustainability, version 4) measures the performance of
building products with life -cycle assessment techniques developed by ISO and ASTM
has been developed (www.bfrl.nist.gov/oae/bees.html).
Figure 8

Policy framework (see online version for colours)

Source: From NIST

5

Durability studies

Durability is an important aspect of sustainability. Fundamental research in durability of
materials and structures have shown great potential for enhancing the functionality,
serviceability and increased life span of our civil and mechanical infrastructure systems
and as a result, could contribute significantly to the improvement of every nation’s
productivity, environment and quality of life. Innovative short-term laboratory tests are
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developed, which allow accurate, reliable prediction of long-term performance of new
materials since such data are hard to come by. For new materials (Chong, 1996)
accelerated tests are needed to assess durability (Monteiro et al., 2001) and sustainability.
One of such accelerated laboratory test, named as the ‘Chong Cycle’ by coating
communities (Aragon and Frizzi, 2002), has been developed to predict the long-term
performance of coating materials in bridges (Chong and Yao, 2009). The test includes
alternating cycles of freeze, ultraviolet/condensation, and salt-fog/dry air; and it has been
added to the ISO (International Organisation for standardisation) method for testing
coatings for structures. Importance of this test cycle in the durability issue was described
in the article (Chong and Chong, 2009).
The intelligent renewal of aging and deteriorating civil and mechanical infrastructure
systems includes efficient innovative use of high performance composite materials for
structural and material systems including nano materials (Chong, 2004) and smart and
high performance materials (Chong et al., 1990, 1996, 2002).

5.1 Durability issues
Demands for better-performing, longer-lasting, safer, more economical, and more
environmentally friendly structures and machines are constantly pushing the envelope of
technological capabilities engineering practice (Chong et al., 2002; NSF, 1998; Monteiro
et al., 2001; Chong et al., 1996). As a result there are relentless moves towards close
tolerances and use of realistic life-cycle design, condition-based maintenance, and
performance-based design.
Durability of new materials involves the synthesis, laboratory and field testing,
accelerated tests, modelling, etc. Table 2 illustrates the size effects and mechanics
involved (Boresi et al., 2011).
Table 2

Scales in material systems

Material

Structures

Infrastructure

Submicro-level

Meso-level

Macro-level

Systems integration

Molecular scale

Microns

Metres

Up to km scale

• Nano-mechanics

•

Meso-mechanics

•

Beams

•

Bridges

• Nanotechnology

•

MEMS

•

Columns

•

Buildings

• NEMS

•

Interfacial mechanics

•

Plates

•

Airplanes

The NSF Durability Initiative (NSF, 1998) aim was: “ ... developing innovative
short-term laboratory or in situ tests which allow a reliable prediction of long-term
performance of materials, machines and structures ...” based on understanding of the
fundamental nature of deterioration processes and innovative ways to model processes as
they affect life and long-term performance. NSF project awards have been made in these
areas and the findings have been presented in a book (Monteiro et al., 2001).
One of the research topics in durability is brittle fracture which is usually sudden and
catastrophic as can be seen in the delamination and fracture of nuclear reactors during the
re-licensing process (Figures 6 and 7). Another topic is on the accelerating tests of new
coatings, shown below.
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5.2 Fracture of brittle materials
It is well known that linear elastic fracture mechanics is not strictly applicable for brittle
or geomaterials due to the occurrence of relatively large fracture process zones. In these
materials, the process zone is made up of a region of microcracks that may be
pre-existing and crack bridging may also occur in the process zone. The semi-circular
bend (SCB) specimen invented by Chong (Chong and Kuruppu, 1984) is depicted in
Figure 9. It is a core-based specimen, and has certain inherent favourable properties such
as its simplicity, minimal requirement of machining and the convenience of testing that
can be accomplished by 3-point loading using a standard test frame. SCB is now used
worldwide for mostly on simple fracture toughness testing and some for specimen
size-independent fracture toughness testing based on J-integrals. SCB is being considered
as a standard for dynamic and static fracture toughness testing of geo and brittle materials
(Kuruppu and Chong, 2012). SCB has also been extended into mixed mode fracture
(Ayatollahi et al., 2011).
Figure 9

Mode I stress intensity factor

Source: Chong and Kuruppu (1984)

5.3 Chong cycle and accelerated tests
The annual bridge maintenance and rehabilitation costs billions of dollars in the USA
alone; therefore reducing corrosion is a critical task for bridge engineers and owners in
order to ensure a sustainable critical infrastructure. Coatings have been applied over steel
bridges to reduce corrosion which affects the structure integrity and load carrying
capacity of bridges as well as ultimate failure; the coating durability of course is a critical
issue for bridge maintenance. Field testing takes long time to determine the lifetime of
bridge coatings; therefore, any reliable accelerated laboratory test method within
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relatively short time would be very beneficial for estimating the long term durability of
coatings over steel bridges. A more realistic laboratory accelerated test, named by the
research communities as the Chong cycle (Aragon and Frizzi, 2002) has been developed
to predict the long-term field performance of bridge coatings. In conjunction with a
powerful evaluation technique, the relative performance of various bridge coatings can be
easily distinguished (Chong and Yao, 2009). Various accelerated laboratory test methods
have been developed to evaluate the relative performance of bridge coatings, especially
for newly reformulated low volatile-organic-compound (VOC) content and high solid
bridge coatings. Prior to 1990, salt-fog test was the primary method for testing coatings.
Later, bridge engineers and coating industry have found that the salt-fog testing, as
designated in the American Society for Testing and Materials (ASTM) B117 method,
does not accurately predict the field performance of many of the new low-VOC coating
systems, particularly for waterborne coatings showing unrealistic premature failures.
Later Chong (1997) created a variation of ASTM D5894 and added a low temperature
cycle. The results were better correlated with a natural marine exposure of 28 months
than those obtained from salt-fog (ASTM B117), and QUV/cyclic salt-fog. This test cycle
was named as ‘Chong cycle’ by Aragon and Frizzi (2002). Due to the importance of low
temperature thermal stress, a new freeze cycle has been added in the International
Standard (ISO) 20340 method in accordance with the ‘Chong cycle’.
Figure 10 The Chong cycle (see online version for colours)

FREEZE

4-h Ultra-violet
light/4-h
humidity
condensation

1-H HOT SALTFOG/1-H AMBIENT
AIR

5.3.1 Laboratory accelerated tests
The Chong cycle (Figure 10)

70-h (hour) freeze/215-h QUV/215-h cyclic salt-fog
cycle

Freeze temperature

–23°C

QUV

UV/Condensation test

Test cycle

4-h UV/4-h condensation cycle

UV lamp

UVA-340

UV temperature

60°C

Condensation temperature

40°C

Cyclic salt-fog

1-h wet/1-h dry cycle.
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5.3.2 Outdoor marine exposure
Location Sea Isle City, New Jersey
Annual characteristics:
•

Sunshine: 2,840 h

•

Relative humidity: 70%

•

Time of Wetness: 51%

•

Rainfall: 150 cm, pH of rain water = 4.2

•

Spray sea water once a week: pH = 7.5

•

Salt content: 2.7 wt%

The results of this correlation study strongly suggest that the Chong cycle (Chong et al.,
2009), freeze/QUV/cyclic salt-fog test, is comparatively a much more reliable accelerated
laboratory method to predict the field performance of the coating systems in a salt-rich
marine environment.

6

Multiscale materials modelling

Multiscale materials modelling is an integrated approach to modelling material behaviour
across a range of scales from the electronic, atomic and microstructural up to the
component level (Liu et al., 2006). It provides valuable new insights into complex
structures and their properties, opening the way to engineer new, multi-functional
materials together with improved process and product designs. On each level particular
models are used for description of a system:
a

quantum mechanical models – information about electrons is included

b

MDs models – information about atoms is included

c

continuum models – information about micro up to macro scales is included.

Each level addresses phenomena over a specific window of length and time. Multiscale
modelling is particularly important in integrated computational material sciences since it
enables one to predict material properties or system behaviour based on knowledge of the
atomistic structure and properties of each level from nano scale to macro scale.
The concurrent approaches link methods appropriate at each scale together in a
combined model, where different scales of the system are considered concurrently and
communicate with each other. The challenge of the concurrent approach lies in the
formulation of a seamless computational connection along the interface between the
different material representations; a successful multiscale model seeks a smooth coupling
between these different material descriptions. The sequential methodology, on the other
hand, connects a hierarchy of computational approaches in which large-scale models
using the coarse-grained representations with information obtained from the more
detailed, smaller-scale models. This sequential modelling approach has proven effective
in systems in which the different scales are weakly coupled. The characteristic of the
systems that are suited for a sequential approach is that the large-scale variations
decouple from the small-scale physics, or the large scale variations appear homogeneous
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and quasi-static from the small-scale point of view. Sequential approaches have also been
referred to as serial, implicit, or message passing methods.
Figure 11 Schematic diagram of multi-phase material system (see online version for colours)

The complexity that arises in investigating the dynamics behaviour of material system is
vastly due to the fact that many deformation phenomena involve multiple length and time
scales, for example, from dislocation nucleation at atomic scale to the formation of
multiple slip bands at submicron scale, to the observable effect of plastic deformation at
the macro scale. Our attempts to unveil the distinctive physical phenomena across
multiple scales in a single framework require modelling the material system in two
distinctive regions: continuum region with FE meshes and atomic region, as shown in
Figure 11 (here a 2D picture is shown for the purpose of illustration; Wang and Lee,
2010a, 2010b, 2010c).
For the purpose of large-scale simulation of collaborative material behaviour, to
reduce the computational time while maintaining the accuracy of the computational
scheme, we seek an approximation solution (Wang and Lee, 2011a, 2011b, 2011c,
2011d). Following the works by Knap and Ortiz (2001) and by Eidel and Stukowski
(2009), the reduction of degrees of freedom is accomplished by virtue of kinematic
constrains, may also be named as shape functions in FE method or Cauchy-Born rule.
Some judiciously selected unit cells, called FE nodes, retain their independent degrees of
freedom and feature the deformation response of the system. The nodal displacements
together with shape functions are employed to determine a displacement field, in other
words, all other unit cells are forced to follow the motion of the nodes – this is what we
called ‘kinematic constraint’, which is the practice in every FE analysis. The most
general requirements to the discretisation are first, to reduce the number of FE nodes, and
second, to ensure high density of FE nodes up to fully atomic resolution in critical
regions, where defects nucleate and evolve, like dislocation cores, crack tips. When
coarse mesh is used, the majority of the degrees of freedom can be eliminated, hence, the
computational cost can be reduced while accompanying the decrease of the accuracy of
the results associated with the computational scheme adopted. When the finest mesh is
used, any lattice site is a FE node, and the model becomes identical to a full-blown MD
model, the standard model manifesting the discrepancies or accuracies of others models
by comparisons. The compromise is a trade-off between efficiency and accuracy. The
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density of FE nodes is controlled by a criterion that measures how strong the deformation
varies spatially. The general picture shown will offer a novel avenue for us to model and
simulate the multi-scale and multi-physics problems.

7

Conclusions

Sustainability, important part of a modern society, directly affects the quality of life of all
citizens. New technologies such as nano, simulation, and materials engineering play key
roles with potential for breakthroughs. The historical perspective, R&D, challenges and
barriers for sustainability are presented. Key elements include material mechanics,
life-cycle performance, smart materials, durability and accelerated tests, bridge coatings,
nano and other new technologies. Nuclear energy is a viable source of clean energy and
should play an important role in sustainability as well.
In the NSF durability initiative, one may think of the ‘materials tetrahedron’
promulgated by an Academy report (NRC, 1989) where performance, as the ultimate
‘materials characteristic’, is shown linked to microstructure/composition, properties, and
processing in a microstructure/composition, processing and property are interlinked with
performance forming the apex of the tetrahedron. Durability Initiative and the results
demonstrate that we are now well on our way to also develop reasonable understanding
of the connections of the apex of the tetrahedron, performance, to the topics in the base
triangle (Chong et al., 1996). The need and rational for short-term accelerated tests to
predict realistically long-term performance of structures and materials are presented. This
is especially needed for new materials including coatings. The test results demonstrated
that the Chong cycle test produced more realistic coating performance as compared to
outdoor salt-rich exposure results than the conventional test methods.
Simulation-based engineering science (Oden et al., 2006) has emerged as a powerful
tool revolutionising engineering and science in the 21st century. It plays a major role in
multiscale material modelling and design. While serving as a corner stone of many novel
applications in all engineering disciplines from the nanoscale to macroscale, multiscale
modelling and simulation has been revolutionised in the past decade by the emergence of
experimental and computational techniques to study the properties and behaviours
of materials near atomic/molecular scales. A fundamental understanding of the
structure-property relationships of materials from the atomic scale to continuum scale
within the multiple physics picture offers a novel avenue to make a breakthrough in
current materials design technology.
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