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KYOTO JAPAN

Infrastructure Resilience Framework for 
Assessment, Governance and Management

①Infrastructure Resilience Domain: 
Define the dimensions most relevant 
to engineered systems

②Building and Lifeline System 
Performance or Functionality 
(representing a single system and change 
in performance over time) Ayyub (2014)

③System Service Provision & Operability (Davis, 2014)
+

④Continuity of [inoperable] Services Temporarily Lost 
(alternatives, substitution, stockpiles, etc.)

Dependencies on other 
system performances

⑤Social & Economic 
activity supported 
directly and indirectly 
by infrastructure 
systems

time

Recovery with insurance coverage

A

C
B
B’

⑥Community:  wellbeing, 
equity, livability, etc.

Core Infrastructure Resilience Elements Core Community Resilience Elements
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ti tf tr
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r4
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Recovery event definitions:
r1. E. better than new
r2. E. as good as new
r3. E. better than old
r4. E. as good as old
r5. As good as old
r6. Worse than old
E. = Expeditiously

Performance 
after recovery

Ti = Time to incident
Tf = Time to failure

Tr = Time to recovery

A Poisson process 
with rate l

leading to an incident 
occurrence

Robustness, i.e., residual 
performance (Qr)

Recovery duration DTr
Failure duration DTf

0

Not to scale

Disruption duration DTd

Impacts valuated0

Direct failure 
impacts

Recovery 
costs

Indirect impacts 
including loss of 

performance

Hazard Strike

Organizational and Technical

System Assessment:

Governance and Management:
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performance (Qr)
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Economics of resilience 
(Gilbert & Ayyub, 2016)
(a) Performance profile
(b) Economic valuations of 
direct losses, recovery costs, 
and indirect impacts
-Develop cost effective 
mitigation alternatives
-Including casualties

⑦Establish Community Performance 
Targets (e.g., NIST 2015)

⑧Define Infrastructure System 
Performance Targets to support the social 
and economic needs of a community.

Tools
Programs to operationalize resilience using 
characteristics (Davis et al, 2018)
Resilience standards and codes (Burton et al, 
2018; Honda, 2017)
Insurance
Loss estimation methodologies
Business Continuity Plans, Continuity of 
Operations Plans
Emergency and incident management
Asset management
Risk management
Hazard scenarios
Life cycle cost analysis/ assessment
Land use planning
Advanced technologies
Decision support systems

Data needs, sources and expert 
opinion elicitation (Ayyub, 2001): 
collect in support of all resilience 
elements.  Include sensing and 
monitoring of hazards and 
infrastructure. 

Disaster

Pr
od
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Time
Facility Damage

Facility Damage+Recovery
+Lifeline Impacts

Facility Damage+Recovery

Facility Damage+Lifeline Impacts
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nc

e 
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or

1

0
Recovery of Electricity

Recovery of Water

Recovery of Gas

Business Interruption Losses
(Facility Damage+Recovery+Lifeline
Impacts)

Regional Social and Economic Losses from facility and lifeline 
losses (Kajitani and Tatano, 2009), including casualties
(a) Losses from facility and lifeline systems
(b) System restorations

Aggregate of entire set of component 
and subsystem performances. 

Policy 
Compare 
②③④
with ⑧

 
Legend 
 Processes 
 Tools 
 Outcomes 

(a)

(b)

(a)

(b)

:
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TOPICS

l Infrastructure in Japan
¡As a Developed Country
¡As a Country living with Severe Natural 
Disasters

lChallenges in Structural/Earthquake 
Engineering for Resilient Society
¡for changing Required Performance of 
Infrastructures in the Future

¡to cope with BDBE (Beyond Design Basis 
Event) in Infrastructure Design
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About Japanese Infrastructure 
http://www.japan.go.jp/infrastructure/
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Infrastructure with Japan

l Infrastructure, which provides the 
foundation of our growth, consists of 
unique creativity rooted in Japanese 
sensitivity, such as the resilience to accept 
harsh environmental changes and ideas to 
make effective use of limited (natural) 
resources, paired with the technological 
strength to convert the ideas into tangible 
forms.



K
Y
O
T

O
UNIVE

R

S
I
T
Y

F
O

U
N
D ED

1
8

9
7
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Infrastructure Design

l Infrastructure could be designed to act as 
a long-term, deep-rooted foundation for 
sustainable economic development. Large 
uncertainty cannot be inevitable in the 
prediction of natural disasters during their 
service-life.

l The essence of infrastructure design is to 
determine the material and the structural 
layout and form, with public consent, under 
large uncertain information.
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Challenges in 
Structural/Earthquake Engineering
l Strategy for changing Required Performance of 
Infrastructures in the Future
¡Non-conforming infrastructures
¡Metabolism (新陳代謝) of Infrastructures 

l Strategy to cope with BDBE (Beyond Design 
Basis Event) in Infrastructure Design
¡ From Limit State Design  to “Anti-catastrophe”-oriented 
Design

¡ From “Large Ductility” to “Collapse Control”
¡ Functionalities in BDBE is different from those in DBE.
¡ Validation with Qualitative Evaluation supported by 
Accountability (Legitimacy, Governance)
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Damage-free 
(Material technology)

Insensitive response 
(Base-isolation 
technology)

Sensitive response 
(Structural control 
technology)

Semi-sensitive 
response 
(Material/Recovery 
Technology)

Challenges in Structural/Earthquake Engineering
Development of Robust Structures

Robust
Structure

Structural form 
considering 
earthquakes as the 
primary action 
(Structural art)

Material science has always 
brought innovative progress 
of structural performance.

Self-healing materials

Accept the loss of 
functionality, but 
quick recovery

Construction 
technology

Monitoring 
technology

From long-term infrastructure with maintenance to 
middle-term infrastructure without maintenance

Design 
technology

Energy 
absorber

Design seismic load:
0.2g < gravity in 1970s
2.0g > gravity now

Planning

Maintenance 
technology

Structural 
analysis

Metabolic system
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Challenges in 
Structural/Earthquake Engineering
l Strategy for changing Required Performance 
of Infrastructures in the Future
¡Non-conforming infrastructures
¡Metabolism (新陳代謝) of Infrastructures 

l Strategy to cope with BDBE (Beyond Design 
Basis Event) in Infrastructure Design
¡ From Limit State Design  to “Anti-catastrophe”-oriented 
Design

¡ From “Large Ductility” to “Collapse Control”
¡ Functionalities in BDBE is different from those in DBE.
¡ Validation with Qualitative Evaluation supported by 
Accountability (Legitimacy, Governance)
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Expressway companies

Nationally-managed
Prefectures and Government 
ordinance-designated cityes-managed
Municipalities-managed

Highway Bridges

Infrastructure in Japan 
as a Developed Country
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Health Assessment of Infrastructure
by JSCE

Message from the 
President of JSCE

Results of the Health Assessment in the Road Sector

Health Assessment Index

Infrastructure has contributed greatly to the rapid economy growth and improvement in quality 
of life.  However, the aging of such infrastructures is now a major social issue.  Thus far, focus has 
been placed on assigning a budget and engineers to new construction projects.  In the future, it will 
become necessary to shift these resources to the maintenance and updating of aging infrastructure.  
Infrastructure is closely related to the lives and economic activities of all people.  In order for us in the 
present and subsequent generations to enjoy lives that are safe, secure and full of vitality, it is essential to adequately maintain 
and update infrastructure. 
Due to the importance of infrastructure development and management, current assessment of overall infrastructure by civil 
engineers’ societies is being conducted in the United States and the United Kingdom, and the results thereof are becoming 
widely recognized.  Based on the deterioration state and management system of the infrastructure in Japan, JSCE, as a third 
party institution, has also decided to assess the soundness of the current infrastructure.  The target of the assessment shall be 
the overall infrastructure, and the results will be summarized in the “Infrastructure Health Report” which is scheduled to be 
released.  This year, preceding other infrastructure, a trial health report has been prepared with roads as the target, including 
bridges and tunnels for which there is already a systematic implementation of inspection and diagnosis.
Through the widespread understanding of the current status of the infrastructure as well as the recognition of the importance 
and future tasks for the maintenance and updating of the infrastructure by the Japanese citizens, we hope that you will take 
action and cooperate with us in seeking the solution to the issues.

-　 Currently, deterioration in many bridges is obvious.  There is a need for urgent 
maintenance and repair and to stop the progression of the deterioration process.

-　 Deterioration is obvious in many tunnels and maintenance and repairs on the 
deteriorating sites are urgently needed.

-　 There are always certain sections on road surfaces (pavement) which deteriorate 
quickly, and early repairs in accordance with the maintenance evaluation level are 
required.

-　 Regarding the management system, since the revision of the Road Act in 2014, the 
system for the maintenance of bridges and tunnels has improved.  However, there are 
differences in efforts regarding the formulation of tunnel maintenance plans according 
to the administrator.  Regarding the road surface, there are some administrators who 
have not yet formulated a maintenance plan.  Thus, the formulation of a plan and the 
enhancement of a system for implementing the plan are desired.

Health assessment is carried out by means of a method developed independently by JSCE, that of collecting released 
published data and surveys of inspection results and maintenance system information of the facilities.  By assessing data 
provided by each administrator, the national average is expressed as an index.

Noriaki Hirose 
(103rd JSCE President)

Bridges   D
Tunnels   D

Road Surface
(Pavement)    C

Health Assessment Index of the Facilities
A

Sound
B

Satisfactory
C

Caution
D

Warning
E

Critical
No deter iorat ion i s 
seen in most facilities

Deterioration is seen in 
some facilities

Deterioration is progressing 
in quite a few facilities, 
requiring early repairs

Deterioration is obvious in 
many facilities, requiring 
repairs and reinforcements

Deterioration is serious 
overall, requiring urgent 
measures

Management System of the Facilities

The state in which,  i f  the present 
management system continues, the 
health condition will likely progress 
toward improvement.

The state in which,  i f  the present 
management system continues, the 
current health condition will continue.

The state in which, unless there is an 
improvement in the present management 
system, there is a possibility that the health 
condition will deteriorate.

2
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Situations of Developed Countries
in High Seismicity

l Structural engineers always try to design their structures 
considering Structural Art.

l The disciplines of structural art are efficiency and 
economy after the Industrial Revolution, and its freedom 
lies in the potential it offers the individual designer for 
the expression of a personal style motivated by the 
conscious aesthetic search for engineering elegance.

l Are seismically retrofitted structures elegance?



K
Y
O
T

O
UNIVE

R

S
I
T
Y

F
O

U
N
D ED

1
8

9
7

KYOTO JAPAN

Infrastructure in Japan 
as a Developed Country in High Seismicity

Constructed in 1969 Re-Built in 1996
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Metabolism (新陳代謝)
l Metabolism was a post-war Japanese 
architectural movement that fused ideas about 
architectural megastructures with those of 
organic biological growth. It had its first 
international exposure during CIAM's 1959 
meeting and its ideas were tentatively tested 
by students from Kenzo Tange's MIT studio. 

l The greatest concentration of their work was 
to be found at the 1970 World Exposition in 
Osaka where Tange was responsible for 
master planning the whole site whilst Kikutake
and Kurokawa designed pavilions.
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Metabolism (新陳代謝)
l Individual buildings that 
employed the principles of 
Metabolism were built and these 
included Tange's Yamanashi 
Press and Broadcaster Centre 
and Kurokawa's Nakagin Capsule 
Tower.
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Resilience (Bruneau, et al. 2003)

l Robustness 
l Rapidity
l Resourcefulness
l Redundancy

Timet0 t1
 0

 50

 100

 Rapidity

Hazard
Occurs

 RobustnessFu
cti
on
ali
ty 
Q(
t) %

“the ability of social units (e.g., organizations, 
communities) to mitigate hazards, contain the effects 
of disasters when they occur, and carry our recovery 
activities in ways that minimize social disruption and 
mitigate the effects of future earthquakes”
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Infrastructure (building or lifeline) system 
performance over time (Ayyub, 2015)
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Ti = Time to incident
Tf = Time to failure

Tr = Time to recovery
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performance (Qr)
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Failure duration DTf
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Not to scale

Disruption duration DTd
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Direct failure 
impacts

Recovery 
costs

Indirect impacts 
including loss of 

performance

What kind of Performance in Funclitionarities?



K
Y
O
T

O
UNIVE

R

S
I
T
Y

F
O

U
N
D ED

1
8

9
7

KYOTO JAPAN

Situations of Developed Countries
in High Seismicity
Case Study: Kobe route of Hanshin Expressway

Constructed in 1969 1995 Kobe EQ Re-Built in 1996

Seismic Isolators

Steel girder
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Situations of Developed Countries
in High Seismicity

l Core functionality of highway viaduct is 
transportation capacity.

l Seismic performance 
improved almost double, 
but core functionality is 
unchanged before and 
after Kobe EQ.

1995 Kobe EQ

Rapidity: 623 days in case of 
Hanshin Expressway
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Situations of Developed Countries
in High Seismicity

1995 Kobe EQ

Rapidity: 623 days 
for Core functionality

Rapidity: 623 days 
for Seismic Performance
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Real Situation for Beyond Design Basis EventExpected Situation for Design Basis Events

Severe EQ

Expected Loss 
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Seismic Code is revised
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Situations of 
Developed Countries
in High Seismicity

l Developed countries 
have a large stock of 
infrastructure.

l Even if no aging 
deterioration, existing 
non-conforming 
infrastructures have 
been increasing.
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Expressway companies
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ordinance-designated cityes-managed
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Bridges 
in 0.2G seismic design
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Situations of Developed Countries
in High Seismicity

l Influence of non-
conformity on 
the seismic 
performance had 
been much 
greater than that 
of age-
deterioration.
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constructed in 1970

without seisemically retrofit
(Age-deterioration is considerd)
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but no longer conforming 
the latest design code
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Situations of Developed Countries
in High Seismicity

l Seismic retrofit could
help to retrofit of 
age-deterioration 
indirectly. But the 
retrofitted structure 
will be non-
conforming again in 
the future.

l Need robust / 
sustainable  structure 
to cope with changing 
required performance 
in the future
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Change the functionalities of infrastructure 
to contribution to Rapidity

1995 Kobe EQ

Rapidity: 623 days 
for Core functionality

Rapidity: 623 days 
for Seismic Performance
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“Anti-Catastrophe” ConceptReal Situation for BDBE
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1995 Kobe EQ

Rapidity: X days
for Core functionality

Full core functionality
with moderate risk

Full core functionality
with low risk
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Metabolic Structure

Column at Construction Age

Section with Core
and Crust

Replaceable Crust
to resist bending moment

by severe earthquake
and to absorb energy 

Internal Core
to support weight of

superstructure
and to resist minimum

bending moment

Required Performance 
and Structural Performance

Load

Displ.

Required
Performance
at the age
of construction

Seismic Performance
required 
for aftershock

Construction
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l Structural Core and Replaceable Crust
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Metabolic Structure
l Only Internal Core can serve core functions.
l Ttransportation with moderate risk

Column during Quick Recovery Process
after Severe Earthquake

Internal Core can 
*Support weight of  superstructure
*Resist 0.2g earthquake events 
  (aftershock)
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Metabolic Structure
l Damaged crust will replaced to the original crust (Recovery to the 

original seismic performance)

Column during Restoring Process
after Severe Earthquake

Original Crust for Rapid Recovery

Required
Performance
at the age
of construction

Load

Displ.

Internal Core can 
*Support weight of  superstructure
*Resist 0.2g earthquake events 
  (aftershock)
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for coure funtions

Load

Displ.

Seismic Performance
required 
for aftershock

Quick recovery
to 100% 
original Seismic 
Performance

Severe EQ

Full core functionality
with moderate risk

Full core functionality
with low risk

Time
 0

 50

 100

 150

 250

 200

 2020  20XX  20XY  20YY

Se
ism
ic 
Pe
rfo
rm
an
ce
 Q
(t)
 %
 in
 20
20

Time
 0

 50

 100

 2020  20XX  20XY  20YY

Fu
nc
tio
na
lity
  Q
(t)
 %
 

(Tr
an
sp
ot
ati
on
 Ca
pa
cit
y)

Construction

Weight of 
Superstructure



K
Y
O
T

O
UNIVE

R

S
I
T
Y

F
O

U
N
D ED

1
8

9
7

KYOTO JAPAN

Metabolic Structure
l New Crust can conform required performance (unknown at construction)

Column conforming 
to the future seismic code

Severe EQ
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Seismic Code
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Improve
Strength

Improve Ductility
Revised code
may request
improve
of strength

New Crust “A” to cope with changing Required 
Performance “A” revised after Earthquakes
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 Performance “B” revised after Earthquakes
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Experimental Tests for Concept Model of 
Metabolic Columns

Weight of 
Superstructure

Cyclic response

Core Component 
for supporting weight of  
Superstructure 
by Fixed Elastomeric Bearing

Section of 
1996 Design Code

Longitudinal 
Bar：12-D10

Section of
2012 Design Code

Longitudinal 
Bar : 16-D13

Outer Replaceable Crust for Seismic Performance
by Precast RC
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Experimental Tests for Concept Model 
of Metabolic Columns

Weight of 
Superstructure 
(200 kN)
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Future Discussions in
Structural/Earthquake Engineering
lDiscussion on how to develop next-
generation infrastructure in developed 
countries who have a lot of existing 
non-conforming infrastructure

lDiscussion on infrastructure 
performance during recovery process
¡Qualitatively, but predictable collapse behavior
¡Quick recovery of core functionality
¡Prepare for monotonically increase of seismic 
performance in the future
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Challenges in 
Structural/Earthquake Engineering
l Strategy for changing Required Performance of 
Infrastructures in the Future
¡Non-conforming infrastructures
¡Metabolism (新陳代謝) of Infrastructures 

l Strategy to cope with BDBE (Beyond Design 
Basis Event) in Infrastructure Design
¡ From Limit State Design  to “Anti-catastrophe”-oriented 
Design

¡ From “Large Ductility” to “Collapse Control”
¡ Functionalities in BDBE is different from those in DBE.
¡ Validation with Qualitative Evaluation supported by 
Accountability (Legitimacy, Governance)
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Discussion of “Anti-Catastrophe”
l “Anti-Catastrophe”-oriented design was a proposal 
from structural engineers as lessons from the 
disasters by 2011 Tohoku Earthquake.

l Structural engineers are primarily responsible for the 
performance of infrastructures against Design Basis 
Events (DBE).

l Structural engineers believe that they can contribute
to avoid catastrophic situation of our society by 
adding new features for Beyond DBE to 
infrastructures by their engineering based 
considerations.

l AC is close to “resilience” or “robustness”  but 
considers more severe damage and social context.

Honda, R, Akiyama, M, Kataoka, S., Murono, Y., Nozu, A. and Takahashi, Y.,
Seismic Design Method to consider “Anti-Catastrophe” Concept, Proc. Of 16th WCEE, 2017
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Infrastructure (building or lifeline) system 
performance over time (Ayyub, 2015)
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Robustness

lRobustness enables the system to 
maintain its functionalities against 
external and internal perturbation.

Kitano, H., Biological Robustness, Nature 
Reviews: Genetics, Vol. 5, pp.826-837, 2004

l System Control
l Negative Feedback
l Positive Feedback

l Fail-safe (Redundancy 
and Diversity)

l Modularity
l Decoupling
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often decouple genetic and environmental perturba-
tions57. There is even a hypothesis, albeit computational,
that claims that this buffering is an intrinsic property of
complex networks58–60.

Another example of decoupling might take place
between information encoding and conversion of stim-
ulus dosage into pulses of protein activations. When the
DNA is damaged, p53–MDM2-feedback loops generate
oscillatory behaviour; this behaviour was recently found
to be a potential converter of graded stimuli (degree of
DNA damage) to digital pulses (with a peak of p53 acti-
vation), so that it is only the number of pulses that mat-
ter after the conversion61,62, not the subtle changes in
concentration levels.

The mechanisms that underlie robustness can be
understood using an example of a sophisticated engi-
neering object, such as an aeroplane (FIG. 2). There are
similar mechanisms in various other sophisticated engi-
neering systems: they can be built on less than perfect
components, but have to cope with unpredictable envi-
ronmental pressures, thereby indicating the universal
nature of robustness. It is interesting to consider
whether there is a fundamental system architecture for
successful robust systems, and what limitations and
risks are associated with these systems.

The origin of robustness
It is now increasingly recognized that robustness is
ubiquitous. So, what are the principles and mecha-
nisms that lead to the emergence of robustness in bio-
logical systems? My theory is that robustness is an
inherent property of evolving, complex dynamic sys-
tems — various mechanisms incurring robustness of
organisms actually facilitate evolution, and evolution
favours robust traits. Therefore, requirements for
robustness and evolvability are similar. This implies
that there are architectural requirements for complex
systems to be evolvable, which essentially requires the
system to be robust against environmental and genetic
perturbations.

Evolvability requires flexibility in generating diverse
phenotypes by means of producing non-lethal muta-
tions45,63,64. Kirschner and Gerhart define evolvability,
or evolutionary adaptability, as a capacity to generate
heritable and selectable phenotypic variations that
consists of features that “…reduce the potential lethal-
ity of mutations and the number of mutations needed
to produce phenotypically novel traits”63. They argue
that flexible versatile proteins, WEAK LINKAGE, EXPLORATORY

SYSTEMS and compartmentalization are central features
that foster evolvability63. They also argue that the
emerging architecture is composed of highly con-
served core processes that are co-selected with various
other processes, some of which bring about phenotyp-
ically novel traits, which is consistent with the BOW-TIE

architecture.
These features can be translated into architectural

requirements of the system that are consistent with
robustness. First, mechanisms that preserve the com-
ponents and interactions against mutation must be
capable of generating genetic variation. Second, there

that are masked by genetic buffering are selectively neu-
tral (one of the premises of Kimura’s NEUTRAL THEORY OF

EVOLUTION55,56), providing a source of material for the evo-
lution of the system during extreme perturbations.

Feedback controls sometimes compensate for
changes in rate constants of interactions within the net-
work and changes in the initial state of the network, as is
the case for bacterial chemotaxis7–9 and D. melanogaster
segmentation10, or they might even mitigate the impact
of loss-of-function mutation. A computational study of
the cell cycle demonstrated that removing some genes
does not necessarily block the cell cycle, it might only
make it more fragile against perturbations17.

Bistability created through positive feedback some-
times results in the decoupling of fluctuations at a mole-
cular level; for example, the decoupling of a number of
molecules that are involved in reactions from the com-
mitted state of the system. Therefore, dynamic networks

NEUTRAL THEORY OF

EVOLUTION

A theory proposed by Motoo
Kimura which states that most
variations at the molecular level
are neutral to selection.

WEAK LINKAGE

A property of a process that
refers to the coupling of
processes; in this case, a process
depends minimally on other
components or processes;
example include neural relays or
signal transduction pathways, in
which individual components
often have a switch-like capacity
to exist in active or inactive
states.

Feedback

Perturbations

Flight pathInstructions AFCS

Flight 
control 
computer
number 3

Flight 
control 
computer
number 1

Flight 
control 
computer
number 2

Flight control 
surfaces and 
propulsion 
system

Figure 2 | Explaining robustness — the aeroplane example. The concept of robustness
is best described using the example of modern aeroplanes. Many commercial passenger
aeroplanes have an automatic flight control system (AFCS) that maintains a flight path
(direction, altitude and velocity of flight) against perturbations in atmospheric conditions. This
can be accomplished by a feedback control in which deviations from the defined flight path
are automatically corrected. AFCS is the crucial component that allows the robust
maintenance of the flight path by controlling the aeroplane’s flight-control surfaces (rudder,
elevator, flaps, aileron, etc) and the propulsion system (engines). AFCS is generally
composed of three modules with the same functions, thereby creating redundancy, although
each is designed differently (heterogeneity) to avoid a common mode failure. Three
computers are made that are modular, so that failure in one module does not affect the
functions of other parts of the system. This type of mechanism is implemented using digital
technologies that decouple low-level voltages from digital signal (ON/OFF of pulses), thereby
preventing noise from influencing its functions. Although this is a simplified explanation of the
actual system, the concept applies to details of the basic system as much as it does to the
more complex systems. Although there are differences between man-made systems and
biological systems , the similarities are overwhelming. Fundamentally, robustness is the basic
organizational principle of evolving dynamic systems, be it through evolution, competition, a
market niche or society.

©  2004 Nature  Publishing Group

Properties of Robustness
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Robust reactions of the system
: to stay or to change
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MORPHOGEN

A diffusible signal that acts at a
distance to regulate pattern
formation in a dose-dependent
manner.

ATTRACTOR

A point or an orbit in the phase
space where different states of
the system asymptotically
converge.

PHASE SPACE

A multi-dimentional space that
represents the dynamics of a
system. For a system with 
N-variables, a phase space is a
2N dimensional space 
composed of N-variables and
their time derivatives.

Robustness is often misunderstood to mean stay-
ing unchanged regardless of stimuli or mutations, so
that the structure and components of the system, and
therefore the mode of operation, is unaffected. In fact,
robustness is the maintenance of specific functionali-
ties of the system against perturbations, and it often
requires the system to change its mode of operation in
a flexible way. In other words, robustness allows
changes in the structure and components of the sys-
tem owing to perturbations, but specific functions are
maintained.

In the following sections, I outline the mechanisms
that ensure the robustness of a system: system control,
alternative (or fail-safe) mechanisms, modularity and
decoupling.

System control. System control consists of negative
and positive feedback to attain a robust dynamic
response observed in a wide range of regulatory net-
works, including the cell cycle, the circadian clock
and chemotaxis7,17,18. Negative feedback is the princi-
pal mode of control that enables robust response 
(or robust adaptation) to perturbations. Bacterial
chemotaxis is one of the most studied examples 
of robust adaptation that uses negative feedback —
INTEGRAL FEEDBACK in particular — to attain the perfect
adaptation that allows chemotaxis to occur in response
to a wide range of stimuli7–9. Integral feedback, a par-
ticular control strategy, is essential to maintain robust
adaptation in both E. coli and Bacillus subtilis, despite
the fact that the network topologies are not the
same19.

Positive feedback contributes to robustness by
amplifying the stimuli, often producing bistability,
so that the activation level of a downstream pathway
can be clearly distinguished from non-stimulated
states, and so that these states can be maintained.
In D. melanogaster segment-polarity formation —
repetitive stripes of differential gene expression — is
observed along the antero-posterior axis of the devel-
oping embryo. The first stripe has to express wingless
(wg), the second stripe has to express engrained (en),
but the third stripe expresses neither. von Dassow and
colleagues10 created a computational model of this
system, initially without positive autoregulatory feed-
back on wg and en, but the model failed to reproduce
experimentally observed patterns. However, with two
positive feedbacks on wg and en activations, robust
pattern formation was reproduced10. Recently, Ingolia11

analysed this model and showed that the bistability
caused by positive feedback loops is responsible for
robust pattern formation11.

Positive feedback is also used in signal transduction
and the cell cycle to form switch-like behaviour of the
system by amplification of stimuli, and for fate deci-
sion (as seen in the λ phage), so that it initiates a tran-
sition and a new state of the system is made that is
more robust against noise and fluctuations of stim-
uli3,20–27. Many biological subsystems use the combina-
tion of these system controls to perform their functions
and to maintain robustness27,28.

Diseases such as cancer and diabetes are manifesta-
tions of co-opted robustness, in which mechanisms that
normally protect our bodies are effectively taken-over to
sustain and promote the epidemic states14–16. As more
studies are done, it is becoming important to provide an
integrated perspective on the robustness of biological
systems.

The robustness of a system can manifest itself in one
of two ways: the system returns to its current ATTRACTOR

or moves to a new attractor that maintains the system’s
functions (FIG. 1). A return to the current attractor is
often called ‘robust adaptation’. The attractor can be
either static (a point attractor; a fixed point in the PHASE

SPACE that the trajectory of the system state approaches
asymptotically) or oscillatory (a periodic attractor; a
cyclic orbit in the phase space that the trajectory of the
system state approaches asymptotically).

A transition to a new attractor has to be made
robustly in response to stimuli so that the system
behaves consistently against perturbations. As seen in λ-
phage fate decision, the stochastic process often influ-
ences the trajectory of transition and the attractor on
which the system eventually converges.

Unstable

Robust adaptation 
(return to a point attractor)

Transition to a 
new attractor

Stochastic process
influences the
trajectory

Robust adaptation 
(return to a periodic attractor)

Figure 1 | Robust reactions of the system: to stay or to change. The state of a system 
can be shown as a point in the state space. In this case, the state space is simplified into two
dimensions. Perturbations forcefully move the point representing the system’s state. The state of
the system might return to its original attractor by adapting to perturbations, often using a negative
feedback loop. Bacterial chemotaxis is an example. There are basins of attractions in the state
space within which the state of the system moves back to that attractor. If the boundary is
exceeded, the system might move into an unstable region or move to other attractors. Positive
feedback can either move the system’s state away from the current attractor, or push the system
towards a new state. The cell cycle involves a combination of positive and negative feedbacks that
facilitate transition between two attractors (G1 and S/G2/M) creating a bistable system. Often,
stochastic processes affect transition between attractors, as seen in λ-phage fate decision, but
maintenance of a new state has to be robust against minor perturbations.

©  2004 Nature  Publishing Group

Kitano, H., Biological Robustness, Nature Reviews: Genetics, Vol. 5, pp.826-837, 2004

lRobustness
allows changes in 
the structure and 
components of 
the system owing 
to perturbations, 
but specific 
functions are 
maintained.
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Robust reactions of the system
: to stay for DBE or to change for BDBE

Emphasize in Anti-Catastrophe
-oriented Design 
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Relationship between the Horizontal Load 
and Horizontal Displacement of a Flexural-
Failure Type Reinforced Concrete Pier

Comments added to the Figure in Specifications for Highway Bridges, 
Vol. V, Seismic Design (Japan Road Association 2014)

Expected Behavior
against earthquakes
in Design Code Unexpected Behavior

in Design Code

Expected Behavior(Safety margin) 
against extreme earthquakes
in Design Code
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Structural Engineering Strategy 
after 1995 Kobe Earthquake

l Larger ductility, better 
performance of 
structures  against 
very severe 
earthquakes

l To enable to express 
the performance 
quantitatively, 
deterioration cannot 
be accepted.

Effect of   the  Filled-in  Concrete  Length
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Steel column with infill concrete (Usami, Nagoya Univ.)

RC column with spiral rebar 
(East Japan Railway Company)
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Large Ductility, Yet Fragile

Goto, Takahashi 2018: Development of RC columns with Mesnager Hinge

Unexpected 
response region

Expected 
response region
in Design code

Conventional RC
C50-ST

RC with Mesnager Hinge
C100-WM
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Large Ductility, Yet Fragile

Goto, Takahashi 2018: Development of RC columns with Mesnager Hinge

Conventional RC
C50-ST

RC with Mesnager Hinge
C100-WM

Discontinuity of 
deformation 
≠ Plastic hinge
≠ Structural hinge
= Destruction

Continuity of 
deformation, but 
buckling rebars
≠ Plastic hinge
= Structural Hinge
Ax
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Large settlement 
≠ Plastic hinge
≠ Structural hinge
= Destruction

Small settlement
= Structural hinge
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Change Functionality of Structure

Goto, Takahashi 2018: Development of RC columns with Mesnager Hinge

Conventional RC
C50-ST

RC with Mesnager Hinge
C100-WM

No longer
Structural
component

*Support Weight
*Absorb energy
as Plastic Hinge

*Support weight
*Absorb energy
as Plastic Hinge

*Support weight
as Structural Hinge 
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(Quantitative) Collapse Control
lRC columns 
with same 
sectional size.

lAll columns are 
satisfied with 
Japanese 
design code.

lDifferent 
structural 
details show 
different load 
deterioration.

Uemura, Takahashi 2018: Cyclic Loading Tests of RC Columns
with Bond-Slip Connectors on Longitudinal Bars, fib congress
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(Quantitative) Collapse Control

lControl the direction of collapse
¡To prevent loss of life
¡To avoid interrupting emergency transportation
¡To reserve access routes or space for recovery 
process

Toyooka et al. 2018: Cyclic loading test of a viaduct column equipped 
with the collapse direction control device, Proc. of JSCE Earthq. Eng. 
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Future Discussions in
Structural/Earthquake Engineering
lDiscussion on how to develop next-
generation infrastructure in developed 
countries who have a lot of existing 
non-conforming infrastructure

lDiscussion on infrastructure 
performance during recovery process
¡Qualitatively, but predictable collapse behavior
¡Quick recovery of core functionality
¡Prepare for monotonically increase of seismic 
performance in the future


