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Preface

Civil engineering structures have to meet long-term availability and sustainability requirements, with particular
emphasis placed on technical safety, efficiency and ecology. Life-cycle civil engineering relates to the design,
inspection, monitoring, assessment, maintenance, and rehabilitation of civil engineering structures in order to
effectively manage the function of these structures throughout their lifetime.

The objective of the International Association for Life-Cycle Civil Engineering (IALCCE) is to promote
international cooperation in the fields of life-cycle civil engineering for the purpose of enhancing the welfare
of society (http://www.ialcce.org). For this reason, it was deemed appropriate to bring together all the very best
work that has been undertaken in the field of life-cycle civil engineering at the Third International Symposium on
Life-Cycle Civil Engineering (IALCCE 2012) held in one of Vienna’s most famous venues, the Hofburg Palace,
October 3-6, 2012. The first International Symposium on Life-Cycle Civil Engineering (IALCCE 2008) was
held in Varenna, Lake Como, Italy (June 10-14, 2008), and the Second International Symposium on Life-Cycle
Civil Engineering (IALCCE 2010) was held in Taipei, Taiwan (October 27-30, 2010).

IALCCE 2012 has been organized on behalf of the IALCCE under the auspices of the University of Natural
Resources and Life Sciences, Vienna (BOKU). This four-day symposium encompasses all aspects of life-cycle
civil engineering. The interest of the international civil engineering community in fields covered by the IALCCE
has been confirmed by the significant response to the IALCCE 2012 call for papers. In fact, over 600 abstracts
from 53 countries were received by the Symposium Secretariat, and approximately 60% of them were selected for
publication. Contributions presented at IALCCE 2012 deal with state-of-the-art as well as emerging applications
related to the key aspects of the life-cycle civil engineering field.

All major aspects of life-cycle engineering are addressed, including aging of structures, deterioration modeling,
durable materials, earthquake and accidental loadings, sustainability, fatigue and damage, structure-environment
interaction, design for durability, failure analysis and risk prevention, lifetime structural optimization, long-term
performance analysis, performance-based design, service life prediction, time—variant reliability, uncertainty
modeling, damage identification, field testing, health monitoring, inspection and evaluation, maintenance strate-
gies, rehabilitation techniques, strengthening and repair, structural integrity, decision making processes, human
factors in life-cycle engineering, life-cycle cost models, project management, lifetime risk analysis and opti-
mization, whole life costing, artificial intelligence methods, bridges and viaducts, high rise buildings, offshore
structures, precast systems, runway and highway pavements, tunnels and underground structures.

Life-Cycle and Sustainability of Civil Infrastructure Systems contains the lectures and papers presented at
the Third International Symposium on Life-Cycle Civil Engineering. It consists of a book of extended abstracts
and a DVD with 344 full papers presented at IALCCE 2012, including the Fazlur R. Khan Lecture, 10 Keynote
Lectures, and 333 Technical Papers from 52 countries.

The aim of the editors is to provide a valuable source for anyone interested in life-cycle and sustainability of
civil infrastructure systems, including students, researchers and practitioners from all areas of engineering and
industry.

Alfred Strauss, Dan M. Frangopol and Konrad Bergmeister
Chairs, IALCCE2012
Vienna, Austria and Bethlehem, Pennsylvania, USA, August 2012
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Fazlur Khan’s legacy: Towers of the future
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ABSTRACT: Dr. Khan’s contributions to the design of tall buildings have had a profound impact on the profes-
sion. Kahn had a unique understanding of forces, materials, behavior, as well as art, literature, and architecture.
Long before there was widespread focus on environmental issues, Kahn’s designs promoted structural efficiency
and minimizing the use of materials resulting in the least carbon emission impact on the environment. Kahn
was interested in the performance of structural systems over an expected life; recognizing a building’s life-cycle
and issues of abnormal loading demands, he developed concepts to apply to severe wind environments as well
as early concepts of seismic isolation of structures. These system ideas have led to the development of other
concepts which have yielded buildings much taller than those considered by Kahn. His ideas have inspired others
to expand the possibilities in tall building design, life-cycle engineering and the effects of the structures on the

environment.

Dr. Khan’s contributions to the design of tall build-
ings have had a profound impact on the profession.
Kahn had a unique understanding of forces, materials,
behavior, as well as art, literature, and architecture.
Long before there was widespread focus on environ-
mental issues, Kahn’s designs promoted structural effi-
ciency and minimizing the use of materials resulting in
the least carbon emission impact on the environment.
Kahn was interested in the performance of structural
systems over an expected life; recognizing a building’s
life-cycle and issues of abnormal loading demands, he
developed concepts to apply to severe wind environ-
ments as well as early concepts of seismic isolation of
structures. These system ideas have led to the develop-
ment of other concepts which have yielded buildings
much taller than those considered by Kahn. His ideas
have inspired others to expand the possibilities in tall
building design, life-cycle engineering and the effects
of the structures on the environment.

Inquisitive as a child, Fazlur Rahman Kahn was
interested in form and how forms could be made. He
created objects with mud, clay and sand, and was inter-
ested in mechanical objects, learning that some where
fragile and could easily be broken if they did not have
the required strength. He was passionate about litera-
ture and poetry and had a special interest in societies,
particularly those related to his family’s background
and the people of Bangladesh. As a young student
Kahn was interested in studying physics but his father
encouraged him to focus on applying his mathematical
skills to his practical and mechanical interests.

Several of Kahn’s early works were focused on
the design of bridges. After graduating with a civil
engineering degree from the University of Dhaka pre-
viously known and the University of Dacca, East
Pakistan, he worked as an engineer for the Design
Division, Communications and Buildings Department

of the Government of East Pakistan. After completing
his graduate studies at the University of Illinois,
he began his career at SOM, initially hired to design
highway and railroad bridges under the direction of
the U.S. Air Force Academy. In the late 1950’ Kahn
returned to his home country to be the Director of
the country’s Building Research Center. However, the
offer was subsequently withdrawn and he went on
to become an Executive Engineer with the Karachi
Development Authority. Because he felt that his tech-
nical abilities where not fully utilized, Kahn returned
to SOM in 1960 where he spent the rest of his
career developing arguably some of the most important
structural designs of the century.

It is interesting that Kahn’s favorite poet was
Rabindranath Tagore and that his favorite poem was
the “Tagore Song,” which begins with the Bengali
lyric “This is your beginning and my end. The flow
(of life) continues mixing both of us.” So much of
what is considered in recent developments of struc-
tural optimization, efficiency, and life-cycle consider-
ations is based on flow—the flow of forces, material,
and energy. The future of structures is to design for
this flow and create structures that behave naturally
without damage when subjected to extreme loading
conditions.

Renewal and opportunity followed the Great
Chicago Fire on October 9th, 1971, first through
Chicago’ World’s Columbian Exposition schedule
for completion in 1892 (four centuries after the dis-
covery of the Americas by Columbus) but finished
in 1893 with the development of new ideas from
Daniel Burnham, William Holabird, Louis Sullivan,
John Wellborn Root and others. Following the exposi-
tion, the first skyscraper age as well as the era of the
First Chicago School emerged corresponding with the
early use of structural steel and advances in structural



engineering. The age ushered in the idea of structural
frames clad with exterior wall systems and vertical
transportation through passenger and freight elevators.
The first skeletal form with a glass and structured
facade was designed by William Le Baron Jenny, a
civil engineer that practiced as an architect and con-
sidered the father of the First Chicago School, through
the Leiter Building (1879), and later in the Home
Insurance Building (1885), which is considered the
world’s first skyscraper. Jenny, Sullivan, and Root,
among others, designed structures that where utilitar-
ian, economical, and free of excessive ornamentation.
Root’s Monadnock Building completed in 1891 was
the tallest in the world at the time with 16 stories of
load bearing masonry. It is still the tallest load bear-
ing masonry building in the world and an excellent
example of a structural response to force flow through
gradually increasing widths and depths of the masonry
walls as the building meets its foundations.

The second skyscraper age was one that used steel
construction to new heights while seeking aesthetic
inspiration from classic historic models including style
and ornamentation from Greek and Roman monu-
ments. Especially in New York City, corporate owned
skyscrapers became a symbol of strength and pros-
perity. The Chrysler, Empire State, and Rockefeller
Center Buildings are important symbols of this period.

After a sharp decline in construction in the period
leading up to and following World War I, construc-
tion of tall buildings began again in the late 1950’s. The
third skyscraper age and the formation of the Second
Chicago School were dominated by European archi-
tects such as Mies van der Rohe and Le Corbusier.
Heavier masonry facades were replaced with metal
and glass, and art deco aesthetics were replaced with
the International Style which emphasized the expres-
sion of structure by exposing it on the exterior of the
building. Myron Goldsmith, a student of Mies became
an important contributor to this modernist movement.
Khan was holistically and conceptually driven by the
modernist movement.

Many buildings designed in the late 1970’ lacked
a particular style and recalled ornamentation from
earlier buildings designed during the second age of
the skyscraper. The fourth age of the skyscraper
ignored the environment and loaded structures with
decorative elements and extravagant finishes. Sculp-
tural imagery and monumental expression dominated
architectural practices bored with modernism. Khan
strongly opposed this approach to design and consid-
ered the designs to be whimsical rather than rational.
Most importantly he considered the work to be a waste
of precious natural resources.

Khan’s scathing assessment of post-modernism was
summarized in his written address to the Architecture
Club of Chicago in 1982, accepting his unprecedented
election to President of the Club. Khan died before the
address could be given. Khan wrote “Today it seems
the pendulum has swung back again towards archi-
tecture that is unrelated to technology and does not
consciously represent the logic of structure. Nostalgia

for the thirties and even earlier times has hit a large
segment of the architectural profession; in many cases
facade making has become the predominant occupa-
tion. It is apparent that postmodernism in architec-
ture is very much the result of the architect’s lack
of interest in the reality of materials and structural
possibilities: the logic of structure has become irrel-
evant once again. This attitude in architecture suits
many engineers because of their overspecialization
in engineering schools which treat the solution of
the problem as the ultimate goal, and not the critical
development of the problem itself.”

Fazlur Khan is mostly known for his work in tall
building structural systems and their integration with
architecture. What is less known is his interest and
work in the area of life-cycle engineering and ideas
of protecting structures from abnormal loading, par-
ticularly strong earthquakes. Khan and Mark Fintel
conceived ideas of dissipating energy through a shock-
absorbing soft-story concept that would be introduced
into a structure’s first story above grade. This concept
was a precursor to the widely accepted seismic isola-
tion systems used today for the mitigation of the strong
ground motion effects on structures.

The shock-absorbing concept introduced stability
walls topped with neoprene pads and deformable steel
cables into the first story of a structure to dissipate
energy and isolate upper floors from any damage.
Instead of designing the entire structure for high seis-
mic forces, the lowest story above grade was designed
to distort when subjected to an earthquake while fil-
tering out imposed forces to upper levels. The primary
premise of the idea was to design the upper sto-
ries to remain elastic, minimizing damage and thus
increasing the structure’s life. Columns in this sys-
tem are designed for P-delta effects caused by gravity
loads applied eccentrically based on relative move-
ment. Steel cables played an important role in acting
to self-center the structure following ground motions.

This concept is still very important today when
considering continuous use following a major seismic
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Figure 1. Sketch of a shock-absorbing first story dur-
ing seismic motion. The columns and neoprene pads were
expected to provide restoring forces (Drawing from Khan
and Fintel, “Shock-Absorbing Soft Story,” 1969).



event. The seismic isolation systems developed in
the years following this idea have led to many
sophisticated systems including isolators made of
high-damping rubber, lead-rubber, and stainless steel
among others.

Seismic isolation energy dissipation systems have
increased in complexity. In many taller structures seis-
mic isolation is used with displacements limited by
dampers that range from viscous elastic devises to coil
and offset linkages. Finally, friction pendulum butter-
fly bearings have been developed to resist uplift, and
are particularly useful in taller buildings where gravity
load can be overcome by uplift loads due to wind and
seismic events.

Objects in nature are designed so that the least
energy is expended when work is done by them. For
structures to be most efficient, minimum strain energy
will result in the minimum expenditure of energy
to resist loads. In minimizing the energy, forces and
deformations should be distributed as evenly as pos-
sible throughout the structure through a synergetic
placement of material. Forces will flow through the
easiest and shortest load path natural to the structures
form. Khan sought to define natural load path to create
systems demonstrating optimal performance.

Khan was empathetic to structural behavior and the
dichotomy between emotional mysticism and scien-
tific rationalism. Khan revealed that he often felt that
he was himself the building when he was designing a
building project.

Fazlur Khan and Bruce Graham developed three
elegant designs that demonstrate proportioned struc-
ture with the flow of force. The exterior columns in
the 52-story One Shell Plaza, Houston, Texas (1971),
were proportioned to resist gravity loads and con-
trol relative creep deformations between the core and
exterior columns. Reinforced concrete columns were

Figure 2. One Shell Plaza, Houston, TX.

enlarged toward the outside of the building rather than
the inside. The reinforced concrete spandrel beams
in the perimeter tubular frame were designed with
variable widths in plan to match the column depths.
Spandrel beam depths, also proportional, decreased
over the height.

Instead of introducing a depth transfer girder sys-
tem for some tower columns above the lobby space at
the base of the 26-story Two Shell Plaza, Houston,
Texas (1972), Khan and Graham created a natural
load path of reinforced concrete arches where deep
spandrel beams carry vertical loads through shear.
Face dimensions of columns remain constant over
the height of the building.

The final example of flow is illustrated in the 21-
story Marine Midland Bank where reinforced concrete
column sizes gradually increase as load is distributed
to just a few columns at the lobby level. Perimeter
tubular spandrel beams increase in depth in an upward
manner in elevation. The columns and beams near
areas of load transfer increase in dimension both in and
out of plan. Column face dimensions are almost impos-
sibly thin over the height of the building—particularly
at the top of the building at the mechanical penthouse.
Columns were removed from the corner. Graham
conceived of the architecture as a demonstration of
how a building should land on its base.

Khan’s address to the Architectural Club in 1982
ended with signs of optimism. He concludes “but logic
and reasoning are strong elements of human exis-
tence, always important when man must transcend
into the next level of refinement. There are already
some signs of that happening in architecture. New
structural systems and forms are beginning to appear
once again and with them new architectural forms
and aesthetics. The pendulum of structural logic in
architecture continues to swing.”

Figure 3. Two Shell Plaza, Houston, TX.



Since Khan was deeply interested in technology
and its effects on society, the developments of his
work lead us to a more comprehensive consider-
ation for structures that will define the next age
of the skyscraper. The next era of skyscrapers will
focus on the environment including performance of
structures, types of materials, construction practices,
absolute minimal use of materials/natural resources,
embodied energy within the structures, and perhaps
most importantly, a holistically integrated building
systems approach which will shape this movement.
These buildings will be designed to respond to any
loading without damage, and regeneration rather than
only consumption will begin to appear. LEED is
only the start in raising awareness of responsible
design approaches, and other ideas will develop with
requirements specific to limits of embodied energy for
buildings or financial incentives for those that reduce
them.

The impetus behind the concept for the 232 meter-
tall Jinao Tower in Nanjing, China, was an integrated
idea where the perimeter of the structure forms that
basis of an energy efficient double wall system, exte-
rior wall enclosure support, and the primary lateral
load supporting system. By simply incorporating an
offset bracing system using a conventional steel pipe,
55% of the reinforced concrete was eliminated from
the core, 40% of the concrete was eliminated from the
perimeter frame with a net overall material savings of
20% of the entire structure. The perimeter steel pipe
system attracts up to 60% of the shear due to the lateral
load near the top of the building lateral load. One and
a half days of construction time was saved on each
of the 56 stories because of this reduction of mate-
rial. For this 105,000 square meter structure, the total
reduction of carbon emitted into the atmosphere by the
structure only was reduced from 47,780 tons of CO,

Figure 4. Marine Midland Bank, Rochester, NY.

to 39,300 tons (28% reduction) or the equivalent of
keeping 600 cars off of the road for one year.

Slots in the folded exterior wall system takes
advantage of positive and negative pressures created
by applied wind loads. Air flows within the double wall
cavity from windward to leeward sides draws moving
warm air heated by the sun on one face to the other
cooler face not exposed to the sun.

In considering a structure’s life and its effects on the
environment, structural solutions, building orientation
and integrated systems are important considerations.
To achieve a high level of sustainability, the structure
must allow the entry natural light and natural venti-
lation, air distribution from below the floor, shaded
outdoor spaces, green roofs and minimal material
use. For example, shading provided by the bracing
and buttress walls on the south facades significantly
reduces the need for mechanical cooling of towers
over their operational life.

For the Poly International Plaza, Guangzhou, China,
the double line of diagonal braces on the south facades
of the towers provide significant stiffness in the east-
west direction of the towers (long direction), but, more
importantly, act to anchor the structure in the north-
south (short direction) of the towers functioning in
tandem with the buttress walls as a “stressed skin”
through the action of the outriggers. The stressed skin
acts as a flange to resist compressive and tensile loads
applied in the short direction.

Sustained gravity loads are used as ballast within
the primary lateral load resisting elements achieved
through long-span reinforced concrete framing where
compressive loads are placed on both the north and
south facade structural systems. Openings were intro-
duced into the mid-height of the two towers to provide
an area of refuge during an emergency and to provide
an aperture for predominant winds to pass through the
structure. The screen enclosures at the top of the tow-
ers consist of tilted individual panels, providing open
paths for wind to pass through, reducing wind loads on
the top of the towers where they would induce the high-
est demand on the structure. Through balancing load
on the structure by using an efficient bracing system
on the south facades and the openings that allowed for
winds to pass through the structure, a 15% savings of
structural materials was achieved when compared to
conventional structures of the same height (even with
slender forms).

The initial architectural concept for the Goldfield
International Gardens, Beijing, China, included what
appeared to be elevations containing a random spacing
of transparent and opaque elements. Elevations of the
towers (150 meter and 100 meter-tall) were conceived
to control heat gain on the facades while provid-
ing the required lateral stiffness to resist wind and
seismic loads. The elevations reveal patterns, albeit
asymmetric, but repetitive.

The idea reflected on the large-scale super-frame is
similar to Khan’s 1980 proposal for the Chicago World
Trade Center. The superframe was stiffened to provide
enough lateral and gravity resistance using a concept



of the infilled frames. The mega-frame is formed by a
structural bay 9 meter-wide and three stories high (12
meter-high or three levels at 4 meter each). Each mega-
panel is infilled with an asymmetrical frame only
introduced to provide the appropriate lateral stiffness.
The frame consists entirely of reinforced concrete with
mega-frame section sizes of 1200 mm x 1300 mm for
columns and 1200 mm x 700 mm for beams. The infill
frames include 900 mm x 700 mm column and beam
elements. The main tower is 150 meter-tall and incor-
porates the screen frame into two of the four facades
with the other two facades regular, incorporating
frames with columns typically spaced at 6 meter on-
center. The second tower is 95 meter-tall and also
incorporates the screen frame into two of the four
facades.

Discontinuous diaphragms located in plan along
the two infilled frame building facades on two-thirds
of the floors were engineered to transfer seismic and
wind loads between the interior reinforced concrete
shear wall core and perimeter frames. Large composite
girders where used to collect and transfer these loads
from the interior floor diaphragms to the frames. The
open slots at the discontinuous diaphragms allowed
the building fagade to pass behind the frames enabling
light and shadow to interact with the screen frames.
On every third floor, horizontal diaphragms were fully
engaged with the perimeter screen frames.

These expressed asymmetrical frames incorporated
calibrated stiffness to tune the structure so that frames
on all sides had similar stiffness avoiding adverse tor-
sional effects. The mega-frames and infill elements
required the most advanced detailing and member
sizing to ensure strong column-weak beam behavior
and the required ductility to resist strong seismic load-
ings. Complex, non-linear pushover-analyses were
performed to confirm the ductile behavior and it was
found that the asymmetrical building frames behaved
in a superior manner even when compared to the
conventional frames.

Finally, the design introduced construction joints
into the infill frames to keep any gravity loads from
entering into the infill frames during construction as
a result of creep, shrinkage, and elastic shortening of
the mega-frames. During construction vertical in-fill
columns were held out of the initial frame pours to
achieve the same behavior as the construction joints.

The most efficient structure is one that emerges
from individual elements absent of internal bending —
the greatest resistance with least material. For instance,
the natural behavior of a fixed-base cantilever sub-
jected to lateral loads is to bend. If, however, this bend-
ing could be resolved into a mesh of individual axial
“strings” capable of only resisting tension and com-
pression, the most effective structure would emerge.
At a small scale, these “strings” would transform
larger forms into a smaller single element repeated
throughout.

When compared to Khan’s work with the conven-
tional tube frame, far more efficiencies are achieved
through virtually eliminating all bending. The total

cantilevered displacements are essentially due to
column shortening (compression) or elongation
(tension).

The structure is one that is self-healing if violated
naturally or unnaturally. Neighboring elements within
the structure assume newly imposed loads if violated
in a seismic event or a man-made explosive attack.
The structure would remain stable through its inherent
redundancy.

It is particularly useful to consider emergence
theory concepts for structured forms with fluid def-
initions. A topographic strain density analysis can
be performed with imposed boundary conditions and
external loadings. Iterative computer analysis pro-
grams using finite element techniques result in a
natural response by placing material density only
where it is required.

The analysis is started by placing a uniform thick-
ness of material over the entire structure. The analysis
then looks for areas that material is not required and
moves that material to other areas of higher demand.
The solution is not obtained after the first analysis;
most frequently the results do not converge on an
optimal solution until several hundred analyses are
performed. The internal structured forms that emerge
are intuitive. The final response to the internal forces
may be a discrete placement of material or variations
of material thickness along the membrane form.

The premise that objects in the universe are contin-
uously in motion encourages more advanced theories
for the performance of our structures where moving
parts are essential. These moving parts reduce if not
eliminate damage when subjected to extreme load.

Significant advancements have been made in the
design of structures in regions of high seismic risk,
but most developments have been focused on life
safety with modest focus on performance or long-term
economic viability. Structures that naturally coexist
with their site conditions produce the most efficient
designs, the most cost-effective long-term solutions,
and have the least impact on the environment.

A goal of the design community should be to create
structures that behave elastically even when subjected
to the most extreme seismic events. Structures would
be designed based on natural behavior principles
rather than conventional approach. Future building
systems be designed to dissipate energy, deform elas-
tically instead of plastically, and allow the building
to be placed immediately back into service after an
earthquake.

Allowing controlled movement with the dissipation
of energy in structures during an earthquake is cru-
cial. This movement can occur at its base or within
the superstructure itself. Seismic isolation is an excel-
lent solution to decoupling structures from strong
ground motions—even with taller towers—provided
that issues of uplift are controlled and there is enough
benefit in period separation of the tower relative to the
isolation system.

When structures are fixed to their foundations, this
movement must be designed to occur within the joints



of the superstructure. Pin-Fuse Seismic Systems are
designed to maintain joint fixity throughout the typ-
ical service life of the structure. When a significant
seismic event occurs, forces within the frame causes
slip in the joints through friction-type connections.
This slippage alters the characteristics of the structure,
lengthens the structure’s fundamental period, reduces
the forces attracted from the ground, and provides
energy dissipation without permanent deformation.
Pin-Fuse systems can be introduced into moment-
resisting frames, link beams or braced frames.

The design goal for the developer-led 375 foot-tall,
375,000 square foot 350 Mission Street Tower in San
Francisco is to be the most innovative office building
in America. LEED platinum is only a benchmark for
design with the premise that the most advanced think-
ing would be incorporated into the sustainable design
goals for the tower. An offset core allows for natural
daylight on the three sides of the building that are not
abutted against neighboring towers and enables fresh
air intake for each floor. The urban design concept
for this project blurs the boundary between public and
private realms with the ability to completely open the
lobby space to the street.

Social media and movable seating in the lobby
activate the space. Interactive art will include met-
rics of energy use, public events, public transportation
etc. Long, column-free spans use only flat formwork
and allows for spaces that do not require finished
ceilings. Daylight is maximized into the space with
13'-2" floor-to-floor heights, 16” raised floor, and
a 10'-8” clear height in the space. Originally con-
ceived of assembling and inserting plastic water bottles
capped to trap air into the structural floor fram-
ing system, the Sustainable Form Inclusion System
(SFIS) displaces concrete not required for the struc-
ture. The system uses post-consumer, non-recyclable,
light-weight waste products assembled and placed to
reduce mass and keep this unusable waste out of the
landfills. This reduces demands on column and wall
systems as well as foundations, particularly important
in regions of high seismicity.

With the use of SFIS for the 45 foot clear spans,
the structure is built with a full structural depth of 14
foot and flat top and bottom slab construction. Con-
sidering the displaced concrete and the long-span flat
slab system 35% less concrete is required when com-
pared to conventional systems. This results in a carbon
emission savings of 20% for the initial construction
and the use of a significant amount of post-consumer
plastics that would otherwise be placed in landfills.

In addition, if the performance based-design core-
only lateral system were to incorporate a device such as
the Link-Fuse Joints™ for the link beams that are used
to reduce if not eliminate damage in seismic events,
an additional 10% savings in carbon is realized over
its 50-year service life.

The idea of a component-assembled form inclu-
sion system evolved into the use of a product that
could be mass-produced while diverting one of the
most difficult wastes to manage from the waste stream.

Ground waste polystyrene (Styrofoam) is placed in
a lightweight mortar paste and formed into sim-
ple dimensional blocks. These blocks are place like
tiles into the reinforced concrete floor system. Post-
tensioning is used to further reduce the amount of
concrete required for the structure.

The design premise for the 415 meter-tall Al Hamra
Tower, Kuwait, is a fluid response to force flow while
providing an integrated response to the harsh desert
sun was the. Punched reinforced concrete engineered
to only allow indirect sunlight into building spaces is
used at the south fagade while resisting both lateral
and gravity loads. This hyperbolic parabola form is
integrated into a regular closed form shear wall core
to resist self-imposed twist due to the structure’s own
weight. Parametric modeling was used to define the
shape of the walls and used directly for self-climbing
formwork systems.

A regularly spaced structure frames the west, north,
and east faces designed to accept maximum daylight
and best views. A regular column grid is designed for
a repetitive office module. The south facade was rein-
forced with complex varying geometries to allow force
flow over the height of the tower while allowing for
angular cuts in the wall system.

Parametric modeling was used to define the base of
the tower where the structured flared outward from
the straight face above and was designed to create
a 24 meter-tall lobby space. The modeling was used
to define the geometry for the non-linear buckling
analysis of perimeter columns and was later used to
define the geometry of the formwork system. The
primary load bearing columns were braced three-
dimensionally with flared bracing both in the plan of
the fagcade and within the tower spanning from the exte-
rior frame to the interior shear wall core. The lamella
structure includes a combination of structural steel
and concrete at the perimeter frame and all-reinforced
concrete for the framing over the lobby space.

Exterior wall systems for structures represent the
single greatest opportunity to consider flow and inter-
action between structure and building service systems.

Figure 5. Exterior view, Poly International Plaza, Beijing,
China.



Hundreds of millions of square feet of occupied area
are enclosed each year by a system that essentially
provides protection from the elements and internal
comfort. A closed loop structural system integrated
with the exterior wall system that includes liquid-filled
structural elements such as pipes could provide a ther-
mal radiator that when heated during the day could be
used for building service systems such as hot water
supply or heat for occupied spaces, especially dur-
ing the evening hours. A solar collection system could
be integrated into the network and incorporated into
double wall systems where it can be used to heat the
internal cavity in cold climates.

Transparent photovoltaic cells could be introduced
into the glass and spandrel areas to further capture
the energy of the sun. When storing fluid in struc-
tural systems of great height, pressures within the
networked vessel become very large. With this level
of pressure, water supply systems to the structure or to
neighboring structures of lesser height could easily be
supplied without requiring additional energy to move
the water. Constant low flow through these systems
would prevent the liquid from freezing.

Liquid within the networked system could act to
control motion with fluid flow acting to dampen the
structure when subjected to lateral loads due wind
and earthquake events. In addition, liquids at high
pressure could add significantly to the axial stiff-
ness and stability of structural members subjected to
compression, increasing capacities without increasing
structural material by creating capped compartments.
Combining ultra-high strength tensile materials such
as carbon fiber fabricated into closed circular forms
where loads are primarily resisted by hoop stress with

Figure 7. Force flow diagrams, Poly International Plaza,
Beijing, China.

the liquids under ultra-high compressive stress would
likely result in greatest efficiency in resisting applied
load.

The concept of flow can be further developed into
structures that are interactively monitored for move-
ment. Through the measurement of imposed accelera-
tions due to ground motions or wind, structures could
respond by changing the state of the liquid within the
system. For instance, the structure could use endother-
mic reactions to change liquids to solids within the
closed network. Sensor devices could inform struc-
tural elements of imminent demand and initiate a state
change in liquids that would be subjected to high
compressive loads where buckling could occur. In
the simplest sense, water within the system could be
frozen for additional structural rigidity.

In amore sophisticated application, when imminent
demand from ground motions is sensed, electromag-
netic flow could be used to create a separation of the
superstructure from its foundations. Temporary levita-
tion created by electromagnetism provides frictionless
seismic isolation.

In cases where base isolation is not practical, pneu-
matic dampers that incorporate flow of compressed air
could be strategically placed within frames to increase
damping and consequently reduce the forces attracted
from the ground.

L 1l |

Figure 8.

Interior column-free space.

Figure 9. Elevation at building base, Poly International
Plaza, Beijing, China.



Figure 10. Fluid structural forms of the future.

The Poly International Plaza, Beijing, China, offers
a unique insight into towers of the future. The struc-
ture makes significant steps in the direction of the
most advanced technologies. Because of significant
levels of seismicity and the concern for life-cycle seis-
mic performance, concrete was used in the exterior
tubular frame. In the future, however, this framed sys-
tem could be utilized for a fully integrated approach
where structure, architecture, and mechanical systems
are completely synergetic.

The study of these emerging forms as they inter-
act with the architecture (overtly or covertly) will
only yield further opportunities to explore light, space,

10

structure and a new relationship that combines them
all in an ephemeral solution. The investigation into the
flow of material that can be manipulated to adhere to
a seismic, temperature or safety condition can only
inform us of new ways to design and build. The com-
bination of these two studies, emergence theory and
flow can give us the basis for new structures that will
no longer limit themselves by being static. They can
organically emerge as a singular system that from the
ground up provides efficiency in material, intelligence
in response to unknown forces, and a form that is
derived from nothing but the purest and most absolute
function.

Khan’s legacy for innovations in tall building design
has led to new ideas in building design. The con-
cepts that Khan developed in his career have seeded
ideas for projects completed and many of those yet
to be built. The environment perhaps is the next
major design consideration where designers initia-
tives consider this as important as life-safety goals.
The environmental design platform must be based on
life-cycle engineering and superior performance.
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ABSTRACT: This keynote paper presents the damage of structures and infrastructures in the Tohoku Region
during the Great East Japan earthquake and tsunami of March 11, 2011. Field investigations after this earthquake
proved the effectiveness of upgrades of seismic specifications and seismic retrofit. Meanwhile, some of existing
bridges without seismic retrofit were severely damaged due to strong ground motions. In addition, many super-
structures were completely washed away by the tsunami, and several substructures were overturned due to scour.
Some of reinforced concrete components and steel bearings were severely deteriorated due to chloride-induced
corrosion. Life-cycle reliability of bridges in Japan has to be estimated taking into consideration the seismic
hazard, tsunami hazard, and hazard associated with airborne chlorides. Lessons from the 2011 Great East Japan
earthquake with emphasis on life-cycle structural performance is the topic of this keynote paper.

1 INTRODUCTION

The 2011 Great East Japan earthquake (i.e. Off Pacific
Coast of Tohoku Region, Japan earthquake) with the
magnitude of 9.0 occurred at 2:46 p.m. (local time) on
March 11, 2011. The fault zone extended 450 km and
200 km in the north-south and west-east directions,
respectively (Kawashima 2012). The 2011 Great East
Japan earthquake caused multiple disasters, including
the damage and collapse of structures and infrastruc-
tures due to strong ground motions and/or liquefaction,
the washout of structures and infrastructures due to
the subsequent tsunami, fires, landslides, and the
subsequent radiation crisis.

The transportation networks including bridges are
one of the most critical civil infrastructure systems
when a natural disaster occurs (Deco & Frangopol
2011, 2012, Frangopol & Bocchini 2012). Since the
bridge transportation network plays a crucial role in the
evacuation of affected people and the transportation
of emergency goods and materials, the functionality
of the network is necessary to be recovered as soon
as possible (Unjoh 2012). A prompt restoration of
the critical infrastructure facilities after an extreme
event is always a goal of paramount importance
(Bocchini & Frangopol 2012a, b). However, bridges
may be susceptible to damage during an earthquake
event, particularly if they were designed without ade-
quate seismic detailing. Structures built using earlier
specifications (i.e., without proper seismic detailing)
often lack adequate flexural strength and ductility
capacity, and/or shear strength. When subjected to
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strong ground motions, these structures have the
potential to exhibit brittle failure. Several destruc-
tive earthquakes in Japan (e.g., 1978 Miyagiken-Oki
earthquake, 1995 Hyogoken-Nanbu earthquake, 2003
Sanriku-Minami earthquake, and 2004 Niigataken-
Chuetsu earthquake) inflicted various levels of damage
on the structures and infrastructures. The investigation
of these negative consequences gave rise to serious dis-
cussions about seismic design philosophy and to exten-
sive research activity on the retrofit of as-built bridges.
The seismic design methodology for new bridges has
been also improved. Comparing the damage state of
bridges before and after the seismic retrofits, or the
performance of bridges designed according to old and
latest seismic specifications during the 2011 Great
East Japan earthquake, the effectiveness of seismic
retrofit and upgrade of seismic specification against
the strong ground motions could be investigated.

The giant tsunami due to the 2011 Great East
Japan earthquake inflicted substantial damage to many
coastal communities in Japan, including their critical
port facilities, residential and commercial buildings,
and infrastructures. Bridges and embankments on the
transportation networks collapsed due to the resulting
impulsive pressures of breaking waves and hydrody-
namic pressures associated with water velocity. These
structures are very vulnerable under tsunami hazards
as reported in Saatcioglu et al. (2006) based on the
2004 Indian Ocean Tsunami. Since in the seismic
design and retrofit specifications in Japan, the tsunami
effects have not been taken into consideration, the
code provisions against tsunami need to be established



based on the failure mechanism gathered from the
tsunami induced damage effects on bridges.

A team of structural and bridge engineers from the
Japan Society of Civil Engineers (JSCE) visited the
Tohoku Region shortly after the 2011 Great East Japan
earthquake to investigate the performance of struc-
tures during the disaster (Kawashima et al. 2011).
In Tohoku Region, where the effects of the seismic
shocks and the tsunami waves due to the 2011 Great
East Japan earthquake were felt with very high inten-
sity, many structures and infrastructures were severely
damaged or washed away. Based on the field inves-
tigation by JSCE, this paper presents ground motion
induced and tsunami induced damages to bridges. In
addition, life-cycle performance of the coastal struc-
tures under seismic and tsunami hazards, and hazard
associated with environmental stressors are discussed.
Field investigation confirmed that several concrete
and steel structures and bridge bearings were seri-
ously corroded. The lessons from the 2011 Great
East Japan earthquake with emphasis on life-cycle
structural performance is the topic of this keynote

paper.

2 2011 GREAT EAST JAPAN EARTHQUAKE

2.1 Ground motion induced damage

After the 2004 Niigata-ken Chuetsu earthquake with
a magnitude of 6.6, the first seismic retrofit program
was initiated for the Tohoku and Joetsu Shinkansen
viaducts. The objectives of the program were to prevent
shear failure by ensuring that shear strength of steel-
jacketed RC columns exceeds the shear corresponding
to maximum flexural strength, and/or to prevent the
damage to bridge piers which have the cut-off of the
longitudinal rebars by improving the flexure and shear
resistant using steel jacketing, RC jacketing, or carbon
fiber reinforced polymer sheet. After retrofitting the
as-built RC columns, these columns can be the prime

source of energy dissipation responding to strong
seismic attack. The program was completed in 2007
after retrofitting 12,500 columns. In 2009, the second
retrofit program for enhancing the shear and flexural
strengths, and ductility capacity of the RC columns
was initiated and is still in progress.

Under the first retrofit program for Shinkansen
viaducts, RC columns were retrofitted if the ratio y
of shear strength to shear force corresponding to max-
imum feasible flexural strength is less than threshold
C:. Even if y>C;, RC columns may exhibit brit-
tle behavior because of the variability of concrete
and reinforcement rebar strength, and uncertainties
associated with the estimation of shear and flexure
strength.

Figure 1 shows the damage to RC columns of
Tohoku Shinkansen viaducts in Miyagi-ken and Iwate-
ken during the 2011 Great East Japan earthquake.
These viaducts were not retrofitted in the first seis-
mic retrofit program. The investigation after the 2011
Great East Japan earthquake confirmed that RC bridge
piers were damaged due to the insufficient anchorage
length at the cut-off point of longitudinal rebars, or the
RC columns of the single-story RC moment-resisting
frame failed in shear. These failure modes of RC mem-
bers observed in the 2011 Great East Japan earthquake
are the same as those observed in the past earthquakes.

Figure 2 compares 5% damping response acceler-
ations of the 2003 Sanriku-Minami earthquake with
those of the 2011 Great East Japan earthquake. Both
ground motions were measured at the same seismic
station near the No. 3 Odaki viaducts. As shown in
Figure 2, because the fundamental natural period of
a single story RC rigid frame ranges between 0.4 sec
and 0.6 sec depending on the soil condition and col-
umn height, itis reasonable to assume that the response
acceleration of the No. 3 Odaki viaducts were nearly
the same in the 2003 Sanriku-Minami earthquake and
the 2011 Great East Japan earthquake.

Figure 2 also shows the damaged state of the
No. 3 Odaki viaducts recorded after the 2003

Figure 1.

Example of damages to Tohoku Shinkansen viaducts before retrofit during the 2011 Great East Japan earthquake

(Left and right photos were provided by East Japan Railway Company and Dr. Takahashi, Kyoto University, respectively).
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Figure 3. Comparison of damage states of RC columns
constructed by 1970’ and 2000’s.
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Sanriku-Minami earthquake and after the 2011 Great
East Japan earthquake. Because of deficiencies in
the number of ties used to prevent brittle failure, the
RC columns of the No. 3 Odaki viaducts failed in
shear during the 2003 Sanriku-Minami earthquake.
Under the first seismic retrofit program, the viaducts
were retrofitted by means of steel jackets for the RC
columns so that they had sufficient shear capacity.
The retrofitted columns of the viaducts performed
well, with almost no damage during the 2011 Great
East Japan earthquake. The effectiveness of seismic
retrofitting using steel jacketing to prevent significant
damage to the Shinkansen viaducts was proved.

In the Nagamachi Area, five kilometers away
from the Sendai station, local trains run parallel
to bullet trains of Tohoku Shinkansen as shown
in Figure 3. The viaducts of both local line and
Tohoku Shinkansen are single-story RC moment-
resisting frames. However, the local line viaducts
were designed according to the seismic specification
revised after the 1995 Hyogoken-Nanbu earthquake.
While Shinkansen viaducts without seismic retrofit
were severely damaged and had large diagonal cracks
asshown in Figure 3, local line viaducts had very minor
flexural cracks. This proved that the revisions of seis-
mic specifications contribute to improving the seismic
performance of bridges.

Since March 11, 2011, there have been many after-
shocks in the east Japan. Especially, on April 4, 2011,
aftershock with magnitude of 7.2 caused damages



of many structures and infrastructures in the Tohoku
Region. Although Shinkansen viaducts had been
repaired since the March 11, some of repaired RC
columns were damaged again due to this aftershock.
Figure 4 shows the RC bridge pier damaged due to the
aftershock on April 7 under re-repair work, since RC
bridge pier repaired after the 2011 Great East Japan
earthquake had large diagonal cracks.

2.2 Tsunami induced damage

Many bridges were washed away by the tsunami waves
due to the 2011 Great East Japan earthquake. Fig-
ure 5 shows the collapse of Mizushiri railway bridge
in Kesen-numa Line of East Japan Railway Company
(JR East) due to the tsunami. This bridge has three
simple prestressed concrete (PC) girders with span of
about 20 m to 25m and two RC bridge piers with the
height of about 10 m. The distances shown in Figure 5

Figure 4. Damage to RC columns repaired after the 2011
Great East Japan earthquake on March 11 due to the large
aftershock on April 7.
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were provided by laser ranger in-situ measurement. It
should be noted that these distances vary considerably.

The middle PC girder (PC girder 2) was displaced
more than 200 meters from the original position. Two
RC bridge piers and the embankment behind the Abut-
ment 2 were completely destroyed. Since Mizushiri
bridge was constructed in 1971, its RC bridge piers
have less amounts of longitudinal reinforcement and
ties than required by the current code. There may be
likelihood of some damages due to strong ground
motions before the tsunami arrived. To evaluate the
tsunami bridge risk, damages due to strong ground
motions have to be considered.

Some of RC bridge piers in road network were
retrofitted by means of RC jacket on column against
the strong ground motions. Retrofitted RC bridge piers
were not destroyed as shown in Figure 6, although

RC pier after retrofit using RC jacketing

Figure 6. RC bridge pier with retrofit using RC jacket-
ing which had no damage during the 2011 Great East Japan
earthquake.

Abutment 1

Figure 5. Damage to Mizushiri bridge by the tsunami due to the 2011 Great East Japan earthquake.
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Before constructing the
temporary bridge

Figure 8. Temporary bridge using the original components

the superstructures were washed away. Retrofitting the
RC bridge columns to prevent failure from the strong
ground motions can also improve their capacity against
the tsunami wave.

Figure 7 shows the bridges which were not washed
away by the tsunami. These bridges were located near
the coastline and were engulfed by the tsunami. They
have common structural features; concrete superstruc-
tures with a wider width of the road and shallow
girder height, or RC moment-resisting frames. Based
on these structural features, the code provisions against
tsunami effects need to be established.

Tsunami forces caused the collapse of a number
of bridges that formed a vital link between towns in
the Tohoku Region. Since this severely constrained
post-earthquake disaster recovery, temporary bridges
have been constructed at several locations. Abutment
backfill of Niju-ichigahama bridge with simple span
and steel pile foundation was completely destroyed
under the tsunami wave. However, since the original
bridge had minor damage due to the tsunami wave,
a temporary bridge could be constructed within one
month after the 2011 Great East Japan earthquake as
shown in Figure 8. Temporary bridges were used for the
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evacuation of affected people and the transportation
of emergency goods and materials. The code provi-
sions against tsunami effects need to established by
taking into consideration the recovery time to restore
the functionality of the bridge.

LIFE-CYCLE PERFORMANCE OF
STRUCTURES UNDER SEISMIC HAZARD,
TSUNAMI HAZARDS, AND/OR HAZARD
ASSOCIATED WITH ENVIRONMENTAL
STRESSORS

Structures and critical infrastructure facilities with
very high performance standards to prevent any dam-
ages and failures from a huge earthquake and/or giant
tsunami would be too expensive and totally impracti-
cal. Risk assessment is useful in circumstances when
an event is very rare yet its consequences are very
severe. The tools to be used in risk-informed deci-
sion making for performance assessment and optimal
life-cycle management of structures and infrastruc-
tures under low-probability high-consequence events
are rapidly growing.

The performance-based methodology proposed by
Cornell (2002) for seismic risk assessment has been
widely adopted. The performance levels describe the
desired level of structural behavior in terms of struc-
tural demand and capacity. The probabilistic distri-
butions for demand, capacity and seismic intensity
hazard are considered in the seismic risk assessment.
When only the seismic hazard and a single limit state
associated with structural damage are considered, the
expected risk can be described as follows (Frangopol &
Akiyama, 2011)

R=C(S)xPf[s] ()
Pf [S]ZL[“ %ﬁf)} Ps|r = aJda @

where C(S) is the consequence associated with the
limit state S, P[S|I" = «] is the conditional probability
of occurrence of the limit state S given that ground
motion intensity I (such as peak ground acceleration
or velocity) is equal to « (seismic fragility curve), and
H (@) isthe probability that the ground motion intensity
«a is exceeded at least once during the time interval T
(seismic hazard curve).

Using the fragility curves for bridges before and
after seismic retrofit, a comparative seismic risk
assessment could be presented. This information is
essential for seismic risk management and decision
making on retrofit and mitigation strategies. Due to
the limited empirical data available, developing the
fragility curves for retrofitted bridges based on dam-
age investigation is impossible. Analytically derived
fragility curves for retrofitted road bridges were devel-
oped by Kim & Shinozuka (2004) and Padgett &
DesRoches (2008, 2009). As observed in the 2011
Great East Japan earthquake, the benefits of the



seismic retrofit of existing bridges which might exhibit
brittle failure were clearly evident in mitigating severe
damage. Based on the comparison of risk among
existing bridges, the high-priority bridges should be
identified.

When estimating the expected risk due to the
tsunami, the tsunami fragility curve could be used
in Equation (1) as a proper loss estimation tool
against a potential future tsunami. Based on the prob-
abilistic seismic hazard analysis, a tsunami hazard
curve can also be determined. This curve shows
the relationship between hydrodynamic features and
the probability of exceedance for a specified period.
Annaka et al. (2007) proposed a logic-tree approach
to construct the tsunami hazard curve representing the
relationship between tsunami height and the proba-
bility of exceedance. The tsunami hazard curves are
obtained by integration over the aleatory uncertain-
ties, and numerous hazard curves are provided for
different branches of logic-tree representing epistemic
uncertainties.

Using the tsunami hazard and the fragility curves,
the expected risk can be estimated by using Equations
(1) and (2). In Equation (2), P[S|T"=«] is the con-
ditional probability of occurrence of the limit state S
given that hydrodynamic features I" (such as tsunami
wave heightand current velocity) is equal to « (tsunami
fragility curve), and H («) represents the probability
that the hydrodynamic feature « is exceeded at least
once during the time interval T.

Ellingwood (20064, b) presented the annual proba-
bility of structural collapse in the case where multiple
hazards and structural damages are considered

PlColtapse]=3", 3" PlcollapsdD]P[D|H ),  (3)

where Ay =annual mean rate of occurrence of H,
P [D|H] = conditional probability of damage state D
given H, and P [Collapse|D] = probability of dispro-
portionate damage or collapse given damage state D.

Li & Ellingwood (2009) presented a framework for
multihazard risk assessment using hurricane and earth-
quake hazards. Basu & Prasad (2012) estimated the
seismic risk assessment of RC bridges in flood-prone
regions. The regional multihazard scenario was char-
acterized by combining scour resulted from regional
flood events of different intensities with a suite of
earthquake ground motions representing regional seis-
micity. While hurricane and earthquake, or flood and
earthquake are quite distinct events, tsunami intensity
correlates with the magnitude of oceanic earthquake.
The effect of damage to bridge components under
stronger excitation on the reduction of the capacity for
tsunami wave load must be considered given higher
tsunami wave height in the tsunami fragility analysis.

In addition, the effect of corrosion on the deterio-
ration of the capacity of bridges under seismic and
tsunami hazards has to be considered. Field inves-
tigation conducted after the 2011 Great East Japan
earthquake confirmed that some of RC structures
and steel bearings were severely deteriorated due to
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Figure 9. Corrosion of reinforcing bars and bearings
attacked by chloride.

chloride-induced corrosion as shown in Figure 9.
Akiyama et al. (2011) presented a computational pro-
cedure to integrate the probabilistic hazard associated
with airborne chlorides into life-cycle seismic reliabil-
ity assessment of RC bridge piers. Details of hazard
associated with airborne chloride were reported in
Akiyama et al. (2010). They pointed out that the
seismic demand depends on the results of seismic haz-
ard assessment, whereas the deterioration of seismic
capacity depends on the airborne chloride hazard. In
seismic and tsunami risk assessment, it is important to
take into consideration the effect of material corrosion
on structural performance.

Based on the tsunami-induced damages to bridges
during the 2011 Great East Japan earthquake, possible
failure mode of bridge under tsunami hazard is esti-
mated as described in Figure 10. The effect of damage
due to strong excitation and tsunami wave load, corro-
sion, and scour on the behavior of bridge needs to be
incorporated in the tsunami risk assessment. Future
seismic specifications may require devices to pre-
vent the superstructure collapse from giant tsunami.
However, in that case, the piers are provided with
additional lateral force from these devices during the
tsunami. Even though bridge pier designed by the cur-
rent seismic specification has larger lateral strength
and ductility capacity, it may be necessary to provide
additional lateral strength for the pier to prevent the
collapse of superstructure due to tsunami. A capac-
ity design procedure of bridge under tsunami hazard
is needed to obtain the hierarchy of resistance of the
various structural components and improved perfor-
mance to avoid the catastrophic damage and ensure
a prompt restoration (Priestley et al. 1995, Akiyama
et al. 2010). Optimal code provisions against seis-
mic and tsunami hazards must be established using
a risk-based and a resilience-based life-cycle design
perspective (Ang & De Leon 2005, Ellingwood 2005,
2006a, b, Frangopol & Liu 2007, Frangopol 2011,
Deco & Frangopol 2011, 2012, Frangopol & Bocchini
2012, Bocchini & Frangopol 20123, b).
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Figure 10. Possible failure mode of bridge under tsunami hazard.

4 CONCLUSIONS

1. Since the 1995 Hyogoken-Nanbu earthquake, seis-
mic retrofit has been conducted for RC bridge
piers which have insufficient shear reinforcement
and/or have cut-offs of longitudinal rebars without
adequate anchorage length. However, there were
still a significant number of bridge piers which
required retrofitting before the 2011 Great East
Japan earthquake. As a result, some as-built bridges
exhibited similar failure modes as observed in the
past earthquakes.

. Comparing the damage state of bridges before and
after the seismic retrofits, or the performance of
bridges designed according to old and latest seis-
mic specifications during the 2011 Great East Japan
earthquake, the effectiveness of seismic retrofit
and the improved seismic specifications against the
strong ground motions was proved.

. Itis necessary to establish a seismic retrofit strat-
egy to improve the seismic performance of existing
bridges in order to minimize the difference between
their seismic performance and the performance
required according to the latest seismic specifica-
tions. Seismic hazard, importance of bridge, failure
mode of components, and seismic specifications
used need to be considered when determining
priorities for seismic retrofit.

. Many superstructures were completely washed
away by the tsunami and the substructures were
overturned due to scour. In addition, there may
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be likelihood of structural damages due to strong
ground motions before the tsunami arrived.

. There were bridges which were not washed away
even though they were engulfed by the tsunami.
These bridges have several common structural fea-
tures; concrete superstructures with a wider width
of the road and shallow girder height, or RC
moment-resisting frames. Based on these struc-
tural features, the code provisions against tsunami
effects need to be established.

. The effect of damage due to strong excitation,
tsunami wave load, material corrosion, and scour
on the performance of bridge needs to be incorpo-
rated in the seismic and tsunami risk assessment.
A new design philosophy is needed to avoid catas-
trophic damage and to ensure a prompt restoration
using a risk-based and resilience-based life-cycle
design perspective.
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Minimizing the effects of uncertainty in life-cycle engineering
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ABSTRACT: Reducing uncertainties is important in engineering; however, this is often be difficult or costly,
and is seldom practically feasible. Minimizing the effects of uncertainties. may be more realistic and practically
achievable. Proposed is a procedure for this latter purpose, with emphasis on life-cycle performance and minimum
cost design of structures. By separating uncertainties into two types — those due to natural randomness or
variability in observed data known as the aleatory type, and those associated with our inability to predict reality
known as the epistemic type — the effect of randomness requires a probability measure (e.g., probability of failure
or safety index); whereas in light of the epistemic uncertainty the correct probability becomes a random variable.
On this basis, the effects of the underlying uncertainties, especially of the epistemic type, can be minimized in
developing optimal designs of structures for life-cycle cost.

1 INTRODUCTION

The conventional approach to reliability analysis and
design, as well as in risk assessment, is generally based
on considering the total uncertainty; i.e., in particu-
lar, combining the two types of uncertainty as defined
below in Section 2.

For example, the safety of a structure is based on
modeling the maximum load over the life of the struc-
ture and of its capacity as random variables containing
the respective total uncertainties. The resulting proba-
bility of failure, or safety index, of the structure is the
mean value. The estimated mean safety measure (i.e.,
the failure probability or the safety index) does not
convey its underlying uncertainty; it is a single value.

However, uncertainty in the estimated safety mea-
sure (or in the calculated risk), is equally important —
this serves to show or define any confidence (or lack
of confidence) in estimating the correct measure of
safety or risk.

Proposed is a procedure to explicitly determine the
uncertainty in the estimated safety or risk measure,
and suggests how to establish conservative or high-
confidence safety measure in formulating criteria for
design with emphasis on developing optimal design
for minimum life-cycle cost of structures.

2 ON ISSUES OF UNCERTAINTY

For practical purposes, uncertainties may be classi-
fied into two broad types; namely, the aleatory and
the epistemic types (Ang and Tang, 2007).

o The aleatory type is the variability in the observed
data (i.e., data-based), and represents the natural
randomness in a physical phenomenon, which can-
not be reduced — measure of its effect requires
probability, e.g., the calculate probability of failure.
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The epistemic type is knowledge-based and rep-
resents the analyst’s inability or lack of perfect
knowledge to predict reality — due to this type, the
calculated probability of failure becomes a random
variable.

The epistemic type may be reduced, with improved
knowledge or information; this is generally not easy.
However, its effects can be reduced or minimized.

One way to reduce the epistemic uncertainty is
through applying the Bayesian approach — in this
regard, appropriate data is used to update the infor-
mation and reduce the uncertainty (Ang & Tang,
2007).

2.1 Estimation of uncertainties

For the aleatory type, its estimation would normally be
based on available data or information with its inherent
variability.

For the epistemic type, its estimation must often rely
on engineering judgments. The degree of uncertainty
may be expressed in terms of a range of possibilities —
i.e., a lower bound and an upper bound with a plausi-
ble distribution (e.g., the uniform distribution within
the range). Judgmentally, estimating the range of pos-
sibilities, is more likely to be correct, than estimating
a single value.

2.2 Treatment of uncertainty and its significance

If possible, uncertainties should be reduced especially
the epistemic type. However, this is seldom practi-
cally or economically feasible. Reducing this type of
uncertainty involves acquiring improved knowledge
and therefore could be costly in terms of time and
resources.

An alternative to reducing the uncertainty is to
reduce its effects on the performance or cost estimation



of an engineering system. When the two types of uncer-
tainty are combined into the total uncertainty, its effect
on the performance of an engineering system is mea-
sured by its mean value, such as the mean safety index.
However, if the two types of uncertainty are separated,
the effect of the aleatory variability is measured by the
safety index (or failure probability), whereas the effect
of the epistemic uncertainty leads the safety index to
become a random variable with a range of possible
values of the correct safety index. Presumably, it is
reasonable to assume that the correct safety index is
more likely to be within this range than that of a single
value.

3 ON LIFE-CYCLE PERFORMANCE

Reliability-based performance measures over the life-
cycle of a structure may be expressed in terms of
the safety index. This must include its safety under the
maximum load that can be expected over the life of the
structure, as well as the performance reliability under
repeated cyclic loading with associated maintenance.

3.1 Numerical example of life-cycle safety

The performance function of a structural element may
often be represented by the linear function

gX)=R-D-L

in which,
R = the strength of the structural element;
D =the dead load effect on the element; and
L =the maximum life-cycle live load effect on the
element.

If the aleatory c.0.v.’s of R, D, and L are respectively
as follows:

8 =0.11
8p =0.10
8, =025

and using the ACI provision for R/C beams

Mp 21.56up+1.724;

and with a live load to dead load ratio of
My !ty =075

Hp=2.85up

then the safety index of the beam is

2,850 ptp—0.7541;,

= . - - =2.904
JO0.11x2.85 21 Y+(0.1 1) +(0.25%0.75 42

This is the safety index due to the aleatory uncertainty
only; i.e., assumes no epistemic uncertainties. The esti-
mated mean design parameters, however, are invari-
ably subject to inaccuracies and thus uncertainties of
the epistemic type.
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For illustration, suppose the correct mean-values
may range, respectively, as follows:

U,=D*10%; p,=L+20%; and f1,=R *5%.

where D, L, and R are the estimated mean values.

These ranges reflect the epistemic uncertainties
associated with imperfections in estimating the mean
loads and mean resistance. Uniform distributions
within each of the ranges may be assumed.

The effects of these epistemic uncertainties will lead
to uncertainty in the calculated failure probability and
in the safety index. In this light, pr and 8 become
random variables. With the above ranges of possible
mean values, the distribution of the failure probabil-
ity pe and of the corresponding safety index 8 can
be obtained through Monte Carlo simulations; Fig. 1
shows the histogram of g with a mean value of 2.764.
Observe that this mean-value of 8 is less than the
value of 2.90 calculated earlier with FORM,; this is
because the earlier calculations did not include the
epistemic uncertainties in the estimated mean param-
eters. Including these epistemic uncertainties with the
following c.0.v.’s associated with the above ranges of
the mean parameters: namely,

Ay, =006 A,

" 0.12;

Ay, =0.03

and combining these with the aleatory uncertainties
(to obtain the total uncertainties) the safety index, by
FORM, would be

- 2.85p, - tp -0.75y

=273

J0.114x2.8515)2 +(0.117 )% +(0.277%0.75 1)

which is close to the mean safety index of 2.76 of the
Monte Carlo results.

This illustrates the fact that combining the aleatory
and epistemic uncertainties leads to the mean failure
probability or the corresponding mean safety index.

The histogram of 8 shown in Fig. 1 provides more
complete information (than just the mean value) on
the correct safety index of the structural element; from
which specified percentile values of 8 can be

Obtained, such as the following:

mean f§ = 2.76
75% B=2.82
90% fi=2.86

For safety in design, the histogram of the safety index
allows selection of a high-confidence or conservative
value; e.g., the 90% value of the safety index of 2.86,
rather than the mean safety index of 2.76.

3.2 Numerical example of safety factor for design

A popular code format for the design of structural
elements is the following:

¢’Ru 2 y.")Du + }’{,L"
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in which ¢, yp, and y,_ re respectively the resistance
factor, the dead load factor, and the live load factor.
These factors can be determined to satisfy a prescribed
safety index.

In this example, suppose a 90% safety index of
B =25 is required for the design. The total c.0.v.s
of the design parameters are

Qp=0.11; Qp=0.10; ;=025
and the mean load ratio is u /up =2.0.
Then,

Hp—Hp—H;

=§=25

2 3 2
Op+0p+0;

where ug, up and . are, respectively the mean values
of the resistance, dead load, and live load. Convert-
ing the above c.0.v.’s into the corresponding standard
deviations yields

Hp=pip=24p

T > 3 >=2.5
VIO Lt ) (01 gt ) +(0.5 4t )"

The required mean load and resistance factors can be
shown to be,

¢=1-0.722x2.5%0.11=0.80

¥p =1+0.136%2.5x0.10=1.03
¥ =1+0.678%x2.5x0.25=1.42

The load and resistance factor design (LRFD) require-
ment, therefore, is

0.80ug 21.0341p, +1.424;

These factors must be applied strictly to the respec-
tive mean design parameters. If other parameter values
(e.g., nominal values) are used in the design process,
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Figure 2. Life-cycle performance profile under uncertainty
(after Frangopol, 2011).

the corresponding design factors can be derived from
the mean design factors.

The above load and resistance factors can be trans-
lated into an equivalent safety factor. With the load
ratio of 1 /up = 2 the mean safety factor against live
load is evaluated as follows:

The mean design capacity is

_(1.03x0.5+1.42)4,
) 0.8

Therefore, the mean safety factor against the live load

Lis

_1.03x0.5+1.42
0.8

Myl 1ty 242

Whereas, against the total load, the safety factor would
be

(1.034, +1.42u,)  (1.03+2x1.42)u,,
0.8(u, +1,) 0.8(1+2)u,,

6= =1.61

The above illustrates the fact that the load and resis-
tance factors can always be translated into the equiva-
lent safety factor for design.

3.3 Life-cycle performance against fatigue

The resistance, or load-carrying capacity, of a struc-
ture deteriorates with time; for example, due to fatigue
damage under repeated or cyclic loadings. The deterio-
ration process of civil infrastructure is complex. In the
case of bridge structures, it is a function of the envi-
ronment and vehicle loads among other factors. As
these factors are highly variable, the deterioration of
structural resistance contains significant uncertainty.

In order to ensure a threshold (or minimum) level
of safety or reliability throughout its life-cycle, main-
tenance including periodic inspection and repair (as
necessary) will be required. The deterioration process
contains significant uncertainty, including the rate of
deterioration. Following Frangopol (2011), the profile
of the life-cycle performance of a structure, with or
without maintenance, may be portrayed graphically as
shown below in Fig. 2.



4 LIFE-CYCLE COST AND SAFETY OF REAL
STRUCTURES

In formulating reliability-based design, a prescribe
level of safety is necessary; this may be in terms of
the safety index B. The specification of the required
safety index for design is an important engineering
decision.

For this purpose, observe that the failure probability
due to the total uncertainty (i.e., combined aleatory and
epistemic types) yields the mean failure probability (or
mean safety index).

However, separating the aleatory and epistemic
types would yield the distribution of the complete
range of the calculated safety index. From this dis-
tribution of the safety index, a high-percentile value
(e.g., 90% value) of the safety index may be specified
for designs. This serves to minimize the effect of the
epistemic uncertainty.

Illustrated below are two examples of real struc-
tures showing the respective safety indices underlying
current design standards compared with the proposed
90-95% safety indices for ensuring safe designs.

4.1 Design of cable-stayed bridges — Example 1

Reliability evaluation of the cable-stayed bridge in
Jindo, Korea was performed by Han & Ang (2008).
The bridge (profile shown in Fig. 3) was designed and
built using traditional design standards in Korea.

4.2 Summary of results of the Jindo Bridge

The results summarized below in Fig. 4 show the
expected life-cycle costs, E(LCC), of the respective
alternative designs of the bridge corresponding to
different safety indices.

Observe that the actual bridge (denoted as the stan-
dard design in Fig. 4) is slightly more expensive
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Figure 3. Profile and 3-D model of the Jindo cable-stayed
bridge.
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than the minimum E(LCC) design with correspond-
ing mean safety indices. Observe also that the E(S)
of the actual bridge is slightly higher than that of the
minimum E(LCC) design.

For the minimum E(LCC) design, the histogram of
the safety index, B, is shown in Figure 5, indicating
that the mean g is 2.28, whereas the 90% g is 3.23.

Comparing the standard design with the minimum
E(LCC) design, it can be inferred that the safety index
used in the standard design of the bridge would be
slightly higher than that of the minimum E(LCC)
design with a 90% g of 3.23.

The corresponding histogram of the LCC for the
optimal design is shown in Fig. 6. The 90% LCC would
give a conservative (or high confidence) estimate of

E(LCC) vs E(Safety Index)

16E+3 1 1 Max. = 1468.14 in § million (140%)
Min. = 985.56 in $ million { 95%) 1468.14
1.5E+3 4143437
= 4 Minimum Life-Cycle Cost
E 14E+3 4 Standard Design 1341.26
L]
= 12843 1223.06
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Figure 4. E(LCC) vs mean g for different designs of the
Jindo bridge.
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Figure 5. Histogram of g for minimum LCC design of the
Jindo bridge.
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Figure 6. Histogram of LCC of the optimal design.



Figure 7. Typical offshore oil platform in Gulf of Mexico.
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Figure 8. Expected LCC vs 90% g of offshore platforms.

the correct life-cycle cost of the bridge prior to com-
pleting its construction. In other words, this implies
that by using the 90% LCC, the chance that the esti-
mated life-cycle cost will under-estimate the actual
cost is 10%.

4.3 Design of offshore structures — example 2

Optimal life-cycle cost design of a typical offshore
drilling platforms for oil production in the Bay of
Campeche, Mexico (see Fig. 7) was determined by
DeLeon, & Ang, (2008).

Standards for the design of such systems are widely
available; for example the American Petroleum Insti-
tute (API, 1993) and the Mexican standard PEMEX
(2000).

Figure 8 above summarizes the results for the plat-
form showing the E(LCC) of different designs versus
the respective 90% g indicating that the optimal design
is obtain with the 90% g around 3.5.

The Fig. 9 below shows further the complete his-
togram of the range of possible safety indices of
the minimum life-cycle cost design of the platform,
indicating that the 90% value of g is 3.45.

For a typical offshore production platform, the
90% safety index of 3.45 is consistent with the
existing standards of the petroleum industry (API,
1993; PEMEX, 2000) for important platforms which
requires 8=3.3—-3.5

On the other hand, if the aleatory and epistemic
uncertainties were combined, the optimal safety index
for marine structures would be 2.96, i.e. the mean
value. Clearly, this mean safety index is much lower
than the requirement of the current standard for design
of offshore platforms.
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Figure 9. Histogram of 8 for the minimum LCC design of
off-shore platforms.

4.4

We might emphasize (based on the two examples illus-
trated above) that the 90%-95% value of B appears
to be consistent with the risk-averseness or degree
of conservativeness underlying current standards for
structural design.

It bears emphasizing that by prescribing the 90%
safety index, the chance that the design safety may be
inadequate is around 10%. However, in contrast, if the
mean or median value of B is prescribed for design,
the chance that the specified 8 may be inadequate is
about 50%.

In other words, we may reduce the epistemic uncer-
tainty by using improved models, or better knowl-
edge — although this is seldom practically feasible.
However, we can always minimize the effects of the
epistemic uncertainty by specifying high-percentile
values of 8 (e.g., the 90% or 95% value), and derive
corresponding conservative safety factors or load-and-
resistance factors for design.

Finally, the results of the two examples serve to
show that the 90%—-95% value of g is consistent with
the implied safety level underlying current design
standards for major structures.

Implications of results from real structures

5 CONCLUSIONS

Design of engineered systems must invariably contend
with uncertainties, which can be associated with the
variability in available data and information or with
insufficient knowledge of reality — known, respec-
tively, as aleatory and epistemic types.

The effect of the aleatory type can be measured in
terms of a probability; e.g., probability of failure or
safety index; whereas the effect of the epistemic type
would yield a range of possible failure probabilities
(or safety indices).

By distinctly separating the two types of uncer-
tainty, the range and its distribution of the possible
safety indices allows the specification of high per-
centile values (e.g., the 90% or 95% value) of the safety
index for conservative design. This effectively serves
to minimize the effects of the epistemic uncertainty.

The two types of uncertainty may also be com-
bined into a total uncertainty; however, in this case the



procedure will yield only the mean failure probability
or mean safety index which is a single value.

By specifying the 90% safety index for design, the
chance that it will be inadequate is 10%; whereas using
the mean safety index in design the chance that it will
be inadequate is around 50%; clearly using the latter
is too risky for safety purposes.

In short,

with the 90% B, risk of inadequate safety = 10%;
with the mean g, risk of inadequate safety = 0%.

Based on the two examples illustrated of exist-
ing standards in practice, the 90-95% safety index
appears to be the appropriate level of conservative-
ness for formulating practical design criteria for civil
structures.

In essence, the proposed approach of minimiz-
ing the effects of uncertainty can be considered as
providing a reliability-based procedure for systemati-
cally determining the required conservative (or high-
confidence) safety factors for design with prescribed
risk-averseness. In other words, this is a rational
alternative to the traditional approach of determining
design safety factors to cover the uncertainties that is
based entirely on judgments.

26

ACKNOWLEDGEMENTS

The results for the cable-stayed bridge in Jindo, Korea
were obtained by J.H. Han (2008), and those for the
offshore platform in the Gulf of Mexico were obtained
by D. De Leon (2008). Their respective contributions
to this paper are gratefully acknowledged.

REFERENCES

Ang, A. H-S. and Tang, W.H. 2007, Probability Concepts
in Engineeging — Emphasis on applications in civil end
environmental engineering, J. Wiley & Sons, Inc.

De Leon, D. and A.H-S. Ang, 2008, Confidence bounds on
structural reliability estimations for offshore platforms,
Journal of Marine Science and Technology, Vol. 13, No 3

Frangopol, D.M., 2011, Life-cycle performance, manage-
ment, and optimization of structural systems under uncer-
tainty — accomplishments and challenges, Structure and
Infrastructure Engineering, Vol. 7, No. 5-6

Han, S.H. and Ang, A. H-S., 2008, Optimal design of
cable-stayed bridges based on minimum life-cycle cost,
Proceedings. IABMAS’08, Seoul, Korea

PEMEX, 2000 (see De Leon and Ang, 2008 for reference)



Life-Cycle and Sustainability of Civil Infrastructure Systems — Strauss, Frangopol & Bergmeister (Eds)
© 2013 Taylor & Francis Group, London, ISBN 978-0-415-62126-7

Pervasive lifetime inadequacy of long-span box girder bridges and
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ABSTRACT: The present study was stimulated by the paradigm of KB Bridge in Palau, a record span seg-
mentally erected concrete box girder, which deflected excessively within 18 years, and collapsed 3 months
after remedial prestressing. Computations at Northwestern showed that obsolete creep and shrinkage models
in standard recommendations are largely to blame. A literature search found that 68 further spans with similar
excessive deflections and service lives shortened to 20-40 years were identified. Outlined is a method of 3D
FE computation of multi-decade creep effects. It is shown that the computations match the multi-decade bridge
observations of the KB and several other bridges provided one uses a recalibrated B3 model, while the obsolete
creep and shrinkage models lead to severe underestimation of the multi-decade deflections and prestress losses.
A recalibration of the B3 model is achievable through statistical coupling of partial data on bridge deflections
with a world-wide laboratory database.

1 INTRODUCTION

e _
oror-Babeldaob Bridge

Since its collapse in 1996, only very few articles
(BaZant, et al., 2010, 2011a, b) have been written
until recently about the Koror-Babeldaob Bridge in
Palau. 18 years after erection of this record 241 m
span, the midspan deflection reached 1.61 m from the
designed camber, as pictured in Fig. 1. The prestress-
ing tendons were measured to have lost 49% of the
initial applied force. In response, remedial prestress-
ing was performed. Unexpectedly the bridge collapsed
3 months later. This catastrophic event raised legal,
theoretical, and design questions. Figure 1. Image of the Palau Bridge shortly before collapse.
As a result of ethical arguments, the construction

information of the KB Bridge was released to give  the design solution to avoid future cases of excessive
enough detail to compare the deflections predicted by  bridge creep.

the ACI, CEB-fib, GL, JSCE and B3 models for creep The analysis of bridge collapse and the related
and shrinkage prediction to the observed behavior  design formulations is important for the study of
(B3 is a 1995 RILEM Recommendation based on the  the lifetime of structures. Most large structures are
solidification-microprestress theory) (ACI Committee  designed for a 100 year lifetime, but bridges such
209 2008, FIB 1999, Gardner 2000, 2001). Thiswas  as the KB bridge can show excessive deflections
accomplished through a detailed finite element anal-  at <30 years. Excessive deflections require costly
ysis that captured the contributions of multi-decade  retrofits that should be avoidable. Thus, improved
creep effects with aging, diffusion, cracking, ten-  creep and shrinkage models could extend the life-
don viscoplasticity, thermal effects, cyclic creep, and  time of new structures which are susceptible to such
included uncertainty estimation. All the code formula-  effects. Additionally, predictive formulations assist in
tions considered were found to consistently underesti-  the assessment of existing structures.

mate the effect of creep and shrinkage in the long term The B3 model was selected for improvement since it
by a factor of 2-3. Systematically improving such rec- is the only one with a theoretical and basis and its time
ommendations in combination with more accurateand  function has the best match to the form of the observed
efficient numerical calculation procedures can provide  bridge deflection data. This model has the further
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advantage of having adjustable scaling parameters
associated with different creep mechanisms, repre-
sented by aging and non-aging viscoelastic terms and
drying creep term. Thus, the parameters affecting the
long-term slope could be scaled to statistically match
the mean slope observed in the bridge deflection data.
In order to perform such an analysis and to address
safety concerns regarding similar bridges, a number of
other bridge deflection records were obtained. A study
of the deflection trends of 68 other spans (BaZant et al.
2011c, 2011d) revealed that the KB Bridge is not an
isolated case of excessive deflections. A full recali-
bration of the B3 model can be performed through a
joint optimization of the partial data available for long-
term bridge deflections combined with an expanded
shortterm laboratory creep and shrinkage test database
covering both, traditional normal concrete and modern
high performance concretes with admixtures.

2 3D FEM COMPUTATION OF KB BRIDGE

2.1 Modeling of multi-decade creep effects

In ideal situations, concrete creep in the service stress
range can be described by a linear viscoelastic stress-
strain relation in the form of a Volterra integral equa-
tion. However, this integral type approach to aging
viscoelasticity is not only computationally inefficient
butalso unable to take into account additional phenom-
ena such as cracking, damage in concrete, cyclic creep
or changes in humidity and temperature in slabs of
different thickness which cause major deviations from
the principle of superposition. An equivalent rate-type
formulation with internal variables that account for the
previous history of elastic strain can overcome these
problems and increase computational efficiency.

A rate-type law can be visualized as a Kelvin chain
model. This model consists of a series of Kelvin units
n=1,2,3,...,N, each of which involves a spring of
stiffness E,, (t) coupled in parallel with a dashpot of vis-
cosity 1, (t) = E,(t)t,, where 1, are the retardation
times (BazZant 2011a, 2011b). In a stepwise analysis
E,.(t) and 1, (t) can be assumed to be approximately
constant within each step, although they change from
step to step. For stable and accurate results, equidis-
tant discrete retardation times in log scale should be
chosen. The algorithm is outlined in Fig. 2.

The retardation spectrum can be either obtained in
adiscrete formasA(t,) = E;l or as continuous retar-
dation spectrum, analytically derived from the com-
pliance function by Laplace transform inversion. The
latter approach proves to not only be simpler but also
avoid problems of ill-conditioning and nonuniqueness
which may afflict the discrete approach.

The solution to the Laplace transform inver-
sion can be obtained by Widder’s approximate for-
mula (Tschoegl 1989, Bazant & Xi 1995), which is
given by

Iim(
¥ ( r, k—x

—kz, )iC'“[krﬂ]

(1)
(k-1)!
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Figure 2. Kelvin chain model and flow chart of the algo-
rithm of finite element creep analysis based on rate type
creep model.
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where C®) =k-th order derivative of the creep part
C(t,ty_1/2) of the compliance function J(t,t,_1/2);
C(t,t)=J(t,t') —1/Eo and Eg = instantaneous (or
short-time) elastic modulus. In practice it is sufficient
to use k = 3. The discrete spectrum with a finite num-
ber of Kelvin chain units for numerical computation
can be derived by approximation of the continuous
spectrum L(z,,).

=L(z,)In10A(logz,)=L(z,)in10 (2)

The time steps necessary for the typical retardation
times unfortunately do not satisfy the requirements
of traditional algorithms for stability of numerical
integration of first-order ordinary differential equa-
tions; they are At << t;. Hence, the unconditionally
stable exponential algorithm was used (BaZant 1971,
1975, 1982, RILEM 1988, Jirasek & Bazant 2002).
The finally obtained inelastic strain increments (eigen-
strains) can be augmented by inelastic strain incre-
ments due to smeared cracking as well as shrinkage
and thermal strains in the current time step. Note that
the shrinkage strains depend on the local environmen-
tal humidity and, in particular, on the thickness of each
plate in the cross section.

In Figs. 3 and 4 the three-dimensional ABAQUS
model (8-node brick elements) of the KB Bridge
is presented in comparison with a simplified 1D
beam Model in SOFiSTiK. Both models are based
on the provided concrete compressive strength, geo-
metrical data, prestressing sequence and construction



3D element model of KB Bridge in ABAQUS

: 1D Beam element model of KB Bridge in
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Figure 3. 3D Finite element models of the KB Bridge using
ABAQUS and SOFiSTik.
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Figure 4. Deflection curves for the KB Bridge computed
with finite elements using various creep and shrinkage
models. The data shows a linear trend in logarithmic time.

sequence. Compared to the three-dimensional analy-
sis, the traditional beam-type analysis of box girder
deflections is found to have errors up to 20%, largely
due to the effect of shear lag (which would cause
greater errors for bridges with a higher box width-
to-span ratio than the KB Bridge).

However, even the long-term deflection prediction
obtained by the 3D model and the presented rate-type
creep approach which included cracking and cyclic
creep cannotexplain the observed deflections when the
current ACI, JSCE, CEB-fib and GL prediction mod-
els for creep and shrinkage are used. In addition to the
unrealistic shape of deflection history, these models
predict 18-year deflections 50% to 77% lower than the
measured values. Similarly the 18-year prestress loss
is found to be 22% to 27% lower than the measured
loss, which was 50%.

Although capturing the shape of the bridge deflec-
tion data, the B3 model also underestimates the 18-
year deflection by 42% (Fig. 4) and gives a prestress
loss of 40% when the default parameter values (for
creep solely based on the compressive strength) are
used. However, the B3 model allows the consider-
ation of composition parameters, which, if adjusted
according to the long-time tests of Brooks (Brooks,
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2005), provide a close fit of the measured deflection
history. For early deflections and their extrapolations,
it is important that the B3 model can realistically cap-
ture the differences in the rates of shrinkage and drying
creep caused by the differences in the thickness of the
wall cross sections. The differences in temperature and
possible cracking of the top slab also need to be taken
into account. Other paradigms for which data have
recently been released are four bridges in Japan and
one in the Czech Republic. Their deflections can also
be explained with a similar analysis.

The main reason for the good agreement of shape
(final slope in log-scale) between observed bridge
deflections and the B3 model is the fact that this
model is theoretically based on the physical processes
involved and separately captures different mecha-
nisms, some of which are long-term and some almost
die out after a few years. The effects of age differ-
ences between segments, the variation of self-weight
bending moment during cantilever construction, the
differences in slab thicknesses and the change of
structural system at span closing lose importance the
passage of a few years, as do the transient processes,
particularly the drying effect on creep and shrink-
age, the gradual filling of capillary pores by cement
hydration products, and the prestressing steel relax-
ation rate, which greatly attenuate creep within the
first few years. Since drying effects greatly influence
the short-time deflection predictions and also distort
the deflection curve, it is essential that a sophisticated
finite element creep analysis be performed.

3 BRIDGE DEFLECTION STUDY

3.1 Collection of excessive deflection histories of
large bridge spans

The Infrastructure Technology Institute of Northwest-
ern University has collaborated with the RILEM
Committee TC-MDC in an effort to collect data
on other bridges. The data was obtained through
private communications from construction firms
(Yasumitsu Watanabe, Shimizu Corp., Tokyo; Jan
Vitek, Metrostav, Prague), consultants (Vladimir
Kristek, Luka$ Vrablik, CTU Prague, Milo$ Zich,
Brno), and through the scanning of various papers and
reports (Manjure 2002, Vitek 1997, Burdet & Muttoni
2006, Pfeil 1981, Fernie & Leslie 1975, Japan Interna-
tional Cooperation Agency 1990, Patron-Solares 1996,
Navrétil & Zich 2010, Podeyn et al. 2011, Watan-
abe 2008, Kalny et al. 2010, Papa et al. 1993, Ohno
et al. 2012, Dong & Robertson 1999, and private
communications with Dr. Goangseup Zi and Dr. Ane
de Boer). This effort resulted in a collection of his-
tories of deflections of 69 bridge spans of which
56 are shown in Fig. 5. These, and potentially hun-
dreds of other bridges, would have shortened service
lives of 20-40 years instead of the required >100
years. Most of the bridges are large-span segmental
prestressed box girders, with midspan hinges in a few



Excessive Deflections of 35 Segmental Bridge Spans [(deflection/span)% vs. time in days]
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Figure 5. A collection of logarithmic time scale plots of the bridge deflection records. A linear trend is observed beyond the
marked 1000 day line. The horizontal dotted line represents the excessive deflection limit.

exceptions. The Gladesville span is an arch, and the
Parrots Ferry, Grubbenvorst, Wessem, Empel, Hetern,
and Ravenstein spans are continuous, with no mid-
span hinge. While the elimination of a midspan hinge
reduces deflection, it is not necessarily enough to avoid
excessive creep and shrinkage effects.

The most prominent feature in Fig. 2 is that all of the
deflection histories terminate with a straight or nearly
straight line in the logarithmic time scale. This obser-
vation has been introduced in 1975 in an analysis of
nuclear containment (see Fig. 3 in BaZzant 1975) on the
basis of L'Hermite’s test data (L'Hermite et al. 1968,
1969) and is also informed by other long-time labo-
ratory tests (Brooks 2005, Burg 1994, Russell 1989,
Browne & Bamforth 1975, Hanson 1953, Harboe et al.
1958, Troxel etal. 1985, Brooks 1984, Pritz 1968) (see,
e.g., Figs. 2.2,2.7,2.10, 2.24, 2.28 in RILEM 1988 or
Figs. 1-4 inpart 2and 1, 3, 4 in part 2 of Bazant et al.
1991). The B3 model (BaZant & Baweja 1995, 2000) is
the only creep and shrinkage model that incorporates
this asymptotic behavior.

In contrast to the B3 model, the existing creep
prediction models of engineering societies approach
a horizontal asymptote in logarithmic scale. This
includes the ACI, CEB-fib and GL models (as well as
the Japanese JSCE and JRA models) This form would
predicts a finite upper bound on the creep deflections,
which is not supported by test data. When plotted in an
extended linear time scale, even the logarithmic curve
gives an illusion of approaching a bound although
none exists. Such linear plots have been common
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in engineering literature and may have introduced
the illusion that a finite bound exists for long-term
concrete deformations.

To quantify how many bridges show excessive
deflections, the condition that a deflection equal to
1/800 of the span is considered acceptable (ASSHTO
2004) was implemented. According to the time the last
measurement was made. By linearly extrapolating in
the logarithmic time scale, 32 of the this standard, 31
of the 69 bridges are excessive by 69 bridges would
become excessive within the typical design lifetime of
100 years.

4 RECALIBRATION OF B3 BASED ON
DEFLECTION

4.1 Approximate multi-decade extrapolation of
medium-term deflections

The collection of bridge deflection histories can be
used to recalibrate the long-term behavior of the B3
model. The inverse analysis of multi-decade deflec-
tions of large-span segmental box girders is advanta-
geous because many such structures have been built,
are old enough, are highly sensitive to creep, and are
dominated by self-weight ensuring almost constant
loading conditions. The creep properties of concrete
may be characterized by the compliance function,
J(t, to) which represents the strain at time t caused by a
sustained unit uniaxial stress applied at age tp (Jirdsek
2002). If the deflection wy, at a certain medium time



suchasty =4 years is known from the recorded data, it
could be simply extrapolated to long times by assum-
ing similarity to the compliance function. To apply
this extrapolation, the age differences among the box
girder segments must be ignored and the age of con-
crete must be characterized by one common effective
(or average) age t. at the span closing; and instead of
the gradual increase of the bending moment in the can-
tilever segments during the erection one must consider
one common effective age t, at which the self-weight
bending moments are introduced in the erected can-
tilever. For the current analysis we consider for all the
bridges the values t; = 120 days and t, = 60 days.

We can assume that the bridge span behaves as a
nearly homogeneous structure when drying effects die
out. However the data necessary to calculate the true
bridge stiffness from the material properties, geome-
try and construction sequence is not available. Using
a general stiffness constant, C, the growth of the
deflection after the termination of drying effects may
be calibrated on the basis of the measured incre-
ment of the compliance function starting from the
closing time t.. i.e., w=C[J(t, ta) — J(t;, ta)]. This
relation allows us to obtain the extrapolation from
time ty, assuming that the deflection at the end of
drying is known. C is calibrated experimentally as
C =Wm/J (tm, ta) — I (tc, ta).

The extrapolation formula of the deflection from ty,
thus reads (Bazant 2011d):

3
J(t,.1,)=J(t..t,) ©)

w(t)y=w,

m?

This formula can be verified using the finite ele-
ment solution for the deflection of the KB Bridge.
The B3, ACI and CEB-fib material models have
been used to compute the compliance function for
the extrapolations in Fig. 4. For each curve, we use
Eqg. (3) to extrapolate from the computed deflec-
tion wy, using the compliance function from which
the curve was computed. The resulting extrapolations
are very close to the finite element solution as seen
in Fig. 6. This verifies the procedure for extrapolating
the deflections according to this formula.

4.2 Updating the long-time prediction capability
of model B3

A scaling of the B3 model is achieved by an inverse
statistical analysis based on the terminal deflection
trends of the 69 bridges. Lacking the concrete com-
position information for all the bridges, we can make
a comparison in the mean sense by incorporating all
bridge deflections. When the same average compo-
sition and environmental parameters are applied to
all the bridges, an approximate extrapolation may be
obtained for each case, although it does not uniquely
characterize that bridge. The assumptions that must be
made to compute the compliance function include: the
concrete design strength, the average effective cross-
section thickness, the environmental humidity based
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on the bridge location, and the cement composition.
Errors stemming from these simplifying assumptions
compensate each other in a statistical sense when the
combined behavior of all the bridges is analyzed and
the assumptions roughly correspond to the true mean
of the entire bridge set.

To correct the systematic underestimation of the
long-term extrapolation of creep deflections, the mean
error in final slope is minimized. This can be done
with the B3 model in which the parameters g3 and g4
control the long-term slope without affecting the short
term curve. Each bridge span deflection extrapolation
provides a ratio of the actual observed terminal slope to
the deflection slope extrapolated with the B3 model.
The parameter values obtained from minimizing the
deflection error may be updated with a factor r.
g, < rq,, q, < rq, with ¥ =1.6 (4)
The coefficient of variation of r is large, 0.45, due to
the assumption that the concrete properties for all the
bridges are the same.

5 B3.1 OPTIMIZATION

5.1 Need to circumvent the short-time bias of
laboratory database

In order to update the empirical fitting of the full
B3 model extensive creep and shrinkage experimental
data is needed. The Infrastructure Technology Institute
at Northwestern University currently holds the largest
creep and shrinkage database (Bazant & Li 2008). This
database encompasses an enlargement of the RILEM
database (Muller 1993). The new database contains
1026 creep test curves and 1068 shrinkage test curves.
An additional 131 creep test curves and 280 shrinkage
curves with admixtures and have been added.

Fitting the B3 formula to this data is not sufficient
due to restrictions that arise from limits of laboratory
scale tests. Only 8% of the existing database (Bazant &
Li 2008) are creep curves for durations >6 years, and
only 5% for >12 years. The only available data with
a duration exceeding 10 years are the aforementioned
30-year tests of Brooks (Brooks 2005) which repre-
sent only 3% of the database creep curves, are thus
the only multi-decade source for modern concretes.
Furthermore, the existing long-time tests only cover
a limited range of concrete types, specimen thick-
nesses, environmental humidities and ages at loading.
Hence, only combined statistical fitting of the lab-
oratory database for short-term creep with material
composition information, and of the bridge deflec-
tions for the long-term deflections, properly weighted
against bias, can provide enough information.

5.2 Systematic recalibration

In the update of the long-term slope of the B3 model the
g parameters were scaled to meet the long-term slope
of the collected bridge data. However, the composition
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Figure 6. Deflection estimates applied to the predictions
of the KB Bridge deflection obtained from 3D FEM stud-
ies. The dashed line is the estimate and the solid line is the
computational solution.

of these existing structures does not match modern
concretes with the admixtures and fillers that are
used today. To address this complication, an expanded
database of laboratory test data, covering both tra-
ditional and new concretes, provides the necessary
information for increasing the range of applicabil-
ity of the B3 model. This leads to a multi-objective
optimization strategy based on the comprehensive lab-
oratory database and the asymptotic properties of
multi-decade creep, gained by analyzing the bridge
deflection data. Such a procedure is used to develop
an improved model B3.1, intended for the design of
new structures and performance assessment of existing
structures.

6 CONCLUDING REMARKS

As seen from the present discussion, most empir-
ical formulations based on laboratory tests for the
prediction of creep and shrinkage is not sufficiently
informative to model long-term behavior. Thus, it is
important to consider the theoretical basis of concrete
creep. Some theoretical aspects have already been clar-
ified, but a predictive model for hindered adsorption in
nanopores of concrete is missing. The roe of hindered
water adsorption was long ago proposed by Powers
(Powers 1966), and the corresponding formulation
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based on continuum thermodynamics was developed
in (BaZant 1970a, 1972a, 1972b) and reviewed in
(Bazant 1975). But this theory of hindered adsorp-
tion does not explain the hysteresis observed in the
wetting and drying of concrete. The sorption hystere-
sis in hardened Portland cement paste, concrete and
various solid gels (Scherer 1999, Jennings et al. 2008)
has for decades been vaguely attributed to changes in
the nanopore structure, such as pore collapse due to
drying, particularly the exit of water molecules from
the nanopores (Feldman & Sereda 1968, Espinosa &
Franke 2006, Baroghel-Bouny 2007, Thomas et al.
2008) (see Figs. 13 and 16 in Rarick 1995, Fig. 1
in Espinosa & Franke 2008, or Fig. 9 in Jennings
2008). However, a mathematical model of such a
mechanism predicts enormous macroscopic deforma-
tions, far larger than the observed shrinkage caused
by drying. To adequately describe the creep mecha-
nism one would need to develop a theoretical model
capturing the nano-porosity of hardened cement paste,
hindered water adsorption, disjoining pressure, nano-
scale rate and water sorption processes, diffusion,
chemical processes, microcracking and asymptotic
scaling considerations.

The tragic collapse of the Palau Bridge has exposed
new sources of data to improve our prediction capa-
bilities of creep and shrinkage in concrete structures.
The combination of previously used laboratory test
data with studies of the behavior of real structures not
only allows us to improve empirical formulations but
provides insight for theoretical assumptions. Further
insights may be found in full simulations of structures
for which sufficient material and geometrical infor-
mation is available to model time dependent effects
similar to what was accomplished for the KB Bridge.

While box girder bridges form the primary example
of structures affected by creep and shrinkage effects,
the present analysis may also be useful for the new
super-tall concrete buildings which might be similarly
afflicted by creep and shrinkage once they reach a
similar age as the bridges analyzed.
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ABSTRACT: The paper focuses on major issues regarding the life-cycle design of the world’s longest tunnel
project, the Brenner Base Tunnel. The design of this tunnel, a project of European significance, is based on
European code standards and designed for a life time of 200 years for the tunnel structure. The Brenner tunnel
will become the longest underground railway infrastructure world-wide with a length of 64 km. It forms the
central part of the high-capacity railway between Munich and Verona, and in general the link along the Trans-
European Corridor no. 5 between Helsinki-Finland and Valletta-Italy (Bergmeister 2011). The design and the
structural detailing of such an important infrastructure in order for it to comply with defined life time limits is of
high importance. In particular, the time-dependency and uncertainties in the properties of structural materials, of
rock and its behavior and of loads for the expected tunnel life time need to be taken into consideration. Monitoring
and inspection data have been gathered continuously during the construction period in order to calibrate modeling
input parameters and to elaborate a realistic design model. For instance, response surface methodologies (Myers,
Montgomery 2002), among others, were applied for the required optimization procedures. Through a specific
safety evaluation, partial safety factors for the dominant material parameters were worked out for a life time
of 200 years, aiming at the rather small probability of failure of the order 108 per year. During the realization
phase, an overload failure caused by small variations within the material (barrier = resistance) or induced by
rock deformations is more likely. This “barrier failure dominance” (published by Beck, Melchers 2005) is quite
dominant during the construction time, but will not occur during the service life time. For the service life time
design, specific structural detailing (concrete cover etc.), increased partial safety factors (material) and periodic
inspection and monitoring programs must be considered. A novel “gradient limit state approach” considering
gradually serviceability, ultimate loads, durability and robustness has been developed and will be the basis for
the life time design of this world longest tunnel project.

1 INTRODUCTION ON LIFETIME DESIGN measured monitoring data are used to suit the design
model and to validate the numerical model assump-
Life time design for new infrastructure and life  tions. Once this tuning has led to a certain level of
time extension of existing structures have become  completeness and validity, analytical prediction pro-
very important on a worldwide scale. In general,  vides a quantitative knowledge and hence is a useful
intense research regarding life-cycle design oriented  tool to support structural evaluation, decision making,
on systems, structural and material optimization and maintenance strategies as pointed out by Santa
or inspection and monitoring has been carried out et al. (2002), Strauss et al. (2008) and Strauss et al.
by Bergmeister & Santa (2000), Frangopol (2000),  (2012). Design methodologies that use probabilistic
Bongfiglioli et al. (2005), Biondini (2005), Andrade  analyses are available and have been proven to work
(2006), Stangenberg et al. (2009), Wendner, Strauss, in practice. Suitable tools based on integrated systems
Bergmeister (2010), Auer (2010) and others. Impres-  (e.g. software package “Structural Analysis and Reli-
sive progress has been made in the field of design  ability Assessment” SARA (Bergmeister et al. 2006,
optimization, service life design and global moni-  Strauss et al. 2006)) of non-linear fracture mechan-
toring, but nevertheless real applications on impor- ics (e.g. software package ATENA (Cervenka et al.
tant structures are limited in their number. The most ~ 2001) and probabilistic models (e.g. software package
common approach is to analyze existing structures  FREET (Novak & Rusina 2003) are very rare. Latin
through a life-cycle assessment in order to increase  Hypercube Sampling techniques, due to the small sam-
their life time. ple number necessary with respect to the required
The necessary handling and treatment of in-situ  sample number of classical Monte Carlo simulation,
measured data, the statistical variation of such data, are basic tools for efficient, highly accurate prob-
the loading and resistance in general —all these require  abilistic reliability assessment methods in practical
special design methods and processes. In general, the  engineering as depicted in Figure 1.
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Figure 1. Procedure of tunnel design taking into account reliability based analysis.

Table1. Example of correlations between random variables
for concrete.

E. fi fe Gt
E. 1 0.7 0.9 0.5
fi 0.7 1 0.8 0.9
fe 0.9 0.8 1 0.6
Gt 05 0.9 0.6 1

The before mentioned SARA software tool, for
example, incorporates the LHS technique of the
FREET software in order to perform computationally
intensive non-linear reliability analyses on real engi-
neering structures. For instance SARA allows taking
into account the reality interactions between the ran-
dom parameters by simulating their real behaviors. In
particular, it allows and encourages the formulation
of correlations between the most important material
parameters by using a specific matrix, as shown in
Table 1.

On the basis of a nonlinear structural analysis with
integrated probabilistic modeling over the whole life
time, preventive action and lifetime planning consid-
ering monitoring can be worked out. For tunnels, at
least three different levels of monitoring need to be
considered (Bergmeister 2006):

« geotechnical monitoring

o structural health monitoring: structural and durabil-
ity parameters

o service or operational monitoring

From a geotechnical point of view, the necessity for
instrumentation starts with the excavation, in particu-
lar for tracing and evaluating e.g. rock decompression,
movements of the tunnel lining, strains and deforma-
tions around the tunnel, water level and settlement
control, vibration monitoring during excavation, etc.
From the structural point of view, special emphasis
is given to the monitoring of concrete stress changes,

b Ideal
E : ,/ Preventive Maintenance
© N = Essential
£ 4 Maintenance
g 1
o -
£ Remaining
E reliability
£ margin
&
Age, Years
Figure 2. Life-cycle and maintenance considerations (CEB
1998).

cracking, profile changes and deformation (see Fig-
ure 3 and Figure 4), but also to material degradation
due to aggressive environmental agents and durabil-
ity aspects in general. Structural integrity has to be
guaranteed by the structural safety under ultimate and
serviceability conditions in order to ensure the safety
and robustness of the structure and its users. For the
purpose of developing adequate life extension and
replacement strategies, issues such as whole-life per-
formance assessment rules, target safety levels and
optimum maintenance strategies must be formulated
and resolved from a lifetime reliability viewpoint and
life-cycle cost perspective. In order to maintain the
health of a structure up to a given time into the future,
a cost-effective maintenance strategy has to be used,
such as proposed in CEB 1998 (Figure 2).
Degradation functions describing the variable life
time performance of structures can be captured by
Weibull-functions that allow the inclusion of peri-
odical inspection results by the adjustment of the
Weibull-parameter. In other words, each inspection,
allows a continuous updating of the degradation pro-
cess, and an assessment of the present safety index with
respect to the desired safety level over the planned life-
time. Finally, there is a third category of monitoring
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Figure 4. Strain, curvature and deformation analysis
(Strauss 2003).

in tunnels which is related to the safety aspect for the
users: video-surveillance for critical event detection,
fire detection and control of suppression systems, gas
monitoring and ventilation control etc. Tunnels usually
are very stiff structures; however displacements and
stresses in the lining may be induced by certain rock or
other underground deformations. Excessive and non-
stabilized deformations are often observed, and even
though they rarely affect the global structural security,
they can lead to durability or serviceability problems.
Furthermore, accurate knowledge of the behavior of
the tunnel is becoming more important when the aim
is to insure the specified service life time. The obser-
vation of local deformations and material properties
in tunnels made by a series of sensors can be extrapo-
lated to the global behavior of the whole structure, see
Figure 3. While strain sensors on a short base length
are usually used for material monitoring rather than
structural monitoring, long-gauge sensors give infor-
mation on the behavior and response of the structure.
However, material degradations, such as cracking, are
only detected when they have an impact on the shape
of the structure.

By continuous observation of the strain evolution,
eventual changes in the structure become detectable in
the domains of both short- and long-term stresses.
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Figure 6. Layout of the Brenner Base Tunnel (BBT).

In an advanced evaluation step, the strain measure-
ments of a whole network of appropriately installed
sensors form the basis for calculating the displacement
and curvature profiles of a whole tunnel structure,
as lined out in Figure 4. Therefore, the acceptable
level of deterioration (for example: corrosion etc.) to
estimate the service life of tunnels, the probabilistic
estimation of service life considering both the ser-
viceability and the safety of structures using Monte
Carlo techniques can be carried out, describing design
parameters such as concrete cover and specific mate-
rial and geometrical constraints to a sustain a certain
service life time.

2 DESIGN OPTIMIZATION OF THE BRENNER
BASE TUNNEL

2.1 Technical properties

The 64 km Brenner Base Tunnel (BBT) is a gradient-
free railway tunnel between Innsbruck, Austria, and
Franzensfeste, Italy, see Figure 6. It forms part of
Europe’s TEN corridor, which aims at providing an
upgraded rail corridor across national boundaries. The
Brenner Base Tunnel, an element in the 3500 km TEN
No. 5 link from Helsinki (Finland) to Valletta (Sicily
in Italy) is being pursued by the BBT SE European
project corporation. The BBT consists of two single



track rail tunnels, and an exploratory tunnel below
them. The distance between the tunnels is 70 meters
for almost all of their extension and decreases to
approximately 40 meters when approaching the por-
tals. In Innsbruck, the BBT will connect with the
existing underground bypass. Together with the Inns-
bruck bypass, the Brenner Base Tunnel will be the
longest underground railway line world-wide, with a
total length of 64 km. The BBT crosses the Brenner
Pass — the lowest Alpine pass with an elevation of
1371m — at 794 m. The gradient of the Innsbruck
bypass and the Base Tunnel does not exceed 6.7%o.
An exploratory tunnel will be located 11 m below the
2 main tunnels. This continuous exploratory tunnel is
to be driven prior to construction of the main bores,
primarily for the purpose of geological exploration.
The most important technical parameters for the BBT
are as follows:

64 km

5.0%o t0 6.7%0

795 m above sea level
approximately 43 m?

Total length:

Gradient:

Altitude of the tunnel crown
Net cross-section of

main bores:

Minimum cross-section of 26 m?
exploratory tunnel:
Transverse-gallery spacing: ~ 300m

2.2 Construction time

Firstideas about a Base Tunnel were developed as early
as 165 years ago by the Italian engineer Qualizza.
Subsequently, more than 300 different studies were
carried out on the subject. The project that was finally
approved has been developed only in the course of the
past year:

Feasibility study 1985-1987
Optimization study of the corridor 1995-1996
Munich — Verona with the BBT
Preliminary project and prospection ~ 1999-2003
Final project and Environmental 2003-2010
Impact Assessment
Construction of Exploratory Section ~ 2007-2011
Construction of Exploratory and 2011-2026
Main Tunnels

The construction program was revised and

improved several times in course of the project. On the
basis of detailed analyses of the applicability of dif-
ferent excavation methods, taking into consideration
exploration results also from the exploratory tunnel
and expert opinions, the working program was final-
ized. The first excavation of the exploratory tunnel was
started on the Italian site in April 2008 and in Aus-
tria in December 2009. Meanwhile, more than 22 km
of exploratory and access tunnels, shown in Figure 7,
have been excavated.

2.3

The exploratory tunnel accompanies the BBT along all
of its length. It will be used primarily for preliminary

Improvement through the exploratory tunnel
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Figure 7. Construction situation in June 2012.

geological and hydrogeological exploration and sec-
ondarily for separate drainage. It might be used in the
future as a service tunnel for transporting electrical
lines etc. In addition, it will facilitate certain proce-
dures during the construction period and also enable
maintenance during the operation of the main tunnels.

Geological documentation for the exploratory tun-
nel will be performed mainly by BBT personnel, with
the aim of improving knowledge and accumulating
experience for future planning. Every face section is
to be documented, and geologically difficult sectors
(fault zones) can be studied in-situ (Quick et al. 2010).
Geological features, such as the physical rock param-
eters like hardness and weathering, the configuration
and disposition of the definitive cleavage planes, and
the underground water conditions will be observed,
measured and recorded for a detailed geological map-
ping of the rock face. Through the exploratory tunnel,
it was possible to identify several such fault lines much
more precisely. In addition, through the periodic mea-
surement the sulfat content of the rock-water has been
analyzed. For a total length of 31km (from 14 km
to 45km) the sulfat content is higher than 400 mg/I;
therefore specific sulfatresistent cement will be used.

2.4 Design optimization

In general, amathematical description which takes into
account various design parameters has been published
by Bhatti (2000) and Fischer (2010). The objective
function Q(x) for attaining a maximum service life
time can be transformed into a minimum amount of
time for operation Tor as follows:

xggﬁé“ {Q(I) |ggi; i g} 1
(1)
- <0 {_TOT(x) Iﬂg; i g}

where g(x) describes the maximum permitted geomet-
rical deformations of the rock mass, or the design
resistance of the concrete shell, presented as follows

gx) <0 e g(x)=0 with:i=1..n (2)
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Figure 8. Work flow for the optimization method using the
least square approach.

Several constraints or limits of secondary order can
be described with a deterministic value by h(x)
h(x)=0 & h(x) =0 with:j=1..m (3)

Several authors have proposed theoretical solu-
tions to solve such an optimization problem (e.g.,
SQP-method by Han (1977), Biggs (1973), Powell
(1979), Powell (1983) or by using e.g. software tools,
such as provided by MAPLE. A direct approach that
uses results of finite or discrete element methods has
been proposed by Myers and Montgomery (2002):
“Response Surface Methodology — Process and Prod-
uct Optimization Using Designed Experiments”. The
proposed method uses a multiple linear regression
analysis to correlate with either the analytical deriva-
tions or the in-situ measured results.

Typ(x) =By + B1x1k+ ot Brxg + €
=Bot+ Z Bjxij + &
=1

with B¢ = regression coefficient derived by the method
of least squares; k =quantity of regression coeffi-
cients; x = vector for adjusting the design parameter
taking into account the assumed life time period of the
tunnel, i=1,2,...,n. The response surface is formed
through the simulation results of the design proposal
and optimization is achieved by direct use of the
response surface, shown in Figure 8.

(@)

3 LIFE-CYCLE DESIGN FOR A 200 YEAR
LIFE SPAN

3.1 Life span for structures and equipment

Due to its strategic importance within the Trans-
European Network, a life span of 200 years was
considered for the Brenner Base Tunnel. By compari-
son, the 32.9 km long Koralm Tunnel and the 57 km
long Gotthard Tunnel were built to last 150 years
and 100 years respectively. It is crucial to align the
life span of the civil work and the equipment with
the monitoring, inspection and maintenance activi-
ties. In addition, the required robustness assessments
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are necessary and have to be treated on must be
scenario based with due consideration of probabil-
ity approaches incorporating and consequences of
failures and collapses (robustness-index = direct risk/
(direct + indirect risks).

3.2 Gradient limit state approach

The tunnel project provides the occasion for the devel-
opment of a novel gradient approach incorpo-rating
various limit state functions. In particular, the gradient
limit state approach guaranties the follow-ing balanced
safety indexes for the planned 200 year life time of the
BBT tunnel:

o Operational security B>12
o Durability aspects: B> 1.5 for XC3
o Serviceability limit state B> 2.1
o Robustness: B>27
o Ultimate limit state: B>4.2

3.3 Probability of failure for structural limit states

In the Eurocodes, partial safety factors for a specific
life span and the relevant failure probability per year
(ULS: P; =1075; SLS: P; =10~3) were defined on
the basis of European standards (see Table 2). If the
life span amounts to 200 years, the safety level needs
to be analyzed specifically and the necessary partial
safety factors have to be ascertained by means of limit
state functions. In the case of deep-lying tunnels, tak-
ing into consideration the impacts and the resistance
during tunnel construction, the impact values are sub-
stantially stable for a long time (except as caused
by exceptional, unforeseeable occurrences). Only the
resistance side can change due to degradation (e.g.
decrease in resistance through cyclic loadings, crack
formation and reduction of the cross section through
corrosion processes). During tunnel construction, the
rock is morphed according to the tunneling method
used (mechanized or conventional drilling and blast-
ing techniques) until a state of equilibrium between
the forces of the rock and the supportive forces of the
lining process has been reached: S (rock action) =R
(breakthrough reaction) (ITA 2008).

This behavior can easily be illustrated using a char-
acteristic curve. For instance the graph of Fig. 9. shows
the creation of the state of equilibrium between the
rock characteristic line (impact) and the breakthrough
line (resistance) as a result of radial displacements of
the tunnel wall. This characteristic curve is essentially
based on the theory of the even distortion condition of
an isotropic elastic disc with a circular hole under an
initial state of uniform stress. The ground-response-
curve procedure is suitable for estimating system
performance in deep tunnels. This curve depicts the
correlation between radial cavity-boundary distortion
and the internal supporting action of the support sys-
tem. The aim of this observation was to place the risk
of structural damage (ultimate limit state) as far as pos-
sible below the probability of other operational events



Table 2. Expected useful life of buildings, structures,
bridges, tunnels and the respective equipment.

Lifetime  Maintenance
Structure & Equipment  [years] Program
Important infrastructure > 200 Periodic inspection,
e.g.: Brenner Base maintenance
TunnelBridges, tunnels » 100 Periodic inspection,
maintenance
Residential buildings » 50 Periodic inspection
and industrial sites
Farm buildings » 30
Temporary buildings > 10
Rails » 100
Ballastless track, > 50
reinforcements, gates
Ventilation systems » 25 Periodic inspection
(once a year)
Lighting systems » 15 Periodic inspection
(once a year)
Wearing parts ca. 10

Table3. Operative probability of failure P; and correspond-
ing safety indices 8.

Ps 10~ 107* 10° 10® 1077 1078
B (1 year) 3.09 372 427 475 520 538
B(50year) 167 255 321 383 441 515
B(200year) 12 21 27 33 37 42
=\ & i

Q\ 2 elastic | plastic

8 U o —

equilibrium

fire design. The principle there is to reduce the charac-
teristic strength of the material (concrete and steel) in
accordance with the maximum temperature achieved
and the time of exposure. With these two parameters,
it is possible to establish the temperature distribution
inside the reinforced concrete element and to design
the element accordingly.

For tunnels with two shells, it is usually not per-
missible to share the load between the outer and the
inner shell. When considering both structural ele-
ments, difficulties arise regarding the durability of the
temporary, so-called primary support (anchors etc.)
and the differences in stiffness of the two shells, as the
stiffer shell will be loaded higher. Concrete design

Compressive strength: The time related compres-
sive strength of concrete depends on the type of cement
used, the temperature and the storage conditions as
shown in Strauss (2003). An average temperature of
20°C in combination with storage conditions that
are in accordance with EN 12390 should allow the
compressive strength of concrete at various ages fcm(t)

_ﬁ-aa:(-") = Ba-(f} ‘ﬂm (5)
with

281/2 _
Bee(t) = exp [s [1 — [T] ]} (6)

with fom (t) = mean compressive strength of concrete at
an age of t days; fcm = the mean compressive strength
after 28 daysaccordingto EN 1992-1-1,table 3.1;s=a
coefficient which is dependent on the cement in use:
(0.2 for cement in strength class CEM 42.5 R, CEM
52.5 N and CEM 52.5 R (class R); 0.25 for cement in
strength class CEM 32.5 R, 42.5 N (class N); 0.38 for
cement in strength class CEM 32.5 N, (class S).

Alternatively: a sufficient level of resistance to
fatigue should be accepted for concrete under pressure
if the following condition is met (note values differing
from EN 1992-1-1 Table 3.1):

c}'C.HI ax

< 0.5 + 0.40 2cmin

UR max 2

deformation

Figure 9. Ground-response-curve.

(track accidents, fire etc.). Various scientific inves-
tigations indicated that the risk of events occurring
within the rail transport system outside of the train
stations was either < P = 1.8 - 10° (Proske, 2004), or
107 according to a statistical survey on train accidents
in Europe.

For the case of single-shell tunnels, the external
load-bearing shell should be measured at “Ultimate
Limit State” with P; = 10~8 per year. At the same time,
the structural load of this shell in case of fire also needs
to be measured. The most commonly used approach is
to refer to Eurocode 2 — Part 1-2, General: Structural

40

cd,fat cd.fat
(7
< 0,85 fiir f;, < 50 N/mm?

< 0.75 fiir f;, > 50 N/mm?

with ¢ max = Maximum compressive stress in a fiber
in terms of the frequently used impact combina-
tion (compressive stress deemed positive); o¢min =
minimum compressive stress in the same fiber where
ocmax 1S effective. If the tensile stress is o¢min, then
generally o¢ min =0.

Partial safety factor: A reliability rating defined
above the safety index of 8=5.8, and with a
P; = 1078, can be used to calculate the partial safety
coefficients yr which are used to reach a defined
reliability rating above 8 =5.8. The design value can




be derived by applying a lognormal density function
[Fischer 2010].

fea = mcexp{—0,51In(1 + v?)
~ aflin (1 +v3)]?]) i
or simplified: m, exp (—a B v,)

The partial safety factor for lognormal distributed
basis parameters, as for exampleconcrete can be
derived as follows:

m, exp (—kg v, — 0.5v2)
m, exp (—a. B v, — 0.5v2)

(9)
= [ve (ac Bve — kg)

Considering a maximum variation coefficient of
v = 18%, an unlimited quantity of samples for the 5%-
fractile, kg = 1.645 and assuming a sensitivity factor
ac = 0.8, the partial safety factor for a life time period
of 200 years (P; =10~%/year) can be calculated as
follows:

= exp[0.18 (0.8 x 5.8 x 0.18+ 1.645)]
=1.56

Consequently, a partial safety coefficient of yr =1.6
is applied for concrete.

Concrete cover: An additional amount of concrete
cover should also be applied throughout the process
for both pre-cast and in-situ concrete, which is used
for nominal concrete covering “Cnom”. This additional
concrete covering is justified as it increases service life
during abrasion, cleaning processes, CO,-penetration
and also offers protection against corrosion. The fol-
lowing has been used to establish a suitable quantity
of concrete covering for the exposure class XC3:
Prdlc - x(t;, Rx)>0]= B(,f= 1.5 (11)
with Cpom =50 mm, Cpin=35mm, and the inverse
carbonation resistance R;Clc,o >3.200 [(mm?/a)/(kg

CO3/m3)] (Gehlen 2012).

3.4 Reinforcing steel design

The following partial safety coefficient can be ascer-
tained for reinforcing steel (cold formed steel). Con-
sidering a maximum variation coefficient of v = 8%,
an unlimited quantity of samples for the 5%-fractile,
kr = 1.645 and assuming a sensitivity factor o, = 0.8,
the partial safety factor for a life time period of 200
years (P = 10~%/year) can be calculated as follows:

= exp [0.08 (0.8 x 5.8 x 0.08 +1.645)]
=1.18

Te (12)

Consequently, a partial safety coefficient of y5 =1.2
is applied for reinforcing steel.
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4 CONCLUDING REMARKS

It is important, especially regarding infrastructure
projects such as the Brenner Base Tunnel, to reflect
on the life-cycle design and to program inspection and
maintenance. In order to ensure an useful life of tq, it
is vital to implement comprehensive quality assurance
(QA) during the entire design, realization and opera-
tion phases. The inspection program can be defined
be applying Markov Intervals, where the intervals are
marked by their equal length (e.g. one year). The
Markov Chain assumes that transition matrix M has
a uniform timescale between the ‘State of the Nature’
6" in stage n and 6" in stage n + 1. This feature can
be expressed in the following mathematical formula:

Z) ...
i Pf(gn = y|9n—1 = Z)

P, =
f(en+l ytan (13)

Ps(...) is the distribution of probability. Generally
speaking, an optimized decision should be taken as
a result of gradually developed actions (stage 6" and
#"t1). The stages result from either one or several
inspectionsi € | = {ig, i1, ..., iy} (€.9., ig = no inspec-
tion, i; = visual inspection) and sequentially executed
measures a € A={ag, ay, ..., aa}. The annual costs of
inspection and maintenance, excluding the costs for
upgrading the structure and all technical equipment,
were estimated on the basis of current experience with
other long tunnel projects with approx. €18 Mio/year.
The appropriate adjustment of the Markov deci-
sion making process using the Bayesian approach
enables information taken from periodical monitoring
(Strauss, Frangopol 2012) to be taken into considera-
tion. A lifespan of over 200 years can be guaranteed
by increased partial safety coefficients, by continu-
ously carrying out inspections on a regular basis and
by implementing scheduled maintenance measures.
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Computational methods for time-variant structural reliability analysis

C. Bucher
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ABSTRACT: Life-cycle oriented structural design required the consideration of time effects regarding the
safety end reliability. In order to account for time effects properly in the design optimization process, compu-
tationally efficient methods must be devised. The paper establishes the framework fork time-variant reliability
analysis from a conceptual perspective. It then discusses several mainly Monte-Carlo based computational
reliability methods in detail. The application of these concepts and methods is demonstrated using an example
involving dynamic loading and another sample involving a crack propagation process.

The design of structures and infrastructural systems
increasingly requires the consideration of life-cycle
aspects. From a safety perspective, this implies that
reliability analysis must take into account all possi-
ble time-dependent factors affecting the performance
of these systems. This leads to so-called time-variant
reliability analysis. Moreover, life-cycle considera-
tions play an important role in the optimal design of
structures and their maintenance planning (Frangopol,
Kallen, & van Noortwijk 2004, Macke & Higuchi
2007). In this context it is essential to take into account
the time-dependence of the statistical uncertainty of
loads and resistances in the expected life-time of a
structure. This is particularly important for overall
life-cycle cost minimization including the impact of
maintenance planning and repair strategies. A very
comprehensive survey on life-cycle oriented structural
optimization utilizing a probabilistic basis is given by
Frangopol & Maute 2003, Frangopol, Kallen, & van
Noortwijk 2004. Further studies involving optimiza-
tion under random actions and maintenance include
Higuchi & Bucher 2004, Bucher & Frangopol 2007,
Bucher 2009c. At a fairly theoretical level, the optimal
design of structures under consideration of time-
variant reliability constraints is in the focus of the work
by Kuschel & Rackwitz 2000. This is followed up on
in Streicher & Rackwitz 2004.

In the above mentioned approaches, it is necessary
to have access to statistical information on the state
of the structure, mainly regarding deterioration due to
corrosive effects or damage due to possibly large loads.
For this purpose, it is useful to introduce the results of
structural monitoring on a probabilistic basis. Some
discussion of the effect of monitoring on time-variant
reliability estimates can be found in Bucher 2010,
Catbas, Gokce, & Frangopol 2012.

The safety analysis (or its complementary, the fail-
ure analysis) tries to identify the probability that rare
combinations of the basic variables lead to structural
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failure. If properly designed, this failure probability
should be rather small (say of the order 10~* per year).
The actual value would have to depend on the conse-
quences of failure, thus introducing a cost element into
the design. On this basis, the target safety level can be
based on minimal expected cost during the structural
life time including initial cost, cost of maintenance,
and cost of failure if it occurs. Typically, large failure
costs lead to higher target safety levels (or smaller fail-
ure probabilities). Since the expected cost of failure
can be computed as the product of failure probabil-
ity and cost of failure, again there is a need to be
able to compute small probabilities efficiently. A gen-
eral review of structural reliability analysis methods is
given in Rackwitz 2001.

Specific aspects regarding the material and type of
structure as well as possible deterioration mechanisms
play an important role in the choice of appropri-
ate methods. As an example, the consequences of
time-dependent randomness on the service life of con-
crete bridges are discussed in Enright & Frangopol
1998 whereas time-variant reliability profiles for steel
bridges are discussed in Czarnecki & Nowak 2008.
Corrosion in a marine or otherwise aggressive envi-
ronment and its effect on reliability is considered
together with repair actions in Soares & Garbatov
1999. An application of time-variant reliability anal-
ysis to cooling towers in conjunction with the finite
element method is shown in Sudret, Defaux, & Pendola
2005.

The focus of the full paper is on conceptual and
computational details of various simulation methods
for the estimation of small probabilities from reason-
ably small sample sets, for both time-invariant and
time-variant problem classes. The major advantage of
such Monte-Carlo based simulation techniques is that
there are virtually no restrictions on the area of appli-
cability. Essentially, these sampling techniques con-
sist of simple repetition of the deterministic analysis



with suitably modified parameters. Unfortunately, this
enormous flexibility comes with an increase in com-
putational effort. Specialized simulation techniques
allow control over the effort required thus rendering
advanced Monte-Carlo methods quite competitive.

Clearly, there are cases in which immediate appli-
cation of Monte Carlo methods are not actually
feasible. This will most likely occur whenever the
structural model under consideration requires sub-
stantial computational resources for one single run.
In such cases, response surface methodology may
provide a convenient way for obtaining reasonable
accurate answers with acceptable computational effort
(Bucher & Macke 2005). The application and neces-
sary improvements for the response surface method
in the context of time-variant reliability analysis is
discussed e.g. in Gupta & C.S. Manohar 2004.

When considering the reliability of structures or
infrastructure systems, the performance over the life-
time is significantly affected by deterioration due to
corrosion or repeated overloading. Naturally, the mag-
nitude of the deterioration depends on the time passed
since the structure was built, and consequently the
probability of failure will increase with increasing
time. Methods for time-variant reliability attempt to
address this problem in a computationally efficient
manner. For the ease of presentations, in this section
it will be assumed that the reliability problem can be
simplified to
g(R,S)=R-S (N
in which R denotes the structural resistance, and S is
the load effect. Both variables may either be constant
or change over time. Cases with S =const. are fairly
simply treatable and are therefore not considered in
the following.

The remaining time-variant reliability problems
may roughly be categorized as follows:

A) The loading is applied repeatedly in time with ran-
domly changing intensity S(t), the resistance R is
constant over time. Here the main problem lies
in the determination of the possible correlation
between different load applications.

B) The loading is applied repeatedly in time with
randomly changing intensity S(t), the resistance
changes over time due to load-independent deteri-
oration such as e.g. corrosion.

C) The loading is applied repeatedly in time with
randomly changing intensity S(t), the resistance
changes over time due to load-dependent deterio-
ration such as e.g. low/high cycle fatigue.

These cases are schematically sketched in Fig. 1. All
the cases can be characterized as first-passage prob-
lems, i.e. failure occurs whenever the current load
effect exceeds the current resistance for the first time.

The cases as described here are further compli-
cated if inspection and repair strategies are taken into
account. Repair should basically increase the struc-
tural resistance whenever inspection reveals possible
damage, either due to corrosion or excessive loading.

44

R,S
4
R | Casea
A
S(t)
=t

R,S
4

R(t) Case B

'_ Case C _-

= f

of time-variant

1. Classification
problems.

Figure reliability

This is not considered in the following. The complex-
ity of Case A is mainly determined by the correlation
structure of S(t). If the loading process consists of a
sequence of independent pulses (such as a Poisson pro-
cess) then the first-passage problem can be reduced to
a sequence of independent failure events whose indi-
vidual probabilities may possibly be computed even in
analytical form. If the load application does not lead
to immediate load effects, but is delayed and accumu-
lated over a long time period (such as due to inertia and
damping in the case of dynamic response to random
excitation), then the first passage problem needs to
be formulated in terms of a high-dimensional reliabil-
ity problem. For Case B, the situation is fairly similar,
the essential difference being the changing probability
of individual failure events. Still, there is the possi-
bility of achieving accurate results with rather small
efforts. In Case C, however, the resistance and the



load are physically coupled, and therefore statistically
dependent. It is usually not possible to remove that
dependence without crude oversimplification of the
problem. Therefore, in this case a high-dimensional
reliability problem arises in which all load appli-
cations had to be considered simultaneously in one
high-dimensional random vector.

Common to all types as mentioned above is that
the reliability problem can be expressed as a first-
passage problem. This means that the time-dependent
first passage probability

Pg(t) = Prob| _il_}]f {R(t)—S(1)} <0] @

needs to be computed for all values of t between 0 and
the expected service life T.

The computation of the first passage probability as
defined in Eq. 2 can be substantially simplified if the
so-called expected up-crossing rate (first-passage rate)
approach is applied. Simply speaking, this implies that
passage events are assumed to occur independently
such that the up-crossing process can be described
as Poisson process. If we define the random pro-
cess Z(t) =R(t) — S(t) (safety margin), then the first
passage probability can be written as

Pi(t) = Prob| inf Z(1) <0)

Tl (3:
For the special case that Z(t) is a stationary random
process, the expected number of zero crossing of the
safety margin per unit time (i.e. the zero-crossing
rate) can be computed from the power spectral density
function Szz (w) of the safety margin (Rice 1944):

o 028zz(w)do
7. 82z (w)dw

4)

For non-stationary processes as given in cases B and
C above, this concept needs to be adapted. If the
joint probability density function f,; (z, z) of the safety
margin Z and its time derivative Z is known, then the
expected zero crossing rate of Z can alternatively be
computed from (Rice 1944, Lin 1976):

0

Unfortunately, the required joint density is not avail-
able readily for relevant practical situations. A reason-
able simplification can be based on the assumption that
Z and Z are independent, which is true for stationary
Gaussian processes. In this case, the expressions of
the last two equations yield identical results. For non-
Gaussian situations, the probability densities need to
be computed by numerical means. This can actually be
achieved by re-formulating the problem in terms of a
time-independent reliability analysis.
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Based on the Poisson assumption and with the
expected uncrossing rate, the first-passage probability
may be approximated by

I
Pe(t) = [l —exp(—vgt)dt (6)

0

This excludes the case of instantaneous initial failure
which is not related to time effects.

An excellent overview of the expected uncrossing
rate approach is given by Beck & Melchers 2004. The
same authors also discuss the situation of the so-called
Barrier failure dominance (BFD) “which character-
izes those problems where an out-crossing or overload
failure is more likely to be caused by a very small
realization of the barrier (resistance) than by an excep-
tionally large realization of the load process” (Beck
& Melchers 2005). This means that in many cases
the resistance variation may be significantly more
important than the load variation.

From a computational perspective, it may be advan-
tageous to treat the zero-crossing rates as mentioned
above as functions of the particular value of the
resistance R so that the up-crossing rates and the
probabilities may be interpreted as conditional on
R. Unconditional probabilities can subsequently be
obtained by integrating over the probability density
of R:

Pe(t) = [ Pe(tInfa(r)ar ™
R

In the process of time-variant structural reliabil-
ity analysis there is substantial need to take into
account complex interactions of externally applied
loads and structural resistance changes. These changes
may be due to deterioration based on external corrosive
agents, but also due to load-induced damage processes
such as fatigue. Furthermore, human-induced changes
of the structural resistance due to maintenance and
repair work have substantial influence on the life-cycle
performance of the structures.

All these effects can be subsumed into a probabilis-
tic formulation describing a first-passage problem.
However, in order to solve this problem, specific com-
putational methods need to be applied. While classical
first-order reliability analysis (FORM) or, somewhat
improved second-order analysis (SORM) may provide
valuable first results, these approaches are in many
cases not quite flexible enough to accommodate com-
plex what-if scenarios, particularly when dealing with
maintenance and repair decisions.

It turns out that Monte-Carlo based simulation
methods certainly have all the flexibility required,
but typically induce substantial computational effort.
Efficacy of the simulation methods is therefore the
primary property needed. Several highly efficient
methods have been presented and the application
to selected time-variant reliability problems demon-
strated their use.



Future developments will need to focus on uni-
fied response surface models which include design
variables for the life-cycle oriented optimization
process simultaneously with the random variables
describing the loads and the deterioration processes.
Together with reliability updating based on struc-
tural health monitoring this will allow for long-
term strategic decisions regarding inspection and
maintenance as well as for short-term decisions for
case-based repair actions.
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Durability related life-cycle assessment of concrete structures:
Mechanisms, models, implementation
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ABSTRACT: The durability of concrete structures becomes more and more an aspect of monitoring and
prognosis with regard to life-cycle assessment. Key components of life-cycle analysis of concrete structures are
on one hand models for the assessment of the actual condition and for the prediction of its further development
and on the other hand methods to observe changes in condition during use. There are different challenges.
Durability models have to consider the different influencing effects and degradation processes throughout the
entire life-cycle of a structure taking into account mutual dependences, interactions, scattering and uncertainties.
Moreover they should be able to consider monitoring or inspection data, even if their parameters differ from model
parameters. If reinforced concrete structures have been repaired during life time also aging and deterioration
of maintenance measures like surface coating or concrete cover replacement must be taken into account. An
overview on today’s situation is given.

1 INTRODUCTION i
- —» construction

Understanding and allocation of durability of concrete _ _:W\_
structures is in the focus of research and construction T |__monitoring |

practice since several decades. Durability, understood o
as the ability of a structure to remain during its sched- 5 -Qﬂ'm’
uled service life without requiring an inordinate degree yes
of maintenance, is so far proved by choosing mate- take hold of  |¥*% - e
rials and methods of construction which promise by \ﬂT'ﬂ" oo ool

experience to be suited (descriptive concept).
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More and more modern codes offer a service life ' *|__examination |
design approach which is comparable to well estab- condiion )
lished load design rules, fib (2006). Such approaches prognoss |
are based on quantifiable models on the load side (e.g. [—ﬁmmm
environmental actions) as well as on the resistance - !
sidg (e.g. concrete resistance _ag_ainst environmental _TM\E am%ﬁ}ﬁn j’l
actions). For the latter task realistic models are needed L strengthening | Vantan. molen. _dambikion
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deterioration processes (e.g. ingress of carbonation or g

chloride ions) such models are available today. For oth-

ers (e.g. frost, de-icing salt damage) valuable models ~ Figure 1. Scheme of structural maintenance during service
are still less developed. During service life mate-  life, Santa (2004).

rial properties are changing and their scattering will

increase. Also the environmental actions (e.g. tem-  an overview on today’s situation of durability related
perature, relative humidity, deicing salt, splash rain  life-cycle assessment is given.

events etc.) are spatially and temporally variable. So,

for most concrete structures a service life design,

which is performed during the design period, should 2 DURABILITY SITUATION OF RC/PC

be attended by a system of inspection, monitoring and HIGHWAY BRIDGES

prognosis as a basis for decision on time, location and

method of maintenance or repair in order to arrive at  In Germany, the condition of infrastructure build-
the scheduled service life with minimal effort, e.g. as  ings like bridges and tunnels forms a great demand
shown by Santa (2004) in Figure 1. In this contribution ~ on assessment of durability. The German highway
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Figure 2. Expected condition development of German
highway bridges without enhanced maintenance.

network is about 50.000 km long and includes actu-
ally about 38.900 road bridges with a total length of
2.075km, Friebel (2012). 88% of the highway bridges
are erected in RC/PC. Most highway bridges were built
after World War 11 in the 1960s to 1980s.

The bridge condition usually is evaluated in regu-
lar inspections. Representative inspection results from
numerous bridges in Figure 2 show the change to
the worse over the years and the expected condition
development if the present expenditure should not be
increased in future.

The serious deterioration is caused by normal aging,
traffic increase, unconsidered actions, inadequate con-
crete quality of elder structures, but mainly by time
dependent damaging processes. Due to fib (2011)
about 70% of damage to bridge structures is caused
by chloride or carbonation induced steel corrosion.

So, maintenance measures are necessary, to prevent
corrosion onset or to stop corrosion resp. to reduce
the progress of corrosion or to remedy the corro-
sion induced deficiencies. The aim is to provide the
needed reliability and usability during service life,
based on economic efficiency. For decision on inter-
vention measures information on the damage state and
the expected damage development is required.

3 DURABILITY RELATED CONCRETE
DAMAGE MECHANISMS

Generally distinction is made between the function of
structures to carry loads and to endure different expo-
sures, both resulting from ambient conditions and from
using conditions and both primarily being responsible
actions for the structures durability and service life.
Since the exposures of different types of concrete
structures differ, also their predominant deterioration
mechanisms are different. Figure 3 gives an overview
on the predominant deterioration mechanisms for
different types of structures, Buenfeld et al. (2008).
Any durability related deterioration mechanism is
regulated by characteristics of attack and resistance.
The most relevant impact parameters are: types of sub-
stance or action, concentration of substances, intensity
of action and combination of impact parameters (e.g.
temperature and substances). The resistance primarily
depends from concrete composition, concrete cover
of reinforcement, porosity, permeability and transport
parameters. For most reinforced concrete structures of
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Figure 3.  Predominat deterioration mechanisms for differ-
ent concrete structures, Buenfeld et al. (2008).
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Figure4. System of deterioration mechanisms of reinforced
concrete, fib (2006).

infrastructure or industry the relevant damage mecha-
nisms may be summarized and systematized into those
affecting the durability of the reinforcement and those
affecting the durability of the concrete. Electrochemi-
cal attacks are targeted at the reinforcement, chemical
and physical attacks at the concrete, cp. Figure 4.

4 DURABILITY PREDICTION MODELS FOR
LIFE-CYCLE ASSESSMENT

4.1 Elements of life-cycle assessment

Durability related life-cycle assessment is directed to
the provision of information on the nature, cause,
extent, location and time development of any dete-
rioration process. The inventory of life-cycle assess-
ment tools consists of as-built-information (birth
certificate), current condition information (inspec-
tion, monitoring, condition assessment), prognosis
(deterioration model) and intervention (limit states,
measures) as illustrated in Figure 5.

4.2 Types of deterioration models for life-cycle
assessment

Any deterioration process reduces the durability as
well as the integrity and reliability of a structure.
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Table 1. Overview on deterioration processes and limit
states, Buenfeld et al. (2008).
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Figure 6. Periods of deterioration of RC structures due to
reinforcement corrosion with possible limit state definitions.

Deterioration models are key components of life-
cycle assessment. They should predict the durability
affecting deterioration processes sufficiently accurate,
physically and chemically correct, as simple as possi-
ble and based on information that is available from the
structure.

Reinforcement corrosion, the most frequently
observed deterioration cause of RC structures, can be
regarded as a two periods process, consisting of an
initiation period and a propagation period. The first
stage means the time of ingress of harmful substances
like carbon dioxide or chloride ions, the second phase
is concerned with the steel corrosion itself, the loss
of cross section, the cracking and spalling off of the
concrete cover, cp. Figure 6.

Compared to reinforcement corrosion models the
description of deterioration processes of the concrete
itself is less developed. This is primarily attributed to
the complexity of chemical and physical processes
like acid attack, sulphate attack, freeze-thaw attack
and alkali-aggregate reaction, in which multiple pro-
cesses are interacting which could not yet be described
by simple engineering models with respect to well
defined limit states, suited for monitoring. Table 1
gives an overview on the deterioration processes and
on possible limit states.

The simplest approach is the “direct concrete behav-
ior’ model, which does not need any mathematical
model but just a suited monitoring system directly
at the ‘center’ of a durability threatened structural
area. It is comparable to the approaches which can
be found, called “descriptive rules’, in the standards
nowadays. They are based on long-time practical expe-
rience, but they are not really calibrated against more
sophisticated probabilistic approaches. With certain
restrictions monitoring based on such rules is possi-
ble, controlling if or when a condition is arising which
should not have been occurred if the above mentioned
rules would have been successful. An example for
this is the propagation of the corrosion front towards
the reinforcement, which can be monitored by a new
sensor type as described in chapter 5.

Empirical models are understood as simple equa-
tions, usually derived from experimental results or
from on-site observation (e.g. by monitoring) by
regression. By help of them results from the past at a
certain spot can be extrapolated to the future in order to
estimate the future development from those of the past,
without regarding changing attacks or resistance of the
structure. Combined with a threshold monitoring they
may be a workable solution for certain tasks.

Analytical models describe more or less realistically
and based on the relevant physical or chemical mech-
anisms a degradation process by solving the appropri-
ate differential equations, Li & Melchers (2006). Of
course, material properties and environmental attacks
can only be considered in a simplified manner. Usually
the input parameters of these models are determined



from laboratory or field tests. For the description of
transport controlled processes like carbonation of con-
crete or chloride ions ingress (initiation period) such
models have been developed to an applicable perfor-
mance, see fib (2006) and fib (2011). The advantage
of such analytical models is that the stochastic nature
of all parameters of the model can directly be con-
sidered in a full probabilistic approach, Marchand &
Samson (2009).

For more complex processes which are transport
controlled but moreover characterized by chemical
reactions, like acid attack or sulphate attack, such ana-
lytical models are not available today on a practically
applicable performance.

This is also true for the propagation period of RC
structure’s deterioration, in particular the reinforce-
ment corrosion. According to fib (2011) the loss of
steel cross section can be modeled as a function of
the corrosion current density, cp. chapter 5.2. But,
this parameter depends on many other parameters,
e.g. the electrical resistance of concrete, and a gen-
erally accepted model does not yet exist. Furthermore
the propagation period is not only characterized by
cross section loss, but by the development of corrosion
expansion pressure, leading to cracks, loss of bond and
spalling, Andrade et al. (2011).

Numerical models describe complex processes and
they are complex themselves. They are commonly
used for the description of combined chemical and
physical processes and include transport laws, e.g.
Fick’s second law of diffusion and further laws to
describe reactions and property changes, Cusson et al.
(2011). Using finite element methods complex sys-
tems of nonlinear equations can be solved numerically.
Numerical models usually consist of a large number
of input parameters, not all of them can be obtained
from the structure. An advantage is that the spatial
and time dependency of parameters can be considered
in the analysis. Generally numerical models offer the
opportunity to use data, gathered from the structure
by monitoring, for an up-dating of input parameters at
each time step in the calculation (adaptive modeling).
A numerical model describing transport and reaction
processes of concrete was developed at iBMB and has
been applied to life-cycle assessment several times,
e.g. Rigo et al. (2006) and Rigo et al. (2011).

4.3 Limit state approaches

Generally, for any life time assessment the end of ser-
vice life has to be specified in terms of limit states.
Unlike ultimate the limit state (ULS) for the service
limit state (SLS) there are now rigid criteria. Individ-
ual ideas of the appearance of a structure or of certain
usability criteria may influence the specification.

According to fib (2011) three different definitions
can be characterized:

— condition related limit states,
— optimum time for intervention limit states,
— Defined performance limit states.

50

Commonly used condition related limit states are
shown in Figure 6 and Table 1. From the view of prac-
tical hand-ling a plausible condition state is the time
of depassivation of reinforcement, expressed by the
carbonation of concrete or critical chloride content at
the depth of reinforcement, Zhang et al. (2009). This
definition of SLS of RC structures has already been
established for a long time, Hansson et al. (2004).
But any concentration criterion contains considerable
uncertainty about its relevance. So, it is well known
that the chloride content which triggers corrosion may
vary between less than 0,1 and 3 in % per weight of
binder, with the CI=/OH™ ratio, influenced e.g. by car-
bonation, being one important influence parameter,
Angst & Vennesland (2009). Hence, using only the
chloride content at the depth of reinforcement for the
definition of SLS may lead to huge miscalculation of
expected service life time. Moreover, structures may
provide a long continued service phase even on corro-
sion preconditions achievement. It may vary between
months and decades.

For chemically and physically induced damage
mechanisms on concrete, like e.g. acid attack, sulphate
attack, freeze-thaw attack and alkali-aggregate reac-
tion, condition related limit states can be referred to
e.g. concrete erosion, expansive strains or the degrada-
tion of concrete properties. But such indicators are not
obviously related to the mechanisms regarded. Due to
this fact it is difficult to define reasonable limit val-
ues. Furthermore, inspection methods or monitoring
sensors are only partially available. There is still great
need for research.

5 UPDATE OF DURABILITY PREDICTION
MODELS BY INTEGRATION OF
STRUCTURAL DATA

5.1 General procedure

For the validation and improvement of the predic-
tion accuracy of deterioration models real statistical
data of the structure are obligatorily needed. Degra-
dation models contain mostly many parameters for
material, structural and environmental properties. A
basic problem is the fact that only a few model param-
eters can be directly measured on site or at separate
concrete specimens in the lab, Marchand & Samson
(2009).

Typically the assessment process for an existing
structure consists of the following steps, fib (2003):

— preliminary on-site inspection to ascertain location,
condition, loadings, environmental influences and
the necessity for further testing,

recovery and review of all relevant documentation,
including loading history, maintenance, repair and
alterations,

specific on-site testing and measurements, e.g.
proof loading,

analysis of collected data to refine the probabilistic
models for structural resistance,



— accurate (re-)analysis of the structure with updated
loading and resistance parameters,
— decision analysis.

The conventional procedure of structural condition
assessment is confined to periodic visual inspections.
Although visual inspections do not yield quantitative
results for the update of the deterioration prognosis,
they play an important part of the acceptance inspec-
tion as they help to identify potential ‘hot spots’ due
to cracking, risk of ponding or other irregularities,
fib (2011).

A condition assessment concept includes besides
visual inspections and the object specific defect and
damage analysis also the long-term monitoring by
means of embedded sensors. In some cases also perme-
ability or loading tests are useful. In Table 2 important
inspection and testing methods for concrete structures
are specified.

Results of quality control during construction are
important indicators for the assessment of the ini-
tial structural durability. Within the framework of a
‘birth certificate’ the initial material resistances of
the concrete are measured, Mayer & Schiefl (2009).
As quality control after the completion of the con-
crete structure the actual dimension of concrete cover
and its resistance towards chloride ingress (e.g. as
chloride migration coefficient of separate concrete
specimens) have to be determined and incorporated
into the calculation by an initial Bayesian update of
model parameters, Schiessl et al. (2011).

Especially for properties and parameters that are
not changing with time (e.g. concrete cover) exten-
sive testing is recommended. As concrete cover is one
of the key parameters for the time until depassivation
both due to chloride ingress and carbonation, larger
parts of the concrete surfaces should be inspected,
Dauberschmidt et al. (2009).

Depending on the exposure of the structural ele-
ments, non-destructive techniques (NDT) are used in
addition to concrete cover mapping, for instance elec-
trolytic resistivity measurements or crack and potential
mapping, as well as the sporadic determination of
chloride content and carbonation depth.

5.2 Corrosion monitoring

The rebar corrosion is the dominating effect of
degradation of RC/PC structures. The output of many
service life models for rebar corrosion is frequently
limited to the time until the onset of corrosion,
Hansson et al. (2004). Contrarily, in-place probes and
sensors permit the monitoring of environmental condi-
tions, the quality of concrete cover and actual corrosion
rates, thus providing better information for the input of
these models, updating and improving their reliability,
Vennesland et al. (2007).

A number of probes and sensors have been designed
for the installation into concrete, particularly to deter-
mine critical depth of the depassivation front, the
time-to-corrosion onset and the corrosion rate (with
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Table 2. Typical inspection and non or minor destructive
testing methods for concrete structures, fib (2003).

Property under Test method

investigation

Material properties: ~ Cores, pull-out, pull-off, break-off,
internal fracture, penetration

resistance, rebound hammer, maturity

Surface hardness, ultrasonic pulse
velocity, radiography, radiometry,
neutron absorption, relative humidity,
permeability, absorption, petrography,
sulphate content, chloride content,
expansion, air content, cement type
and cement content, abrasion
resistance

Half-cell potential, concrete resistivity,
linear polarization resistance, A.C.
impedance, cover depth, carbonation
depth, chloride concentration

Tapping, pulse-echo, dynamic
response, acoustic emission,
thermoluminescence, thermography,
radar, strain or crack measurement,
load test

Concrete quality,
Durability,
deterioration,
reinforcement:

Corrosion:

Integrity and
performance:

tm

time
sensor 1.
sensor 2/
LN sensor 3/
\ sensor 4

rebar |

depassivation
front

teorr
I

-
t

depth [cm]

Y

Figure 7. Operating principle of integrated corrosion sen-
sors in different depths within the concrete cover of a
rebar with teor = corrosion initiation (depassivation) time
and tyy = maintenance (rehabilitation) time, if ty < tservice life-

seasonal and daily changes in temperature and humid-
ity) as integral key parameters, Martinez & Andrade
(2009). Monitoring allows also the assessment of
the efficiency of repair and rehabilitation measures,
Schiessl et al. (2011).

In Figure 7 the general working principle of deep
dependent arranged corrosion sensors for the assess-
ment of the corrosion initiation time and progress is
shown. Based upon the measurement of the corrosion
activity by extrapolation of the depassivation time at
each sensing element the intervention time ty can be
estimated. Once the corrosion at the rebar has been
initiated, the corrosion induced steel loss at the rebar
can be estimated by means of the measurement of the
corrosion rate iy at a sensor element in the same
depth close to the rebar.



Figure 8.
sion monitoring of concrete structures — corrosion initiation
sensor: a): deep dependent 5-wire sensor in the concrete
cover, b): single steel wire sensor mounted at a rebar and c):
multi-wire corrosion progress sensor at rebar with different
wire diameters, cp. Holst & Budelmann (2012).

Innovative filament sensors for integrated corro-

The corrosion rates at the steel reinforcement in
concrete according to Langford & Broomfield (1987)
can be subdivided into four levels:

— icorr < 0.1 wA/cm? small corrosion rate,

— 0.1 <icorr < 0.5 wA/cm? small to moderate rate,
— 0.5 < igorr < 1 A/cm? moderate to high rate,

— icorr > 1 wWA/Ccm? high rate.

For identifying the deep dependent penetration of
the corrosion front into concrete as well as for the
assessment of the corrosion progress at the steel bar
a novel type of embeddable sensor for long term
corrosion monitoring has been developed, Holst &
Budelmann (2012). Different sensor types are avail-
able. In Figure 8 this dummy sensor is shown,
which is based upon the recognition of the corrosion
induced break of very thin steel filaments by resistance
measurement.

The sensor gives asignal if corrosion occurs atasin-
gle sensor element which is located in a certain depth.
With this information the possible location of the
depassivation front penetrating down from the member
surface can be determined. The statistical evaluation
of monitoring data for each sensor element leads to a
cumulative frequency of active and passive depths.

6 INTEGRATION OF REHABILITATION
MEASURES INTO DURABILITY

PREDICTION FOR LCA

The most commonly used rehabilitation measures of
concrete structures are the application of repair mortar
and/or of surface coating (surface protection systems).

To protect concrete members from the ingress of
harmful substances, such as carbon dioxide or chloride
ions, surface coating is an established measure. The
material composition and the thickness of the coating
layer are chosen according to the exposure and to the
protection objective. Important requirements are e.g.
resistance against mechanical abrasion or chemical
attack. The interaction between concrete and surface
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Figure 9. Principal influence of concrete repair measures
on service life.

Loss of adhesion Lossof  Loss of thickness

(blistering) effectiveness ;
 _——  "Vcoafing
concrete /
Model | Damage mechanisms Criteria
SC-l Loss of adhesion Adhesion tensile
between coating and strength
concrete
SCHl | Lossofeffectiveness of | Diffusionequivalent
the coating layer thickness
SC-l | Lossoflayerthickness Layerthickness
of the coating due to
mechanical abrasion

Figure 10. Failure mechanisms of surface coating for
concrete.

coating is ensured by the bond due to mechanical
adhesion.

For reprofiling of damaged concrete surface near
areas repair mortar is used. Repair mortar normally
is a polymer modified mortar in which the hydraulic
binder component is partly replaced by polymers. As
in the case of coating, the bond between the repair
system and the concrete underneath is encompassed by
adhesion. The bond interaction between the old and the
rehabilitated areas must resist against shear stresses at
the interface between old concrete and rehabilitation
mortar for the whole lifetime period of the measure.

As indicated in Figure 9, repair layers offer for a
certain lifetime an improved reliability, which needs
to be quantified in terms of reliability and service
life. But there are no models for the behavior of those
maintenance measures available.

Asafirstapproach repair measures may be regarded
asadditional barriers, which eliminate harmful ingress
into the concrete underneath. With increasing aging
of the rehabilitation materials or in case of other
damages the protection decreases and the original
deterioration processes accelerate again.

In order to describe the time and condition depen-
dent protection degradation of the repair materi-
als material models are needed which take into
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Figure 11. Failure mechanisms of repair mortar for
concrete.

consideration the most important degradation phe-
nomena. Figures 10 and 11 show the most relevant
mechanisms of deterioration of both measures.

In Budelmann et al. (2010) a first approach is
described assuming that the individual damage pro-
cesses occur independently of each other. More details
and calibration tests of the models are published
in this conference proceedings, cp. Wachsmann &
Budelmann (2012).

7 NEEDS AND CHALLENGES

Even if impressive progress has been made in the field
of life-cycle assessment of concrete structures based
on durability modeling, there are still lots of restric-
tions and challenges left. Only some of them should
be mentioned afterwards without discussion in detail:

— There is a considerable interaction between degra-
dation mechanisms, which is not yet regarded by
analytical models and only partially considered in
numerical models.

— Transport oriented degradation mechanisms have
only been considered for non-cracked concrete with
limited validity only for small crack widths.

— Spatial and temporal scattering of all variables of
attack and resistance is considerable, leading to
imprecise results with limited value for decisions
as shown in Figure 12, Lohaus & Gerlach (2011).

— Efficiency, robustness and resilience are necessary
features of methods and tools, not yet dealt with
systematically.

— Up-scaling/calibration of available models on
the micro-scale to the macro-scale (member
scale) behavior is still pending, e.g. interaction
between physicochemical processes and mechan-
ical behavior of members.

Inherent Estimation Model Human
Variability Errors Imperfections Errors

I rrors made by
ial of istical <lack of under- || engineers and
properties data standing operators
-inability of para-
i meter -simplified in design,
conditions -measurement models construction and
RITOMS operating stage

Figure 12.  Sources of uncertainty in reliability assessment,
according to Lohaus & Gerlach (2011).

— Integration of real environmental actions into exist-
ing model approaches and calibration of models
with the behavior in real conditions.

— Fatigue problems of concrete structures and their
influence on life-cycle have not yet been stud-
ied carefully, neither concerning mechanisms nor
modeling or monitoring.

— Novel materials and multilayer systems as well
as the implementation of retrofitting and reha-
bilitation measures have to be considered in the
durability models, cp. also chapter 6.

— There is a lack of measurement and monitoring
methods for long term performance testing of
concrete structures. Also conventional laboratory
methods show some deficits, Grantham (2010).

8 CONCLUSIONS

There is worldwide an increasing demand for life
time extension of existing concrete structures. This
can be done only with improved prediction and esti-
mation of future expected structural behavior and
creating awareness of uncertainty in such estimations.
This requires improved understanding and modeling
of load processes, of structural system behavior, of
largely unknowable boundary conditions and of pro-
cesses such as fatigue, corrosion and the effectiveness
of protection systems. An overview on today avail-
able methods and tools for durability related life-cycle
assessment of concrete structures is given in this
contribution.
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ABSTRACT: Civil infrastructure facilities, including buildings, bridges, locks and dams on inland waterways,
portand harbor facilities and other infrastructure, play a central role in the economic, social and political health of
modern society. Such facilities are susceptible to aging, which is stochastic in nature and makes their reliabilities
time-dependent. In recent years, there has been a growing recognition that for certain civil infrastructure projects,
the required service periods might be substantially longer than what is typically is expected of buildings, bridges
and similar infrastructure, extending the potential consequences of life-cycle engineering decisions far beyond
the limits for which there is practical experience. Life-cycle engineering analysis and risk-informed decision tools
have advanced in recent years for managing public investments in performance assurance and risk mitigation of
civil infrastructure. However, current assessment procedures will require modification to evaluate performance
of civil infrastructure facilities over extended time frames and to support sustainable and equitable decisions
regarding long-term public safety. This paper considers a number of key issues that must be addressed in the
course of life-cycle reliability assessment of civil infrastructure that must remain functional for service periods
on the order of several generations, introducing perspectives on risk that are germane to ensuring sustainability
and inter-generational equity in risk-informed decision-making.

1 INTRODUCTION Despite the advances in facility risk management
made possible by this research, significant challenges
Civil infrastructure facilities play a central role in  to practical implementation of reliability-based con-
the economic, social and political health of mod-  dition assessment remain [Ellingwood 2005]. While
ern society and must maintain their safety, integrity  civil infrastructure seldom has been designed and
and functionality at manageable cost over their ser-  constructed with specific service lives in mind, it is
vice lives. Such facilities, including buildings, bridges, = commonly understood that buildings, bridges and sim-
locks and dams on inland waterways, port and harbor ilar facilities should perform their intended functions
facilities and other infrastructure, may be difficult or  for service periods of 50 to 75 years. In recent years,
impossible to inspect or service on a periodic basis, or  there has been a growing recognition that the ser-
toreplace, and their failures may impact other essential ~ vice periods required might be substantially longer
systems (common-cause failures) and broad segments  than this for certain facilities, and indeed may extend
of the public. In addition, such facilities are suscepti-  to centuries rather than decades. Such considerations
ble to aging, where deterioration in performance may  extend the potential consequences of life-cycle engi-
occur as a result of natural internal processes, ser-  neering decisions to future generations, far beyond
vice conditions, aggressive environments, or improper  the customary utilization horizon, budget cycles for
construction or usage. These aging and degradation  public investment, terms of office of elected public
mechanisms and the structural demands thatarise from  officials, or lifetimes of responsible decision-makers.
operating environments and natural and man-made  Current models for time-dependent reliability anal-
hazards invariably are stochastic in nature, making  ysis are inadequate for making forecasts of facility
the reliability of civil infrastructure facilities time-  performance over service periods of this magnitude.
dependent. The challenges to civil infrastructure posed Risk-informed decision-making for civil infrastruc-
by aging have prompted numerous research programs  ture performance and integrity has three essential
that address risk management issues for buildingsand ingredients: physics-based models of material aging
bridges (Frangopol et al 1997; Vu & Stewart 2000;  and structural deterioration; time-dependent reliability
Petcherdoo et al 2008), offshore and inland riverine  models to capture the uncertainties in facility behavior
navigation facilities (McAllister & Ellingwood 2001;  over its projected service life; and a decision frame-
Melchers 2003), port and harbor facilities, and nuclear ~ work that integrates the uncertain time-dependent
plants and other critical facilities (Mori & Ellingwood  behavior for purposes of design and condition eval-
1993; Naus et al 1999; Ciampoli & Ellingwood 2002).  uation and risk management [Ellingwood 2005].
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Quantitative time-dependent reliability assessment
tools have matured in recent years to the point where
they can assist in establishing strategies for analyz-
ing risk of aging infrastructure exposed to natural
and man-made hazards. At the same time, life-cycle
cost analysis has become an accepted tool for manag-
ing public investments in performance assurance and
risk mitigation. However, these current quantitative
risk-informed assessment procedures account only for
decision preferences of the current generation. They
will require modification to evaluate performance of
critical infrastructure facilities over extended time
frames, to recommend alternative design and mainte-
nance procedures, and to support sustainable decisions
regarding long-term public safety [e.g., Rackwitz et al
2005; Nishijima et al 2007]. The enormous invest-
ments of public funds that are necessary to construct
and maintain civil infrastructure must be based on
rational analysis and should not be made purely on
the basis of subjective or political judgment.

A number of key issues must be addressed as part
of life-cycle engineering, reliability assessment and
risk-informed decision-making: How does one mea-
sure acceptable performance in reliability terms? How
can one deal with the non-stationarity in demands
from natural hazards that arise as a consequence of
climate change and in changes in structural behav-
ior that arises from aging? What additional require-
ments, if any, should be imposed as conditions for
extending the service life of a facility over extended
periods? How can uncertainties in future demands
and structural aging mechanisms, in in-service inspec-
tion, flaw detection and measurement be integrated
in time-dependent structural reliability analysis to
demonstrate compliance with reliability-based perfor-
mance objectives? How does one deal with life-cycle
cost issues — discounting, decision preferences, social
goals — that arise when service periods in which
life-cycle analysis has been successfully applied to
periods extending over multiple generations? How
does one measure costs consistently and distribute
benefits from generation to generation in an equi-
table fashion? These issues must be addressed to
achieve sustainable solutions to many pressing infras-
tructure problems. The following review will focus on
answers to these key questions, touching upon com-
mon structural degradation mechanisms and demand
models, practical time-dependent reliability analysis
tools, the role of nondestructive evaluation in ensur-
ing life-cycle performance, and perspectives on risk
that are germane to inter-generational equity in civil
infrastructure decision-making for the long term.

2 COMMON STRUCTURAL DETERIORATION
MECHANISMS AND MODELS

The service life of structural components and systems
depends on how the material properties change over
time. Aging mechanisms that cause deterioration of
concrete structures may be produced by chemical or
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physical attack of either the cement-paste matrix or
aggregates. Chemical attack may occur by efflores-
cence or leaching, sulfate attack, attack by acids or
bases, salt crystallization, and alkali-aggregate reac-
tions. Physical attack mechanisms include freeze/thaw
cycling, thermal expansion/thermal cycling, abrasion/
erosion, shrinkage cracking and fatigue. Degradation
of mild steel shapes or steel reinforcement in concrete
can occur as aresult of corrosion, elevated temperature
or fatigue. Pre-stressing or post-tensioning systems are
susceptible, in addition to the above, to loss of pre-
stressing force due to relaxation. Some deterioration
mechanisms are synergistic (e.g., corrosion/fatigue);
others may interact with or impair the effectiveness of
protective systems such as coatings or cathodic pro-
tection (corrosion, cracking). These interactions and
synergisms are poorly understood.

Much of the literature on structural deterioration
mechanisms has been developed from small speci-
mens tested under laboratory conditions. These tests
have been conducted in different environments and at
different scales than would be typical for civil infras-
tructure [Pommersheim & Clifton 1985; Liu & Weyers
1998; Naus et al 1999], and the relevance of these
data to structural engineers seeking to manage risks
in aging civil infrastructure is questionable. Data for
measuring deterioration of structures in situ are lim-
ited. Accordingly, models of structural deterioration
that have been used in time-dependent reliability anal-
ysis of aging infrastructure are, for the most part,
rudimentary (Mori & Ellingwood 1993; Frangopol
et al 1997; Petcherdoo et al 2008]. Deterioration usu-
ally has been modeled for time-dependent reliability
assessment using simple rate equations of the form:

X(t) = a(t—=T)? +&i(t); t>T; (1a)
or
X(1) = a(t-T) ex(t); t=T; (1b)

in which X(t) = deterioration parameter (loss of sec-
tion, depth of penetration, etc), T; = initiation or induc-
tion period (often modeled as a random variable),
a and B are parameters determined from a regres-
sion analysis of experimental data, and e1(t) and
€2(t) = random processes describing the uncertainty in
the deterioration with time. In Eq (1a), &1 customarily
is assumed to be modeled at present by a normal ran-
dom variable, with E[e;]=0 and SD[e;] =07 while
in Eq (1b), &, is modeled by a lognormal random
variable, in which E[e;] =1 (assuming the model is
unbiased) and SD[e,] =V2, the coefficient of varia-
tion describing the variability in deterioration. Such
relations are empirical in nature, depend on exper-
imental data, and are sensitive to the environment
(temperature, atmosphere, aeration, humidity). They
are difficultto generalize to environments not reflected
in the database. While, certain deterioration mech-
anisms, such as general corrosion of reinforcement
in concrete, are becoming more amenable to physical



modeling [Bentz et al 1996], in situ service conditions
aredifficultto reproduce in laboratory tests and scaling
to prototype conditions raises additional uncertainty
which is difficult to model. Thus, it is not clear whether
such modeling offers any practical improvement in the
reliability assessment over the simple models reflected
by Eqgs (1). Furthermore, a more complete descrip-
tion of the deterioration in time (and better estimate of
time-dependent reliability) requires, in addition to Eqs
(1), the covariance, C[e(t1), £(t2)], which describes the
correlation in deterioration at two points in time t; and
t,. Information to describe the covariance for practi-
cal time-dependent reliability analysis does not exist,
although one might expect that a simple exponential
decay model:
Cle(h), ()] = o exp [~ (|t — 4/ Te)’] 2)
in which ¢2=Var[e] and T.=correlation period,
would capture the observed behavior adequately.

3 TIME-DEPENDENT RELIABILITY
ASSESSMENT

Structural loads, engineering material properties and
strength degradation mechanisms are random func-
tions of time. The time-dependent margin of safety,
M(t), is

M(t) = R(t) — S(1) (3)
inwhich R(t) = strength and S(t) = dimensionally con-
sistent structural action (moment, shear, etc) from the
applied loads. Methods for evaluating the reliability
of a structure at an arbitrary point in time are well-
established (e.g., Ellingwood 2005). For service life
prediction and reliability assessment, the probability
of satisfactory performance over some service period
is amore relevant metric of performance. If, for exam-
ple, n discrete loads S;, Sy, ..., Sy occur at times ty,
t2, ..., tn during (0,t), the probability that a struc-
ture survives during this interval is defined by the
reliability function, L(t):

L(U = P[R(ll) = Sl«‘--R(tn)} Sn] (4]
which can be related to the conditional failure rate or
hazard function, h(t) [Mori & Ellingwood, 1993]:
L(t) = exp[- h(&) dg] )
in which h(t) defines the probability of failure in
interval (t, t+ dt), given survival through (0,t). If the
load process is continuous (or is modeled as contin-
uous) rather than discrete, L(t) can be approximated
by replacing the conditional failure rate, h(g) with
the mean down-crossing rate of level zero. The condi-
tional failure rate can be used as a tool for maintenance
planning and condition assessment of existing infras-
tructure that already has performed successfully for an
extended period of time.
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3.1 Structural load modeling

Practically all reliability analyses to date (time-
dependent and otherwise) have considered the load
(demand) on the system to be a stationary ran-
dom process, where the distribution and its param-
eters are invariant in time. The idea that (static)
loads (e.g., annual extreme winds) can be modeled
as a sequence of identically distributed and statisti-
cally independent random variables is embedded in
first-generation probability-based limit states design.
Under the assumption that the service load can be
modeled as a statistically stationary random process
and aging does not occur, then h(t) =v (a constant),
and failures are said to occur randomly during the
service life; otherwise, the failure rate for an aging
structure generally is increasing, and time to failure
can be described by a Weibull distribution.

The assumption that the loads on a structure com-
prise a stationary random process becomes untenable
when the effects of global climate change [IPCC
2007] are considered. Such effects are postulated to
include more frequent and increasingly severe wind
storms and extremes of temperature and precipitation.
The structural engineering research community is just
beginning to consider the effects of such increases on
structural loads [Stewart et al 2011; Bjarnadottir et al
2011], and only very simple models of non-stationary
(e.g., time-dependent characteristic extremes) have
been postulated. Such models might be justified for
periods of 50 years or less, provided that the rate of
climate change is small, but are unlikely to be ade-
quate for modeling structural demands over a period
of centuries. Furthermore, models employed by scien-
tists modeling climatology are extremely large in scale
(greater than 10° km?); local climatology of the scale
of interest to structural engineers is orders of mag-
nitude smaller (10* km?). Bridging the gap between
models of these scales is problematic but is essen-
tial for risk-informed decision on a multi-generational
scale.

The numerical analyses of Eqgs (4) and (5) for real-
istic civil infrastructure systems can be quite complex
computationally (Mori & Ellingwood 1993). How-
ever, efficient methods for determining the limit state
probabilities of structural components or systems as
functions (or intervals) of time from stochastic process
models of deterioration, residual strength and service
and environmental loads have advanced consider-
ably in recent years (e.g., Petcherdchoo et al 2008).
Computation is no longer the formidable barrier that
it once was.

3.2

Forecasts of time-dependent limit state probability
enable the manager to judge when the facility should
be inspected, maintained or repaired. If the facility
has withstood previous operational or environmental
demands, especially those that may have approached
or exceeded the design basis, that information should

In-service inspection and maintenance



be reflected in condition assessment (Faber et al
2000; Melchers 2001). Nondestructive evaluation
(NDE) or prior successful performance enables the
prior probability density function of capacity to
be updated using Bayesian methods. For this pro-
cess to be informative for time-dependent reliability
assessment, performance-degrading defects must be
detected, located and measured accurately. Detection
and measurement of defects and estimation of their
impact on updated capacity pose significant research
issues for civil infrastructure. Most quantitative NDE
procedures have been developed for use in manufac-
turing QA/QC, particularly in the aircraft industry,
where conditions are tightly controlled and inspectors
are highly trained. Inspection of civil infrastructure
normally is performed in the field, which is far more
difficult. In addition, the current strength must be esti-
mated, either directly or indirectly. It is common to
postulate a degree of structural restoration, but the
restoration is, in fact, a random variable, and there
is very little information available to define its char-
acteristics for reliability analysis purposes. Finally, a
host of additional problems arise when service peri-
ods extending to several generations are considered.
In addition to the need to extend existing capacity and
demand models well beyond the range of observation
and possible validation, the civil engineering profes-
sion has yet to identify the ingredients of a plan for
performance and maintenance that would extend to
such periods. It seems clear, however, thata proper plan
for investing in-service inspection and maintenance
will be essential to ensure that the plan is imple-
mented as intended in the initially planning stages
and will achieve the performance expected of civil
infrastructure over multiple generations.

4 PERFORMANCE LIMITS FOR CIVIL
INFRASTRUCTURE

Performance objectives for civil infrastructure must
be related to results produced by structural reliabil-
ity analysis. Public safety is, and has been, paramount
in structural code development, and so assurance of
structural strength, stability and overall integrity is
the first concern in public regulation of the built
environment. However, there is a growing awareness,
prompted by recent experience following natural dis-
asters and the new paradigm of performance-based
engineering (PBE), that public safety is necessary
but not sufficient for satisfactory infrastructure per-
formance. The likelihood of business interruptions,
social disruptions, and unacceptable economic losses
also must be minimized. Durability and maintainabil-
ity issues also become important. The expectations
of individuals and the public toward performance of
buildings and other civil infrastructure have evolved
during the past three decades; if the framework for
decision-making involves a time horizon of a century
or more, it is virtually certain that those expectations
will evolve further. The only reasonable way to address
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this issue economically is for facilities to be designed
for maximum future adaptability to changing circum-
stances and expectations. Such solutions are likely
to be sustainable (under the current definition of the
word) but require a mode of thinking at the conceptual
stages of design that is foreign to what is typical at
present.

5 RISK BENCHMARKS AND
RISK-INFORMED ENGINEERING DECISION

In current risk-informed decision-making, perfor-
mance goals generally are expressed in terms of prob-
abilities, expected losses, or a combination of these
metrics. Most studies of time-dependent reliability
analysis of aging infrastructure indicate that the cumu-
lative limit state probability or conditional failure rate
increase over time by orders of magnitude, absent any
rehabilitation. The analysis of time-dependent reliabil-
ity has received far greater attention in the technical
literature than have risk acceptance and decision crite-
ria. When looking toward the future, there are far fewer
answers than questions: What is acceptable risk in spe-
cific circumstances? What is an acceptable increase in
failure rate? How much of a decrease in conditional
failure rate should one expect (or insist on) when stip-
ulating repair or renewal as a condition of continued
service? Does the original design basis even have any
relevance to this assessment when future performance
requirements and expectations are factored into the
decision process? When expected cost is used as a
basis for decision and the usual discounting is applied,
itmay be found that events in the far-distant future have
little impact on present value, leading to the erroneous
conclusion that such events need not be considered.
How should expected cost (or utility) analysis be mod-
ified to allocate costs and benefits equitably between
the current and future generations? How does one
persuade a decision maker to invest in achieving life-
cycle objectives vs immediate financial gratification;
in achieving phased reductions in risk vs immediate
reductions? The investigation of such issues is still in
its infancy [Nishijima et al 2007].

The assessment of loss probabilities or expected
losses, once determined, and decisions regarding risk
mitigation depend on the decision-maker’s view on the
acceptability of risk and on whether/how investments
in risk reduction should be balanced against available
resources. Most individuals are risk-averse, while gov-
ernments and large corporations tend to be more risk-
neutral (Slovic 2000). Recent studies (e.g., Corotis
2009) have indicated that acceptance of risk is based
more on its perception than on the actual probability
of occurrence and that biases in perception, whether
or not they are well-founded, shape decisions. Con-
sideration of acceptable risk in quantitative terms for
civil infrastructure facilities, the construction of which
often has been regulated by public codes, is a relatively
new development (Ellingwood 2007). Furthermore,
the conventional minimum expected cost approaches



presume that the risk can be entirely monetized. There
is evidence to indicate that individual decision-makers
and many public agencies are risk-averse, meaning
that they demand increasing payments for accepting
marginally increasing risk (Cha & Ellingwood, 2012).
Risk aversion is likely to play an increasing role in
decisions extending to multiple generations, due to
the substantial uncertainties in extrapolating stochastic
models of demand and capacity far beyond their pre-
vious applications or supporting databases, as well as
the uncertainties in decision consequences that might
not occur until after decades into the future.

Risk communication requires a continuing dialogue
among the members of the project team and other
project stakeholders, aimed at facilitating understand-
ing basic issues and enhancing the credibility and
acceptance of the results of the risk assessment. Per-
formance objectives and loss metrics must be clearly
identified and agreed upon, and uncertainty analysis
should be a central part of the decision model. Trade-
offs that occur between investment and risk reduction
must be treated candidly, and the entire decision pro-
cess must be made as transparent as possible. All
sources of uncertainty, from the hazard occurrence to
the response of the structural system, must be con-
sidered, propagated through the risk analysis, and dis-
played clearly to obtain an accurate picture of the risk.

6 CLOSURE

Civil infrastructure in the United States and in other
industrialized countries is subjected to continually
increasing operational and social demands at a time
when diminished budgets cause essential mainte-
nance and repair to infrastructure to be deferred or
eliminated. Continued serviceable infrastructure per-
formance is essential for the social, political and eco-
nomic health of a society. Decisions aimed at ensuring
performance or maintaining integrity of civil infras-
tructure systems affected by natural or man-made
disasters, such as floods, hurricanes, earthquakes, fire,
collisions or terrorist acts, can entail billions of dol-
lars and expose thousands of people to the possibility
of injury, death or financial ruin. Significant knowl-
edge gaps exist between capabilities for analysis and
prediction of infrastructure performance during or
following low-probability, high-consequence events,
and public policy and decision-making in the pub-
lic interest. Quantitative risk-informed methods are
required to assess alternative maintenance policies
and engineering strategies for civil infrastructure at
risk and to establish the necessary investment prior-
ities at a time of constrained resources. Sustainable
decision-making for periods extending over multi-
ple generations require new ways of thinking about
life-cycle engineering. Such decisions involve ethi-
cal decisions that heretofore have not been considered,
and should be aimed at maximizing the likelihood of
successful future performance at a reasonable, if not a
minimum, cost.
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Structural damage accumulation and control for life-cycle optimum

seismic performance of buildings
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ABSTRACT: Seismic reliability and expected performance functions of structural systems are sensitive to
the process of damage accumulation associated with the random sequences of ground motion excitations that
those systems may experience. Optimum life-cycle-based engineering decisions must examine the influence of
concepts related to both the target safety level of the initial system and the eventual repair and maintenance
actions that may be undertaken during the life of the system. This presentation includes an overview of the
general framework supporting these decisions, as well as some available results about a) the influence of damage
accumulation of the seismic vulnerability functions of building structures and b) approximate estimates of accu-
mulated damage, c) optimum damage threshold values for repair of structural frames or replacement of energy
dissipating devices. Some comments are presented concerning desirable studies about life-cycle optimization of

systems exposed to different types of excitations.

1 INTRODUCTION

Optimum life-cycle engineering decisions for struc-
tural systems to be built at sites affected by signifi-
cant seismic hazard conditions are made by selecting
the combination of seismic design criteria, quality
control and repair and maintenance strategies lead-
ing to the minimum present value of the sum of
initial-construction costs and those that may occur dur-
ing the life-cycle of the system. The latter include
those due to possible damage and failure, as well
as to repair and maintenance actions in both struc-
tural and non-structural elements (Rosenblueth, 1976).
All these costs depend on the evolution of the seis-
mic vulnerability function of the system with time,
as a consequence of the damage accumulation pro-
cess (Esteva & Diaz, 1993; Esteva et al, 2011). For
structural elements, repair and maintenance actions
include, for instance, the restoration of the strength
and stiffness of structural members and joints and
the preventive replacement of energy-dissipating or
seismic-isolation devices. Within this framework, opti-
mum seismic design criteria also include the selection
of the potential damage distribution patterns and of
the locations in the structural system where damage
can be made to concentrate, in case it occurs, aiming
at repair actions that are more reliable, efficient and
easy to perform.

2 SEISMIC VULNERABILITY FUNCTIONS
In practical engineering applications related to

performance-based earthquake-resistant design, the
estimation of the seismic reliability of nonlinear
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multi-story buildings for given values of the ground-
motion intensity is ordinarily based on a measure of
the probability that the lateral deformation capacity
of the system, determined by conventional pushover
analysis, is greater than the peak value of the corre-
sponding nonlinear response demand for an ensemble
of earthquake excitations with the specified intensity.
However, probabilistic estimates of the deformation
capacities of multi-story buildings obtained by means
of pushover analysis are tied to severe limitations,
because according to this approach it is not pos-
sible to account for a) the influence of cumulative
damage associated with the cyclic response, and b)
the dependence of the lateral deformation capacity
on the response configuration of the system when it
approaches failure.

Esteva et al (2003, 2006, 2010, 2011) presented a
secant-stiffness-reduction index to be applied in the
seismic reliability assessment of multi-storey build-
ings. According to it, the reliability of the system
under the action of a ground motion of known intensity
but uncertain detailed ground motion time history is
expressed in terms of the probability density function
of a secant-stiffness-reduction index (Issg):

Ko—Ks
Ko

N

Issp =

Here, Ky is the initial tangent stiffness associated with
the base-shear vs roof displacement curve resulting
from pushover analysis and Ks is the secant stiffness
(base shear divided by lateral roof displacement) when
the lateral roof displacement reaches its maximum
absolute value during the seismic response of the sys-
tem. The failure condition is expressed as lssg = 1.0.
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Figure 1. Influence of initial conditions on the damage

potential of new earthquakes.

For a given value of the intensity (y), the probability
density function of Q = In Isgr is equal to fo(q), which
is continuous for g < 0 and includes a discrete concen-
tration at g =0, which is equal to pr (y) =P[Q =0 v],
the failure probability for an intensity equal to y. This
approach has been adopted by Estevaetal (2011) inan
exploratory study about the influence of initial damage
conditions on the damaging potential of new earth-
quakes. Their results are presented in Figure 1, taken
from the mentioned reference, where the normalized
intensity is equal to the ratio of the ordinate of the
linear displacement response spectrum to the defor-
mation capacity of the system, in this case a large-span
single-story frame with natural period equal to 0.43ss,
subjected to simulated ground motion acceleration
time histories with frequency contents and durations
similar to those typical of a Mexico City soft soil site.
The damage at the end of each seismic excitation, for
given initial damage conditions, is measured by the
value of Isgg, as given by Equation 1.

3 INFLUENCE OF DAMAGE ACCUMULATION

ON SEISMIC VULNERABILITY FUNCTIONS

3.1 Damage indicators

For purposes related to the assessment of seismic vul-
nerability functions of structural systems of multistory
buildings, it is convenient to measure physical damage
by means of indicators that are strongly correlated with
the potential reductions in strength, stiffness, deforma-
tion capacity and energy-dissipation capacity of those
systems when subjected to seismic excitations. Those
indicators can be referred to the global or to the local
properties of the system, either to critical sections of
individual members or to assemblages of them, such
as building stories. In those cases when the spatial dis-
tribution of damage is approximately uniform, global
indicators of damage are sufficient to obtain reason-
able estimates of the influence of the latter variable
on the seismic vulnerability function of the system.
In other cases, it will be necessary to identify the
potential failure modes for the whole system or for
significant portions of it that may be triggered by local
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failures at the members or system segments where
damage concentrations take place; failure probabili-
ties will then have to be estimated taking into account
the possibilities of occurrence of all significant failure
modes.

Both global and local damage can be measured by
different types of indicators; some of them are based
on peak amplitudes of response demands, while others
take into account concepts related to dissipated energy
or to low-cycle fatigue indexes.

3.2 Damage identification and estimation

Severe local damage concentrations at critical sections
of structural members can often be visually identified.
If the visual information suffices to make reasonable
quantitative estimates of the damage levels at those
sections, they can be incorporated into an updated
mechanical model of the whole system and used to
assess the expected influence of the residual damage
on the potential increase of its vulnerability function
under the action of a future external excitation, in this
case an earthquake ground motion of unknown inten-
sity. Decisions about repair and maintenance actions
can then be made in terms of risk-acceptance and
cost-benefit criteria, formulated within a life-cycle
framework.

In many cases, visual inspection may not pro-
vide enough quantitative information about the local-
damage levels and, as a consequence, about their
potential impact on the increase of the seismic vul-
nerability function of the system. This may occur, for
instance, if main structural members are hidden by
some architectural finishing elements the removal of
which might be considered too expensive; it may also
happen in hysteretic energy-dissipating devices, which
may not show any evidence of damage before the fail-
ure condition by low-cycle fatigue is reached. In many
of these cases it would be justified to make preliminary
estimates of local and global damage after the occur-
rence of moderate and high intensity events. These
estimates can be derived from instrumental response
records obtained during those events or from simulated
time histories of local strains or distortions at critical
sections, generated by means of mathematical mod-
els of the system; they can also be based on structural
health monitoring studies performed after the occur-
rence of excitations deemed to be significant. If these
damage estimates lead to significant increments in the
values of the seismic vulnerability function, further
actions should be taken to improve the knowledge of
the decision maker about the local damage conditions
and their possible impact on the updating of the latter
function. The first step might be to perform a detailed
visual inspection, covering all the critical sections that
form part of each relevant global failure mechanism.
Final estimates of the vulnerability function should
include the information coming from the visual inspec-
tion as well as that derived from the previous steps.
For this purpose, probabilistic models of the epistemic
uncertainties associated with the local damage levels



and the corresponding mechanical properties should
be developed in accordance with Bayesian probability
concepts.

3.3 Spatial distribution of damage: Its implication
on seismic vulnerability functions and
long-term expected performance

Spatial distribution of damage throughout a structural
system is often characterized by significant irregular-
ities. Damage concentrations tend to occur at those
elements or sub-assemblages with the highest ratios
of the magnitudes of the internal forces associated
with the accidental excitations (earthquake ground
motions, in this example) to those corresponding to the
permanent loads. Because the mentioned irregularities
determine the dominant potential failure mechanisms
of the system under the action of future earthquakes,
the functions relating the expected increments in the
seismic vulnerability functions to the global indi-
cators of initial damage are affected by very large
uncertainties.

The influence of damage accumulation on the
expected seismic performance of the systems can be
expressed in terms of the increasing values of the
expected failure rates vg, determined in accordance
with the following equation:

oo

dvy(y)
ve = fy = =5 F Pe()dy

(2)

Here, vy (y) is the seismic hazard function at the site,
expressed in terms of the mean annual rate of occur-
rence of intensities greater than y, and Pg(y) is the
probability of failure given that the intensity is equal to
y. This probability grows with time, as the accumulated
damage grows.

4 LIFE-CYCLE ANALYSIS INCLUDING
DAMAGE ACCUMULATION

Within a life-cycle framework, a utility function as
given by Equation 3 is defined as the sum of the present
values of the expected benefits and costs to be gener-
ated since the construction of the system to its eventual
demolition or abandonment:
U =B-Co—E[Z2, D] 3)
In this equation, Cq is the initial construction cost,
B is the present value of the expected benefits to be
received while the system remains in operation, E[-] is
the expected value, T; is the unknown time of occur-
rence of seismic event i, D; is the expected value of
the costs associated with the potential damage gener-
ated by this event and y is the discount coefficient that
transforms instantaneous values at any time to present
values at the decision-making time; as explained by
Esteva et al (2011), D; includes both the expected
costs of damage in case of survival of the system and
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the expected cost of collapse multiplied by the failure
probability for the intensity of the seismic event con-
sidered. In applications of Equation 1, the influence of
damage accumulation is taken into account by adjust-
ing the model used to estimate E[D; ”"'] as a function
of the damage indicator D; _ 4, at the end of eventi — 1,
and the potential reductions in the value of this indi-
cator arising from the repair and maintenance actions
that may be performed after that event.

Esteva and Diaz (1993) and Esteva et al (2011)
present detailed probabilistic models to be used in
the formulation of optimum decisions about minimum
threshold values of residual damage levels demand-
ing repair and maintenance actions, including possible
preventive replacement of energy-dissipating devices.
Those models include expressions for the transition
probabilities of the value of D;_; to that of Dj, as
functions of the intensity of the i-th event. Because
of the epistemic uncertainties affecting the values of
Di_1, as estimated from the information available
after the occurrence of the i-th event, the probabil-
ity of performing the required repair and maintenance
actions when the specified threshold value is reached
or exceeded will often be smaller than unity. This
concept has to be taken into account in the formulation
of practical decision criteria.

5 APPLICATIONS

5.1 Reliability and expected-damage functions:
Ilustrative examples

In the following paragraphs, a summary is presented
of the main results of a study about a) the expected-
damage produced by earthquakes of different intensi-
ties on several reinforced concrete buildings and b)
the influence of damage accumulation on the seis-
mic reliability and vulnerability functions of those
systems, expressed in terms of the ground motion
intensity (Vasquez, 2010). Two six-story and two ten-
story buildings were considered, assumed to be built
at a soft-soil site in Mexico City. Two reduced design
spectra were considered for each pair of buildings,
corresponding to two different values of the nominal
ductility factor (Q =2, 4) intended to account for non-
linear dynamic response behavior. In the following,
these buildings are designated as B6-2, B6-4, B10-2
and B10-4, where the first number in each case
identifies the number of stories and the second num-
ber corresponds to the value of Q. The fundamental
periods of the systems, including the influence of soil-
structure interaction, are equal to 0.892s and 0.984 s
for buildings B6-2 and B6-4, and 1.04s and 1.302s
for B10-2 and B10-4, respectively.

In order to account for uncertainties about the
gravitational loads and the mechanical properties of
structural members, a sample of random values of
those variables was generated by Monte Carlo sim-
ulation. Each system generated in this manner was
subjected to an artificial ground motion time history
simulated in accordance with the criterion proposed



by Ismael and Esteva (2006). In the dynamic response
studies, the nonlinear behavior of the systems consid-
ered was assumed to be concentrated at plastic hinges
at the ends of beams and columns. A stiffness degrad-
ing model proposed by Campos and Esteva (1997) was
used to represent the constitutive functions relating
moment and curvature at those hinges. For each struc-
tural member, the damage index was taken equal to
the average of the local damage at its two ends. The
global damage for the whole system, designated as
Ior in the following, was taken equal to the average
of the damage at all the members. Considering that
the global damage determined in this manner does not
provide any information about the spatial distribution
of damage and, therefore, about its implications on the
reliability of the system as a whole, it was decided to
define a normalized damage indeX, Ippny = Ipe/IFE,
where I is the value of Ipr required to produce
global failure of the system. For practical reasons, it
would have been convenient to determine the value
of Ige for any given system taking the values of the
gravitational loads and of the mechanical properties
of the structural members deterministically equal to
their expected values; however, in the examples that
follow, the value of Igg for each particular system
was determined using the random values of the sys-
tem properties that were generated by Monte Carlo
simulation, as proposed in the preceding paragraphs.

A comparison between the values of the damage
and normalized damage indexes for systems B6-2 and
B10-4 as functions of the intensity y has been presented
by Vasquez (2010). The latter variable is measured by
the ordinate of the linear pseudo-acceleration response
spectrum of the ground motion excitation, for the fun-
damental natural period of the system considered and
for a damping ratio equal to 5 percent; it is expressed
as a factor to be applied to the acceleration of grav-
ity. Large values of the ratio Ipgy /Ipe resulted from
non-uniform distribution of local damage along the
building height. These values are higher for Q = 4 than
for Q =2, asitshould be expected, as a consequence of
the higher levels of nonlinear behavior expected to be
experienced by the former systems. For high intensi-
ties the values of Ipg are concentrated at two opposite
ends: one corresponding to collapse and another cov-
ering a narrow band of low values. The wide variability
in the values of Ipg can be ascribed to the statistical
deviations in the mechanical properties of the mem-
bers of the random population of structures used to
account for the uncertainties about those properties
for each system studied; however, the reason for hav-
ing the values of Ipg concentrated near its upper and
lower limits is not clear.

For a number of members in the sample of simu-
lated systems associated with each of the basic systems
(B6-2, B6-4, B10-2 and B10-4), the influence of ini-
tial damage Ipr on the final normalized damage as a
function of the intensity was estimated by subjecting
each of those simulated systems to ten ground motion
time histories corresponding to each given intensity.
The information obtained in this manner can be used
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to obtain cumulative damage functions for the basic
systems considered, in terms of intensity and initial
damage; these functions can be applied in engineering
decisions related to optimum threshold damage levels
for repair and maintenance actions.

The influence of initial damage on the failure prob-
ability functions of systems B6-2 and B10-4 is shown
in Figure 2. These functions were derived from pre-
viously determined seismic reliability functions B(y),
following the definition by Cornell (1969). The lat-
ter functions were estimated using the maximum
likelihood approach proposed by Esteva and Ismael
(2003).

The seismic hazard function for the four basic sys-
tems considered are similar to that shown in Figure 3,
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Figure 2. Influence of initial damage on the failure
probability functions of systems B6-2 and B10-4.

1.0E+01 -

1.0E+00 |

1.0€-01 |
= 10602 |
= |

1.06-03

1.06-04 |

1.0E-05 .
100 1000
y (em/s?)

10000

Figure 3. Seismic hazard function for system B6-2.



which corresponds to system B6-2; the intensities
are measured by the ordinates of the linear pseudo-
acceleration response spectra for 0.05 damping, for the
fundamental natural periods of those systems, calcu-
lated taking the gravitational loads and the mechanical
properties equal to the corresponding mean values.
The resulting expected failure rates were determined
according to Equation 2, in terms of the initial dam-
age; they are presented in Figure 4 for systems B6-2
and B6-4. It was observed that a normalized dam-
age index of 0.15 produces an increase by a factor
of 10 in the expected failure rates in buildings B6-2
and B10-2 and by a factor of 4 in buildings B6-4
and B10-4.

5.2 Optimum repair and maintenance strategies

Several illustrative examples have been developed by
Vasquez (2010) and Leodn (2010), aiming at show-
ing the impact of the damage-threshold level adopted
for repair and maintenance actions within a decision-
making criterion based on the maximization of the
utility function given in Equation 3. The evaluation of
D; is made in accordance with the approach proposed
by Esteva and Diaz (1993).

For simplicity, the following assumptions are made:

a) The expected damage terms D; do not include the
costs associated with non-structural damage for
the condition of system survival, but only those
when it collapses.

b) The initial cost Cq corresponds to a system with
mechanical properties resulting from previously
established design requirements.

¢) The damage threshold level is expressed in terms
of the global indicator. It is assumed that when the
repair and maintenance actions are performed the
system as a whole returns to a condition of zero
damage.

d) The probability of repair is equal to 1.0 once the
specified threshold level is reached. This implies
that the decision maker counts with perfect infor-
mation about the global damage level at the end of
each seismic event.

Life-cycle expected-damage-cost functions U /Cy
in terms of the damage-threshold repair index D, were
determined for systems B6-2, B6-4, B10-2 and B10-4,
in accordance with Equation 3. Extensive results are
presented by Vasquez (2010) and Ledn (2010), both
for RC frame systems and for cases including energy-
dissipating devices. One particular case is shown in
Fig. 5, where it is easy to appreciate that the util-
ity function is not very sensitive to D, for cases
designed assuming a nominal value of the ductility fac-
tor Q = 2. This is a consequence of the lower damage
levels expected for a system designed for higher lateral
forces, because in these cases it was assumed that the
moment-curvature constitutive functions for the struc-
tural members in the systems designed for Q =2 and
Q =4 are the same. These results are consistent with
those presented by Esteva et al (2011).
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6 DISCUSSION AND CONCLUDING
REMARKS

6.1 General conclusions

The studies reported here are intended to provide some
gross information about the potential influence of
structural damage accumulation on the expected seis-
mic performance of multistory buildings. Its scope is
limited to structural damage due to seismic excitations;
however, it is recognized that damage due to other
excitations, such as differential settlements, can also
be of high relevance in this respect.

For simplicity, in the life-cycle studies presented
here structural damage is expressed in terms of a



global indicator; the influence of spatial distribution
is disregarded. Therefore, decisions about repair of
structural members and replacement of EDD’s are not
performed on a member-by-member basis, but in
accordance with the global-damage indicator. This
simplification may contribute to significant uncertain-
ties in final damage estimates.

For the cases studied here, it was found that incre-
ments by a factor as high as 10 in the expected failure
rates can be generated by residual damage levels of
about 0.15.

Because of the many variables that affect spatial dis-
tribution of damage on different structural systems, it
is not considered feasible to perform parametric stud-
ies about the concepts studied in this article; it is only
intended to present a glimpse about the orders of mag-
nitude of the influence of damage accumulation on
some relevant indicators of life-cycle seismic expected
performance for some typical building systems.

6.2 Recommendations for future studies

Near-future research activities are should be aimed
at improving engineering tools for the assessment
of the influence of initial structural damage on
the seismic reliability and expected performance of
multistory buildings and for the selection of efficient
repair and maintenance strategies. Some specific con-
cepts requiring attention are:

a) Efficient criteria and methods to estimate and
identify local damage and its relation with global
damage, including both instrumental records and
analytical models.

b) Selection of “efficient” damage distribution pat-
terns; i.e.locations where damage should be made
to concentrate, so that they lead to easy, reliable
and efficient retrofit actions.

¢) Application of the foregoing concepts to three-
dimensional systems subjected to two simultane-
ous horizontal components.
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Sustainable design of structures: The outcomes of the COST

Action C25-WG3

R. Landolfo
University of Naples “Federico I11”’, Naples, Italy

ABSTRACT: This lecture reports the outcomes of four years of activity carried out within the framework of the
COST Action C25 by the members of the Working Group 3 (WG3). After an introduction of the project as a whole,
the main results achieved by WG3 are presented and discussed. The main topics covered within WG3 dealt with
life-time damage processes, life-time assessment and design, life-time monitoring and condition assessment,
maintenance repair and rehabilitation as well as demolition and deconstruction of buildings and bridges. More
than 50 scientists and experts coming from all over the world contributed to the work of WG3 with the aim to
collect methods and practices in the field of sustainable structural design. The Working Group Members have
collaboratively examined theories, methods and tools sharing past acquired knowledge and cooperating for the

development of joint case studies within the project.

Nowadays, the enhancement of sustainability of the
built environment has become a pressing issue touch-
ing all the construction industry and related activities.

In this framework, the Action C25 “Sustainability
of Constructions: Integrated Approach to Life-time
Structural Engineering” (Braganca et al., 2011a), was
launched in 2006 with the aim to promote a sci-
entific understanding of life-time engineering and
to boost science-based advancement of sustainable
construction in Europe.

The project involved more than one hundred
researchers, engineers and architects from 28 countries
and it was focused on the problem of “Sustainability
of Constructions” which refers to the combination of
methods of structural engineering with those of envi-
ronmental impact assessment and life-cycle economy.

The Action C25 was organized in three Working
Groups in accordance with the main research areas
identified as necessary for the objectives:

e WGL1 - Criteria for Sustainable Constructions;
o WG2 - Eco-efficiency;
o WG3 - Life-time structural engineering.

WG1 was devoted to the collection and review of
global methodology for the assessment of Sustain-
able Design and Construction with a specific focus
on of standards and literature on Life-cycle cost
and environmental impact analysis (Braganca et al.,
2011a).

WG2 dealt with the application of new materials and
technology for the improvement of the environmental
performance, the comfort and the energy performance
of buildings (Braganca et al., 2011a).

WG3 dealt mainly with topics related to design
for durability, life-cycle performances, condition
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Figure 1. The COST Action C25 logo.

assessment, maintenance and repair techniques as well
as problems related to end of life of constructions
(Landolfo, 2011).

The main objective of WG3 was the collection
of methods and practices in the field of life-cycle
structural engineering with a strong emphasis on the
question related to sustainability.

More than 50 scientist and experts coming from all
over the world contributed to the work of WG3 with
the aim to collect methods and practices in the field of
sustainable structural design.

The Working Group Members have collaboratively
examined theories, methods and tools, sharing past
acquired knowledge and producing novel scientific
results within the project.

In order to cover to analyze the different stage of the
life-cycle according to a performance based approach,
WG3 has been organized in two Working Packages,
namely WP8 and WP9.



The main aim of WP8 (Landolfo & Vesikari, 2011)
was to analyze the different procedures and methods
for service life design of structures.

In particular, the main tasks of WP8 were the
survey of the state-of-the-art concerning verifica-
tion methods for service life design and the analysis
of degradation models for prediction of durability
performances over time.

WP9 (Hechler, 2011) was mainly concerned with
the problem of monitoring the life-cycle perfor-
mances, maintenance and end-of-life scenarios.

The main tasks of WP9 were: the analysis of
maintenance, repair and rehabilitation techniques and
planning; the survey and condition assessment of
structures in terms of safety and functionality; the
classification and planning of demolition and decon-
struction systems.

In this context, several contributions were prepared
by WG3 members and invited experts during the four
years of the Action, which have been collected in a
final summary report (Braganca et al., 2011b).

The report has been organized in five main sections,
each devoted to a specific stage of the construction
life-cycle, from the design stage until the end of life.

In line with that, the first part of the summary report
is devoted to a critical review of the different method-
ologies developed in the framework of international
scientific literature for the verification of the struc-
tural performance over the life-cycle An overview of
service life design methods outlined in international
standards and codes has been presented as well.

The second part of the report deals with the problem
of modeling the deterioration of structural materials
which represent one of the most critical issue for the
life-cycle performance evaluation of structures.

In this context, WG3 attempted to provide an
overview of the degradations models developed in the
framework of scientific literatures for concrete, steel,
masonry and timber structures.

The third part collects information concerning the
state of art, the specification, the implementation and
the operation of monitoring systems. Besides different
methodologies developed for the condition assessment
of buildings and bridges are reported as well.

The fourth section is devoted to the problem of
maintenance, repair and rehabilitation of building and
bridges. Following a general presentation of com-
puter based systems for the management of construc-
tions, different theories and techniques of structural
interventions are reported.

Finally the last part of the report is devoted to the
end of life of the constructions covering topics related
to demolition and deconstructions methods and prac-
tices. In particular, the key principles of the design
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strategies aimed at improving the re-use and recycling
of buildings and components are presented, including
design for adaptability, for dismantling and design for
deconstruction.
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Sustainable asset preservation at the Austrian Federal Railways

A. Mattha
OBB Infrastruktur AG, CEO, Vienna, Austria

ABSTRACT: Increasing degree of track volume, higher transport tonnage, shorter intervals for suburban trains
and increasing speeds are the most important features of the Austrian rail-network from the customers’ point
of view. The basic conditions mentioned before and the rising cost pressure call for higher requirements for
the maintenance of the track system. One of the most important aspects for the OBB-Infrastruktur AG is the
sustainability of the track maintenance. To achieve this sustainability it was necessary to implement a batch of
several tasks that are based on LCC analyses. LCC analyses to gather the cost drivers, LCC strategies for the main
fields of application, Life-Cycle Management of the Permanent Way, New track machinery, further development
of the Condition Monitoring, Design Engineering with the focus on LCC reduction, Implementation of a Life-
Cycle Management group. OBB infrastructure is doing the fully decision making based on LCC. The positive
results of the work done in the last years can be shown in many figures, e.g. the reduction of the number of slow
orders.

1 LCC COST ANALYSES have to be taken into account when choosing the right
track maintenance and renewal method.

Since 1998 OBB infrastructure cooperates with the

Technical University of Graz in the field of LCC

analyses [1]. These LCC analyses were done for the 2 STRATEGIC OBJECTIVES

relevant fields of application, starting with the perma-

nent way (PWay). The calculation brought up a deeper ~ The strategic objective of the OBB-Infrastruktur AG

understanding of the cost drivers. is to increase the reachable service life of the infras-

The PWay analysis delivered the normalised annual  tructure components and the reduction of the need of

costs divided into depreciation costs (investment costs ~ maintenance at once. This is not an impossible task, but

divided by the life span), operational hindrance costs it requires an appropriate design and construction and

(costs for the effect of maintenance based track pos-  a consequent realisation of the maintenance strategy.

session) and the core maintenance costs. The LCC Track closures have to be reduced as much as possi-

analysis of bridges, tunnels and the catenary show the  ble. To achieve this aim, different maintenance works

same results. The depreciation costs are always the ~ were concentrated to one track closure during the

main cost drivers. But also the high depreciation costs  last years as far as possible. The long-term planned
increase of the maximum axle load from 22.5 to 25
tons also has to be considered when maintenance work
is performed.

& B deprociation
7"  cperational hindrance costs 3 LCC STRATEGIES FOR THE MAIN FIELDS
; & B maintenance costs OF APPLICATION
; Based on the LCC calculations a LCC strategy was
£ ” developed for the main fields of application. Due to
E ¥ E : l the influence of the depreciation costs the goal must
0 be a prolonging of the service life of the main tech-
H 19 100 nical equipment. Of course you should pay attention
sl bt to the investment costs, but installing products with a
reduced life span is never economical. To reduce the
Figure 1. LCC analysis of the permanent way. operational hindrance costs it is necessary to install
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Figure 2. Reinforced concrete bridge at OBB.

components with low maintenance needed. A pro-
longed service life in combination with a reduced
maintenance is the goal to be achieved, even the invest-
ment costs are a bit higher. Fig. 2 shows a modern
bridge installed at OBB. The calculated life span is
100 years. Instead of the former steel bridges just lit-
tle maintenance is needed to provide the functionality
over this long time [2].

4 LIFE-CYCLE MANAGEMENT OF THE
PERMANENT WAY

Since 2005 technical investment strategies exist for
the main fields of application. Due to the situation
that a big amount of the maintenance budget is used
for the permanent way special attention was paid for
that subject. In the last 10 years a modern Condition
Monitoring was developed to give the precise track
condition and the need of maintenance. A focus was
also laid on the Design Engineering of the tracks, esp.
in sharp curves. Additionally OBB has installed a life-
cycle management group that is regularly doing LCC
analysis when tracks have to be renewed.

5 NEW TRACK MACHINERY

Due to the influence of the operational hindrance costs
OBB is forced to use the state-of-the-art maintenance
and renewal machines with highest output and highest
quality.

An important maintenance work of the permanent
way is to ensure the correct track geometry quality.
In the OBB-network this tamping work is done with
the so called MDZ machinery. MDZ 3000 exists of a
4-sleeper-tamping-machine 09-4X, the track stabiliser
DGS and the ballast distribution system BDS.

The tamping machine 09-4X delivers highest out-
put with highest quality. Within one operation cycle 4
sleepers are tamped at the same time. After this work
the track has to be stabilised by the track stabiliser that
is doing the initial compacting and lateral stabilising of
the track. The BDS reinstalls the correct ballast profile
and due to the possibility of temporarily ballast storing
the ballast can be moved to sections where it is needed
in an economic way.

The track renewal is also done by rail-mounted
machinery. Highest initial quality is the goal to be
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Figure3. MDZ machinery at work (tamping machine, track
stabiliser, ballast distribution system).

Figure 4. Subsoil rehabilitation with PM 1000 URM - 5
layers can be installed in one working cycle.

achieved. With the modern machinery a track renewal
of a 5km section lasts only 10 days, including the
additional side work.

The economic renewal length in most cases is the
renewal of a whole section between two stations (in
Austria approx. 4 to 5km). Additional drainage and
subsoil works should be finished within the renewal
time.

The high initial quality can be measured by the
PWay measurement coach. The longitudinal level of
the track (vertical irregularities) is showing values
between 0.3 and 0.4 mm standard deviation.

In the last 18 years about 700 km of the tracks in
Austria were subsoil-rehabilitated with high economic
and high output machinery. Instead of the classic way —
to use diggers and lorries — nowadays the formation
layer of 0.4 m is installed with rail-mounted machin-
ery. The machinery uses the former existing and then
crushed ballast material to reinstall it as formation
layer material. The optimum moisture content helps
to get an optimum of the compacting of the formation
layer.

With the newest system — the so called PM
1000 URM - the machinery was further developed.
5 layers can be installed in one working cycle and the
removed material can be 100% recycled.

6 FURTHER DEVELOPMENT OF THE
CONDITION MONITORING

Two to four times a year the Permanent Way measur-
ing coach EM 250 is running on the tracks of OBB.
EM 250 is doing it up to a speed of 250 km/h and
is measuring more than 100 signals every 25cm, e.g.
longitudinal level of the track, the wear of the rail and
the curvature.



Figure 5. The Permanent Way measuring coach EM 250 is
running with a speed of up to 250 km/h.
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Figure 6. Example of the NATAS (new Austrian track
analysing system) chart — overlay of track measuring signals
and georadar information.

Since 2001 the data of the PWay coach is stored in
digital form. The measurement signals can be easily
combined with other information. Fig. 6 shows one of
the so called NATAS (new Austrian track analysing
system) charts. The history of the track degradation
(sections with bad subsoil show higher settlement
rates) is overlayed with a diagram coming from geo-
radar measurements. This analysis tool helps to do
maintenance planning with a new quality. Not the
effect has to be maintained and repaired but the root
cause. In many cases the condition of the drainage is
influencing the track quality in a bad way.

For every 100m section of the OBB network it
exists a “digital history” of 10 years (Fig. 7). The
degradation rate can be recalculated from this diagram.
Long term effects, e.g. coming from the formation
rehabilitation, can be shown in a modern way.

Fig. 8 shows another NATAS chart. Due to the
poor condition of the fastenings the rail foot distance
(inner distance between the rails) becomes bigger. The
track masters can find these sections via analysing the
NATAS charts. A big step in the Condition Monitoring.

The measuring signal rail inclination allows detect-
ing the condition of the rail pads — the plastic or rubber
material that is used for the load distribution between
rail and sleepers.
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Figure 7. History of a certain 100 m section of the track.

The lateral forces in curves lead to a one-sided load
of the rail pads. The pads therefore show this one-
sided wear behaviour. With the measuring signal rail
inclination the condition of the rail pads can be recal-
culated. The signal allows doing a strategic planning
of the pads. The pads are not very costly itself, but the
repading work. And — if the repading was done too
late — the life span of the whole track can be reduced
significantly.

An additional effort is that with consequent
analysing of the signal rail inclination some rail pad
material with a better wear behaviour was found.

This is the output of a test track in Upper Styria
where OBB had installed a test run with 22 different
rail pads. The new pads cost a bit more than the former
one, but show a significantly better wear behaviour.

The rails all over the world suffer more and more
from rolling contact fatigue, this is a result of using
more powerful locomotives. The failure type is not
serious at the early stage but can lead to a breakage
of the rails over the time if the countermeasure rail
grinding was done too late. Therefore it is necessary
to detect the early rail cracking in the very beginning.
A special test method was developed in the last years.
This eddy current testing is more and more used to
detect sections with beginning rolling contact fatigue
on the rail head. The results are consequently used for
the maintenance planning.
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Figure 9. The measuring signal rail inclination allows detecting the condition of the rail pads.

7 DESIGN ENGINEERING WITH THE pressures in the rail fastening caused by higher rail

FOCUS ON LCC REDUCTION head deflections. This is a disadvantage in the curvy

Austrian rail-network

One aspect of railway systems — including the track
system —are long service life. The long life-cycles can
only be achieved with a suitable design of the track
and other technical lineside equipment combined a
high-quality maintenance. 40% of the Austrian track is located in curves.

The designated life-cycle for track systems depends ~ Therefore it is important to install rails with reduced
on the curve radius and traffic and is between 30 and ~ wear rates. Modern rails are head hardened, a spe-
37 years. cial production method as shown in Fig. 11. The

Unfortunately, many tracks had to be renewed ear-  Brinell hardness of these rails increases to a value of
lier due to different reasons. Two of those reasons are 350 and higher. Additional investment costs of 10%
decisions which were made in the past and have not  on the one hand, an increase of the service life
been sustainable. of the rails with the factor of 3 (sharp curves) on the
other hand.

A new track construction for narrow curves was
developed in the last years. The new track shows little
maintenance needs and an expected prolonged service
This rail has a too low bottom width of only 125mm  life. The rails do not show the resonance phenomena of
compared to its weight per metre. This lead to higher  rail corrugation — they are typical for narrow curves —

o Furthermore, the rail fastening on concrete sleeper
tracks was changed from ripped plates to the
W-fastening which has not yet been strong enough.

o For the change from the 49-kg rail to the new
54-kg rail, the OBB-Infrastruktur AG used a
geometric unbalanced rail 54 E2.
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Figure 11. Head hardening of rails.

anymore. Corrugated tracks are up to 15dB louder
than non-corrugated ones [3].

An additional component is used regularly in the
OBBs’ tracks. Under sleeper pads help to reduce the
forces within the ballast bed. The output is a prolong-
ing of the service life of the ballast bed (Fig. 13).

8 LIFE-CYCLE COST ANALYSIS FOR
EVERY TRACK RENEWAL

OBB has established a life-cycle management depart-
ment that is analysing all bigger investment projects.
The decision to do a complete track renewal is there-
fore done by the new analysing tools (the technical
documentation) in combination with an LCC analysis
(the economical documentation). This helps to do the
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Figure 12.  Effect of the new track design — the reduction of
the rail corrugation: track construction 2000 (top) and 2010
(bottom).



Figure 13. Reduction of ballast wear due to the installation of under sleeper pad.

Lange der La's inkm

Figure 14. Reduction of the number of slow orders since
2009 — one output of the consequent life-cycle decision
making of OBB-Infrastruktur AG.

decision making with a new quality — the goal “to do
the right measure at the right time” is achieved.

9 QUALITY FIGURES

Fig. 14 shows the output of the consequent LCC-
based decision making. Since the implementation of

74

the OBB-Infrastruktur AG on Jan 1st 2009 the number
of condition based slow orders could dramatically be
reduced.

10 SUMMARY

Much efforts have been put on the life-cycle cost aspect
in the last years. The OBB-Infrastruktur AG is trying
for several years to provide a sustainable maintenance
of their infrastructure. The aim is to plan the main-
tenance and renewal works so, that the best service
life with proper dimensioned track systems can be
achieved.

The results and quality figures show that the Aus-
trian Federal Railways are on the right way regarding
the sustainability of the technical equipment. OBB
infrastructure is ready to tackle the tasks of the
future.

REFERENCES

“Projekt Strategie Fahrweg” Prof. Peter Vit Habilitationss-
chrift TU Graz 1999

“Nutzungsdauer von Eisenbahnbriicken”
Simandl Briickenfachtagung 2011

“Zur Verschleifreduktion von Gleisen in engen Bogen”
Dr. Florian Auer Dissertation TU Graz 2010

Dr.  Thomas



MINI-SYMPOSIA

Vibration-based health monitoring, damage identification,

and parameter estimation for civil engineering structures
Organizers: C. Papadimitriou, G. Lombaert, G. De Roeck & E. Reynders



This page intentionally left blank



Life-Cycle and Sustainability of Civil Infrastructure Systems — Strauss, Frangopol & Bergmeister (Eds)
© 2013 Taylor & Francis Group, London, ISBN 978-0-415-62126-7

Dynamic methods for health monitoring and structural identification

of bridges

F. Benedettini
University of L’Aquila, L'Aquila, Italy

A. Morassi
University of Udine, Udine, Italy

F. Vestroni
University of Roma *““La Sapienza”, Roma, Italy

ABSTRACT

Assessment of structural conditions of bridges by
means of dynamic testing is a crucial task in every
effective maintenance program. However, mainly due
to economic reasons, bridge structures and infra-
structures are usually monitored through visual inspec-
tions without performing any experimental test.
Dynamic forced vibrations are carried out only in
special cases, when the relevance of the structure is
high or the damage conditions are critical. On the
contrary, dynamic testing in operational conditions
is directly related to low costs and simplification of
in-situ surveys suitable for a large number of bridges.
Dynamic data are important per se, but they can
provide more meaningful results if they are used to
validate a mathematical model of the structure under
investigation, enabling to estimate important mechan-
ical properties, such as the stiffness coefficient of
structural elements and boundary conditions. ldentifi-
cation of structural modifications is another important
goal of dynamic testing on bridges. Repeated tests over
time can indicate the emergence of possible damage
occurring during the structure’s lifetime or the effect of
restoration works carried out on the bridge, providing
quantitative estimates of the level of residual safety.
Recent technological progress has generated accu-
rate and reliable experimental methods, enabling good
estimates of the dynamic response of a structural
system. Although experimental techniques are now
well-established, the interpretation of measurements
still lags somewhat behind. This particularly concerns
structural identification and damage detection due to
their nature of inverse problems. Indeed, in these appli-
cations it is desirable to determine some mechanical
properties of a system or to improve the description of
some structural component on the basis of measure-
ments of its response. Hence, typical aspects of inverse
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problems arise, such as high nonlinearity, nonunique-
ness, or noncontinuous dependence of the solution on
the data. When identification techniques are applied
to the study of real-world bridges, additional obstacles
are found given the complexity of structural modeling,
the inaccuracy of the analytical models used to inter-
pret experiments, measurement errors, and incomplete
field data.

Development of dynamic methods for health mon-
itoring and structural identification of bridges based
on output-only vibrations is the objective of a joint
research program conducted by the Universities of
L’ Aquila, Rome and Udine in cooperation with Local
Public Territorial Authorities. In this paper, after
describing in section 2 the role of dynamical tests
in SHM programs, and also their actual limits, two
main case studies have been considered. The results of
a series of output-only vibration tests carried out on
a new curved, fifteen-span, post-tensioned reinforced
concrete viaduct are presented and discussed in section
3. The viaduct belongs to the highway line connecting
the cities of Pordenone and Conegliano, in the North
East of Italy. Main purpose of the experimental survey
was the evaluation of the dynamic performance of the
viaduct and, in particular, of the deck super-structure
under regular traffic load. Section 4 concerns with the
output-only based dynamic characterization of a class
of existing twin arches bridges located near the city of
Teramo, in Central Italy. In particular, only the case of
the Valle Castellana Bridge is described in detail. The
main purpose here was to quantify the effects of some
restoration works that were needed on the bridge after
an exceptional flood on 2008. Both the experiences
have shown that dynamic test data contain essential
information in order to improve the knowledge of the
actual dynamic behavior of a bridge and to evaluate its
structural performance.
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Structural health monitoring of a centenary iron arch bridge

F. Busatta, C. Gentile & A. Saisi
Politecnico di Milano, Milan, Italy

ABSTRACT

The San Michele bridge, also known as Paderno
bridge, is an iron arch bridge (Fig. 1) built in 1889
about 50 km far from Milan. It is the most important
monument of XIX century iron architecture in Italy
and still used as a combined road and railway bridge
(Nasce et al. 1984).

In order to assess the structural health condition of
the historic bridge, Ambient Vibration Tests (AVTS)
were performed in 2009 on the roadway deck of
the bridge. These tests (Gentile & Saisi 2011) repre-
sented the first experimental survey carried out on the
global characteristics of the bridge since the original
static proof tests (1889-1892) and highlighted that: (a)
the vertical bending modes were non-symmetric with
respect to the vertical plane containing the longitudi-
nal axis of the bridge, indicating the different state of
preservation of the iron members on the downstream
and upstream sides; (b) under the service loads (road
traffic), the natural frequencies of vertical bending
modes exhibited slight variations, possibly depending
on the excitation/response level.

In addition, ambient vibration modal testing and
analysis turned out to be effective tools for assessing
the structural condition of the historic bridge. Conse-
quently, the main institutional owner of the bridge —
the Italian Railway Authority (RFI) — decided to install
a continuous monitoring system on the bridge.

In the first part of the paper, after a description of
the bridge, some results of the AVTs carried out in
March 2010 (with the aim of defining the position of
the sensors to be permanently installed in the bridge)
and in June 2011 (in order to further verifying the
design of the monitoring system) are presented.

In the second part of the paper, some details are
given on the monitoring system (Fig. 1) and the soft-
ware developed to continuously process the raw data
received and to automatically extract the modal param-
eters. In order to perform a reliable and robust auto-
mated modal identification, the Frequency Domain
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Figure 1. Elevation and cross-section of the San Michele
bridge and schematic of the monitoring system (dimensions
in m).

Decomposition (FDD, Brincker et al. 2001) technique
has been considered and a procedure for its automation
has been developed. Finally, the tracking of natural fre-
quencies — obtained by applying the automated FDD
technique to the data collected in the first weeks of
continuous monitoring — is presented and discussed.
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Structural identification of a super-tall tower by GPS and
accelerometer data fusion using a multi-rate Kalman filter

E.N. Chatzi

Institute of Structural Engineering, ETH, Zirich, Switzerland

C. Fuggini
D’Appolonia S.p.A., Genova, Italy

ABSTRACT

This work outlines a procedure for the effective fusion
of different types of sensor data, namely acceleration
and displacement records, aiming at the successful
simulation and monitoring of the behavior of large
structures under dynamic loading. Recent advances
in technology such as the improvements in Global
Position System (GPS) receivers, have offered easier
access to displacement information, while acceler-
ation is commonly available for instrumented civil
structures. In this study, a method of combining dis-
placement and acceleration data for the purpose of
structural health monitoring is demonstrated and the
example of a new innovative high-rise structure in
China, featuring a fully functional on-line monitoring
system is conceived as a test-case. The overall goal

l MTERTVEE.

Top Scction

Figure 1.
from (http://www.cse.polyu.edu.hk/benchmark/index.htm),
b) Location of the assumed measurement points for both GPS
and accelerometer sensors.

a) Actual tower instrumentation pattern taken

is to successfully fuse the heterogeneous measure-
ments, obtained on-line while sampled at different
frequencies. The tools employed involve a multi-rate
Kalman Filter scheme, as presented in (Smyth & Wu
2007) and an artificial White Noise (WN) observa-
tion technique necessary for eradicating the displace-
ment drift issue which stems from the integration
process. As shown in the application section, this
methodology is able to increase the accuracy of the
estimated quantities against the use of conventional
numerical processing methods. The application pre-
sented herein is inspired from an actual experimen-
tal campaign employed for the case of a super-tall
tower structure in China, as reported in (Casciati &
Fuggini 2009), (Casciati, Saleh, & Fuggini), (Faravelli,
Ubertini, & Fuggini). Although numerically generated,
data is assumed available from GPS receivers and uni-
axial accelerometers in the manner that these have
indeed been installed on the top level of the referenced
tower.
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Maintenance and rehabilitation of 19th century masonry buildings —

life-cycle aspects

A. Kolbitsch
Vienna University of Technology, Vienna, Austria

ABSTRACT

In Central Europe cities, a considerable high per-
centage of existing building stock was constructed
during the second half of the 19th century in the so
called period of promoterism. Considering the (fur-
ther) life-cycle costs of refurbished buildings of this
age, the knowledge about the remaining lifetime of the
load-bearing construction is one of the essential input
parameters.

In the course of investigations within the scope of
the Institute for Building Construction and Technology
over more than 20 years it turned out that evaluation
and restoration of masonry and timber constructions
has a considerable impact on the life-cycle costs for
these buildings.

Considering the future life-cycle costs of these
buildings the following main aspects have to be
considered:

— Evaluation of the actual loadbearing capacity of
timber floor constructions and masonry
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Figure 1. Age of residential buildings in Austria (Statistics
Austria).
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— Earthquake resistance of masonry constructions due
to mechanical properties of the mortar

— Evaluation of methods for repair and consolidation
under the aspects of sustainability

Several methods are presented which focus on the
detection of sever damage and on the rehabilitation of
existing structures in order to extend the lifetime of
existing structures for another 100 years.
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Dynamic damage identification using linear and nonlinear testing methods
on a two-span prestressed concrete bridge

J. Mahowald, S. Maas, F. Scherbaum & D. Waldmann
University of Luxembourg, Faculty of Sciences, Technology and Communication, Luxembourg, Luxembourg

A. Zuerbes
Fachhochschule Bingen, Bingen, Germany

ABSTRACT

Today, the reliability of civil engineering structures,
especially bridges, is a crucial issue regarding their
growing amount due to expanding mobility facilities.
Nowadays, as the cost for planning and construc-
tion is continuously increasing, service guarantees and
regular inspections get more and more important to
assure the serviceability of the engineering structures.
Furthermore, these inspections encounter sometimes
difficulties due to the complex handling, associated
with huge costs. Therefore, research is conducted on
several inspection techniques to simplify and improve
existing procedures and to introduce new methods.
The University of Luxembourg also studies in this
field of condition control of civil engineering struc-
tures by using dynamic and static testing methods.
These have the advantage that they can easily be set up
or implemented for condition monitoring.

In this paper the dynamic tests are carried out on
an artificially damaged two span prestressed concrete
bridge of 102m length, which is afterwards demol-
ished. The artificial damage is introduced by cutting
part of the prestressed tendons at a defined location
and by additional charging of the bridge with an experi-
mental load. The bridge is excited by swept sine signals
generated by special designed mobile machines, which
are able to control and measure the excitation force
amplitude and frequency in order to generate well
determined and clear signals above the noise level.
For each damage and loading scenario, changes of the
investigated parameters are explored and compared
to the reference state to identify damage and thereby
validate their individual potential as damage indicator.
The focus is held on the analysis of modal parame-
ters, i.e. the eigenfrequencies, modeshapes and their
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normalisation factors compared to the initial state in
order to highlight changes. The normalised eigenvec-
tors permit to calculate the flexibility matrix, i.e. the
inverse of the stiffness matrix, of a structure and, thus,
to detect and even localise modifications.

Moreover, studies on nonlinear phenomena, such
as an excitation-force-amplitude dependency of the
eigenfrequencies, which is known to emerge at con-
crete structures and the appearance of higher har-
monics due to increasing cracks in the concrete, are
examined. However, regarding these nonlinear param-
eters, no exact statement on the condition can be
made, since the amplitude dependency shown for dif-
ferent eigenmodes does not show any correlation to
the damage.

In contrast, for the linear investigated values, the
most influenced parameters turn out to be the eigen-
frequencies and modeshapes for some specific eigen-
modes. Regarding firstly the eigenfrequencies, clear
decreases are recognisable and are conform to the dam-
age introduced into the bridge. These variations on the
eigenfrequencies identify the changes on the structure,
i.e. cracks, but do not afford localisation considering
only this parameter. The analysis of the modeshapes is
evaluated for this issue. Changes are evident, but the
localisation regarding the identified modes rests dif-
ficult. Therefore, the flexibility matrices, calculated
from the identified modal parameters, are analysed
to discover the loss in stiffness. They yield accurate
results indicating and even, in contrast to the eigenfre-
quencies and modeshapes, localising damage in the
bridge. Moreover, the differences of the diagonal ele-
ments of the flexibility matrices show clearly the loca-
tion of damage, making this investigated parameter
adequate for further research on damage assessment
on civil engineering structures in situ.
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Structural health monitoring from on-line monitored vibration measurements

T.S. Maung, H.-P. Chen & A. Alani

School of Engineering, University of Greenwich, Chatham Maritime, Kent, UK

ABSTRACT

Condition assessment of existing civil infrastructure
systems has become a critical issue due to the dete-
rioration of structural performance and the require-
ments of structural safety. More reliable methods are
constantly required to detect and quantify local dam-
age in structures. This study attempts to develop a
method for on-line structural health monitoring by
detecting local damage in structures. Structural dam-
age is assumed to be associated with the reduction
of structural stiffness, which is represented by the
change in the coefficients associated with element
stiffness matrixes. These coefficients are then used
as damage parameters in structural damage identifi-
cation. Dynamics characteristics of the structure are
calculated by using Newmark’s numerical integra-
tion method based on measured acceleration data.
The vibration data of undamaged and damaged struc-
tures are directly adopted into the basic equation of
motion for the structure. Both the location and extent
of the damage are determined based on the inverse
predictions of damage parameters of the individual
elements. Moreover, real time changes of structural
damage in the elements can be determined from
on-line monitored vibration measurements.

In this study, a numerical example for a plane frame
structure is utilized to demonstrate the effectiveness of
the proposed approach. The structure is divided into
a number of elements in order to obtain better pre-
dictions of structural damage at more detailed level.
Figure 1 shows the results for the simulated damage
scenario involving the loss of stiffness in three ele-
ments, namely element numbers 10, 17 and 32 with
amount of 5%, 25% and 10%, respectively. The loca-
tion and extent of the simulated damage are correctly
identified from the continuously monitored vibration
data with considerations of damping effect in the
structure.

The results for the inverse predictions of various
simulated damage scenarios indicate that structural
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Figure 1. Inversely identified damage parameters in real

time for the simulated damage scenario where element 10,
17 and 32 damaged by 5%, 25% and 10%, respectively.

damage can be accurately identified at more detailed
level in terms of location and extent in the struc-
ture, even in the case when the number of damage
parameters is relatively large. The new proposed tech-
nique performs well and produces stable and reliable
results from the vibration measurements. The pro-
posed method therefore could be used to assess on-
line structural condition when local damage exists in
structures.
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Damage detection on the Champangshiehl bridge using blind source

separation

V.H. Nguyen, C. Rutten & J.-C. Golinval
University of Liege, Belgium

J. Mahowald, S. Maas & D. Waldmann
University of Luxembourg, Luxembourg

ABSTRACT

This paper addresses the problem of damage detec-
tion in civil engineering structures using character-
istic subspaces obtained from Principal Component
Analysis (PCA) of output-only measurements. Dam-
age detection is performed by comparing subspace
features between a reference (healthy) state and a cur-
rent (possibly damaged) state. The damage indicator
used in this study is the angular coherence between
subspaces.

The considered damage detection procedure is
illustrated on the Champangshiehl Bridge which is
a two span concrete box girder bridge located in
Luxembourg. Before its destruction, multiple damage
levels were intentionally created by cutting a growing
number of prestressed tendons. Vibration data were
acquired by the University of Luxembourg for each
damaged state at many locations on the bridge. As
previous studies demonstrated the large importance of
environmental factors on modal identification, special
care was taken to evaluate this influence during the test
campaign.
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Fast Bayesian structural damage localization and quantification
using high fidelity FE models and CMS techniques

D.-C. Papadioti & C. Papadimitriou
University of Thessaly, Volos, Greece

ABSTRACT

Bayesian estimators (Ntotsios et al. 2009) are pro-
posed for damage identification (localization and
quantification) of civil infrastructure using vibration
measurements. Damage occurring at one or more
structural components can be monitored by updat-
ing an appropriately parameterized Finite Element
(FE) model with parameters associated with the prop-
erties of the monitored structural components. The
actual damage occurring in the structure is predicted
by Bayesian model selection and updating of a fam-
ily of parameterized model classes with the members
in the model class family introduced to monitor the
large number of potential damage scenarios covering
most critical parts of the structure. Bayesian inference
ranks the plausible damage scenarios according to the
posterior probability of the corresponding parameter-
ized FE model classes. The most probable FE model
class is indicative of the location of damage, while the
severity of damage is inferred from the posterior prob-
ability of the model parameters of the most probable
model class.

Asymptotic approximations as well as efficient
stochastic simulation techniques (Ching & Chen 2007)
are presented for estimating the resulting probability
integrals. To reliably estimate damage, high fidelity
model class, often involving a large number of DOFs,
are introduced to simulate structural behavior. The
proposed Bayesian estimator requires a large num-
ber of FE model simulations to be carried out which
imposes severe computational limitations on the appli-
cation of the damage identification technique.

Component Mode Synthesis (CMS) techniques
(Craig & Bampton 1965) are effectively used in this
study to drastically reduce the computational effort
required to monitor the structure and identify damage
locations and severity. Following the CMS formu-
lation, dividing the structure into components and
reducing the number of physical coordinates to amuch
smaller number of generalized coordinates certainly
alleviates part of the computational effort. However,
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at each iteration one needs to re-compute the eigen-
problem and the interface constrained modes for each
component. This procedure is usually a very time con-
suming operation and computationally more expen-
sive that solving directly the original matrices for the
eigenvalues and the eigenvectors. It is shown in this
study that for certain parameterization schemes for
which the mass and stiffness matrices of a component
depend linearly on only one of the free model param-
eters to be updated, often encountered in FE model
updating and damage identification formulations, the
repeated solutions of the component eigen-problems
are avoided, reducing substantially the computa-
tional demands without compromising the solution
accuracy.

The effectiveness of the damage identification
methodology was illustrated using simulated damage
scenarios from a real bridge. The integrated CMS
technique is shown to be very effective in drasti-
cally reducing the computational effort required to
identify damage locations and severity. The proposed
methodology correctly identifies the location and the
magnitude of damage. Surrogate models can also be
incorporated in the formulation to further alleviate
the computational burden. Finally, parallel comput-
ing algorithms can be combined with the proposed
method to efficiently distribute the computations in
multi-core CPUSs.

REFERENCES

Ching J. and Chen Y.C. (2007). Transitional Markov Chain
Monte Carlo method for Bayesian updating, model class
selection, and model averaging. Journal of Engineering
Mechanics, ASCE 133: 816-832.

Craig Jr., R.R and Bampton, M.C.C. 1965. Coupling of
substructures for dynamic analysis. AIAA Journal 6(7):
678-685.

Ntotsios, E., Papadimitriou, C. Panetsos, P., Karaiskos, G.,
Perros, K. and Perdikaris. P. 2009. Bridge health monitor-
ing system based on vibration measurements. Bulletin of
Earthquake Engineering 7: 469-483.



Life-Cycle and Sustainability of Civil Infrastructure Systems — Strauss, Frangopol & Bergmeister (Eds)
© 2013 Taylor & Francis Group, London, ISBN 978-0-415-62126-7

Output-only structural health monitoring by vibration measurements

under changing weather conditions

E. Reynders, G. Wursten & G. De Roeck

University of Leuven (KU Leuven), Department of Civil Engineering, Leuven, Belgium

ABSTRACT

Vibration-based structural health monitoring relies on
the fact that modal parameters of a structure depend
on local stiffness changes. A major problem is that
also normal changes in temperature, relative humid-
ity, wind speed, operational loading, etc. influence the
modal parameters, in particular the natural frequen-
cies. This influence is generally nonlinear (Fig. 1).
Here, an output-only technique is proposed for elimi-
nating environmental influences on natural frequen-
cies. It consists of estimating a nonlinear system
model, using the versatile kernel principal compo-
nent analysis (PCA) technique, for the evolution of the
modal parameters during a training phase, where the
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Figure 1. Z24 bridge, fundamental natural frequency as a
static function of the temperature of the asphalt layer. Black
dots: Training data. Grey dots: Monitoring data in undam-
aged condition. Black crosses: Monitoring data in damaged
condition.
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Figure 2. Z24 bridge, misfit of the nonlinear output-only
model. Black: Training data. Light gray: Monitoring data
in undamaged condition. Dark gray: Monitoring data in
damaged condition.

structure is known to be undamaged. Afterwards, the
structure can be monitored by comparing the model
predictions with the observed modal parameters.

The technique is validated with monitoring data
from a three-span prestressed concrete bridge, that
was progressively damaged at the end of the monitor-
ing period. Modal parameter identification on hourly
sampled batches of vibration data yields four natural
frequency time histories. A total of 5652 values for
each natural frequency are obtained in this way. The
first 2000 samples are used for nonlinear system iden-
tification with kernel PCA. As Fig. 2 shows, monitor-
ing the misfit between the predictions of the identified
model and the observed natural frequency data allows
a very clear discrimination between validation data in
undamaged and damaged condition.
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Bayesian FE model updating results

E. Simoen
Department of Civil Engineering, KU Leuven, Belgium

C. Papadimitriou

Department of Mechanical Engineering, University of Thessaly, Greece

G. De Roeck & G. Lombaert
Department of Civil Engineering, KU Leuven, Belgium

ABSTRACT

Bayesian Finite Element (FE) model updating is a
probabilistic method that can be applied for uncer-
tainty quantification in FE model updating (Beck &
Katafygiotis 1998). The technique consists of using
the well-known Bayes’ theorem to update Probabil-
ity Density Functions (PDFs) of model parameters,
accounting both for the information contained in the
data and for uncertainties present in the measure-
ments and model predictions. In short, a prior PDF
reflecting the prior knowledge about the parameters
is transformed into a posterior PDF, accounting both
for uncertainty in the prior information as well as for
uncertainty in the experimental data and FE model
predictions. This transformation is done through the
so-called likelihood function, which reflects how well
the FE model can explain the observed data. The like-
lihood function is computed using the probabilistic
model of the prediction error (i.e. the discrepancy
between model predictions and observations).
Effective application of the Bayesian FE model
updating technique in practice therefore requires
(1) the selection of a suitable joint prior PDF and
(2) the selection of a suitable likelihood function or
prediction error model. The first of these challenges
has been documented extensively in literature (Jaynes
1985); however, much less attention has been given
to the latter, as it is usually assumed that the prob-
abilistic model of the prediction error is known. In
most cases, an uncorrelated zero-mean Gaussian error
is adopted, even though this often does not correspond
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to reality. For example, in structural mechanics appli-
cations, where use is made of modal data obtained
from sensors located closely together along a struc-
ture, it is very likely that errors between observations
at different sensor locations are spatially correlated.

In this paper, it is shown that accounting for this
prediction error correlation (1) has a large influence on
the results of the Bayesian updating scheme and (2) is
a non-trivial task, as it requires selecting a suitable
correlation model that correctly represents the actual
errors at the different sensor locations. For example,
assuming an exponential correlation model (i.e. with
positively correlated errors over the whole sensor grid)
would most likely not correspond to reality in practical
cases.

It is shown that adopting a prediction error model
that is incompatible with the data and FE model at
hand yields inconsistent, misleading and erroneous
results of the Bayesian scheme. However, the challenge
remains in finding methods for determining suitable
correlation models, as in most cases very little infor-
mation is available on the true correlation between the
errors.
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Hybrid genetic algorithm to system identification and damage assessment

of a high-rise building
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ABSTRACT

Field of system identification has become important
discipline due to the increasing need to estimate the
behavior of a system with partially known dynamics.
Identification is basically a process of developing or
improving a mathematical model of a dynamic sys-
tem through the use of measured experimental data.
In addition to updating the structural parameters for
better response prediction, system identification tech-
niques made possible to monitor the current state or
damage state of the structures.

Most of the identification methods are calculus-
based search method. A good initial guess of the
parameter and gradient or higher-order derivatives of
the objective function are generally required. There
is always a possibility to fall into a local minimum.
On the other hand, Genetic Algorithms (GAs) are
optimization procedures inspired by natural evolu-
tion. They model natural processes, such as selection,
recombination, and mutation, and work on popula-
tions of individuals instead of a single solution. In this
regard, the algorithms are parallel and global search
techniques that search multiple points, and they are
more likely to obtain a global solution. Many GA
applications have been performed on a variety of
optimization problems in engineering area. However,
relatively few applications have been on structural
identification. Koh et al. [1] proposed a hybrid strat-
egy of exploiting the merits of GA and local search
operator. Two local search methods were studied: an
existing SW method and a proposed method called
the MV method. The numerical study showed that the
hybrid strategy performs better than the GA alone. The
author applied the real-coded GA to structural iden-
tification problems. The validity and the efficiency
of the proposed GA strategy were explored for the
cases of systems with simulated input/output measure-
ments. Moreover, the strategy was also applied to the
real structure. Genetic Algorithms (GAs) are global
search techniques for optimization. However, GAs are
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inherently slow, and are not good at hill-climbing. In
order to accelerate the convergence to the optimal solu-
tions, a hybrid GA identification strategy that employs
Gauss-Newton method as the local search technique
was also proposed and verified by the author [2].

Since 1993, the Central Weather Bureau has
installed 61 Strong-Motion Systems on various kinds
of structures, including 50 buildings and 17 bridges
in Taiwan area. However, the data collected from the
accelerographs installed on buildings before the Chi-
Chi earthquake are still remained in elastic range since
the intensities of the earthquakes before the Chi-Chi
Taiwan earthquake, are not strong enough to trigger
the inelastic response. The damage of the buildings
induced by the Chi-Chi earthquake, provides a solid
evidence that some of the structures has experienced
inelastic response. It is intended to perform system
identification of linear system to Taiwan Electricity
Main Building using measured response data collected
during real earthquakes. This building seems to expe-
rience no visible damages under the attacks of the
earthquakes. However, the dynamic parameters may
be altered even though the damage of the structure is
slight or invisible. In this study, the Hybrid Genetic
algorithms are used to identify the modal parameters
in the time domain. To get knowledge of this dam-
age state of the structure, single-input-single-output
model is utilized to perform the identification of modal
parameters of the structure. As a result, by monitoring
the variation of the identified parameters, the dam-
age assessment of the structure is performed and the
damage state of the structure is evaluated.
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Non-stationary random vibration for a high-pier bridge under
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In studying the dynamic responses of a bridge-vehicle
system, the bridge-vehicle interaction problems were
usually solved either in space domain or in time
domain. When a vehicle travels with a constant speed,
the responses of wheels induced by the road roughness
can be simulated as a stationary random process both
in space domain and in time domain. However, when a
vehicle travels at variable speeds, the responses of the
wheel induced by the road roughness are essentially
a non-stationary random process in time domain. As
a result, the vibration response of the vehicle-bridge
system caused by road roughness should be consid-
ered as non-stationary random vibration responses.
Therefore, introducing and verifying a new method
using a field bridge to study this non-stationary vibra-
tion is significant. When investigating the dynamic
response for vehicles with variable speeds, most of
the previous studies either did not realize the non-
stationary nature of the random response or simply
simplified the non-stationary random response of the
bridge-vehicle system as a stationary response in time
domain. This simplification avoids the complexity of
the non-stationary random processes.

This paper describes an experimental study on
comparing the non-stationary and stationary vibra-
tions of bridge-vehicle system under vehicles with
variable speeds, and thus develops a new methodology
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of analyzing the non-stationary random response of
bridges. Taking a high-pier Luping Bridge as an exam-
ple, the dynamic responses of the tested span under
the vehicular loads were measured. The non-stationary
random responses of the moving wheels induced by the
road roughness in time domain were obtained, and then
those non-stationary responses were treated as the
non-stationary inputs to the bridge-vehicle coupled
system. A full-scale vehicle model with 12 Degree-of-
Freedoms (DOFs) was used while the vehicle wheels
were modeled as patch contacts instead of point con-
tacts with the bridge road surface. The vehicle-bridge
coupling equations were established by combining the
equations of motion of both the bridge and vehicle
using the displacement relationship and the interaction
force relationship at the contact patches. The station-
ary and non-stationary random responses of wheels
were treated separately as the two inputs to the bridge-
vehicle coupled system. The effect of the two inputs
on the mid-span deflection was compared and verified
with the measured responses under different parame-
ters including vehicle acceleration and deceleration.
Results showed that the proposed method can accu-
rately simulate the vibration of bridge under vehicle
moving with variable speeds. The proposed method
was then used to study the ride comfort when the vehi-
cle moves with variable speed on the high-pier bridge.
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Monitoring of a riveted steel railway bridge
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ABSTRACT

The European railway networks are an infrastructural
system that has been developed for more than 100
years. On the one hand currently new lines are con-
structed mainly for highspeed traffic while on the
other hand lines that have been in service for many
decades still form the backbone of many national rail-
way systems. Consequently it is of high economical
importance that the safety of the traffic on these lines
has to be guaranteed nowadays and in future. These
considerations include also the structural safety of
all railway bridges. One of the most frequent failure
modes of steel railway bridges is fatigue. Therefore the
estimation of the remaining life time of such structures
is related to fatigue. Several guidelines are available to
the engineers to assess the structural integrity of exist-
ing bridges. The assessment procedures are mainly
based on numerical investigations. Some guidelines
allow also additional experimental investigations if the
structural safety cannot be proofed by calculations.
However, a standardized approach for a measurement-
based fatigue assessment of existing structures has
not been included in the guidelines. This gave rea-
son for systematic investigations of currently applied
approaches and the development of experimental pro-
cedures for fatigue assessment of existing steel bridges
within a European research project. The tasks include
the monitoring of sample structures. One of the con-
sidered bridges consists of five skewed riveted plate
girder superstructures with spans of 36 to 40 m and
a truss girder spanning over 75m. The focus of the
described investigations was put on one of the plate
girder superstructures. During regular bridge inspec-
tions a crack was discovered in a gusset plate at a
location where the stiffness changes sharply due to
changes of the cross sections. Based on the assump-
tion that this crack was caused by fatigue the relations
between the global structural behaviour of the bridge,
deformations and vibrations of structural elements
connected to the cracked gusset plate and the local
stresses became objective of the investigations.
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After numerical investigations a monitoring sys-
tem was installed. To minimize the possibility of noise
contamination in the signals a monitoring system was
chosen that digitizes the signals close to the sensors.
The digital signals are then collected by a central
controller. The acquired data is transferred daily to
a central server. Automatically first analyses are per-
formed to obtain a brief information about the general
quality of the data and to identify defects such as sensor
failures or other technical breakdowns.

Even though not all assessments of the of data
acquired by the monitoring system during a period
of one year have been finished yet, some observations
can already be presented.

Based on strain measurements at the rail not only
the trains’ speeds but also the respective train type
can be identified. Furthermore axle loads are derived
from these strain measurements. For speeds up to
65 km/h the identified average axle loads coincide well
with the nominal axle loads with a deviation of approx-
imately +5 %. For higher speeds the average mean axle
loads tend to decrease, while the scatter of the mean
axle loads increases. It is assumed that dynamic effects
such as bridge—vehicle interactions have an increasing
influence on the axle load estimates with increasing
train speed.

Beside further strain measurements on the cracked
gusset plate vibrations due to ambient excitation are
acquired. The ambient vibration measurements are
analyzed by means of the covariance driven stochastic
subspace identification method. For the modal identi-
fication a correct extraction of stable poles is required.
In this context a hierarchical clustering of the results
is applied.

The research presented in this article was carried
out within the European project FADLESS (FAtigue
Damage controL and assESSment for railway bridges)
that was supported by the European Research Fund for
Coal and Steel (RFCS). Furthermore the support by
DB Netz AG and by the European Regional Develop-
ment Fund (ERDF) to the technical equipment used
within the project is appreciated.
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Fast Bayesian ambient modal identification with separated modes
incorporating multiple setups
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ABSTRACT

Modal identification is often the first step to estab- il VR

lish the baseline properties of the subject structure, ™ T ';,; S e e \ -

including the natural frequency, damping ratio and ' ' N

mode shape, which are important for calibrating sub-

sequent measurement and analysis results as well as

instrumentation planning. In full-scale ambient vibra-

tion tests, many situations exist where it is required to

obtain a detailed mode shape of a structure with a lim- Figure2. Identified mode shape of Mode 2 (3.76 Hz, 0.8%).

ited number of sensors. A common feasible strategy

is to perform multiple setups with each one cov-

ering different parts of the structure while sharing

some reference degrees of freedom (dofs) in common. I, T

Methods exist that assemble the mode shapes identi- Y S U SR

fied in individual setups to form a global one covering S d - : Ryt |

all measured dofs. This paper presents a Fast Bayesian

method for modal identification that can incorporate

the FFT information in different setups consistent with .

probability logic. The method views modal identi- X

fication as an infe-rence problem where probability

is used as a measure for the relative plausibility of ~ Figure3. Identified mode shape of Mode 3 (4.16 Hz, 1.3%).

outcomes given a model of the system and mea-

sured data. It allows the global mode shape to be jarge number of dofs and setups. Using the proposed

determined taking into account the quality of data in  ajgorithm, Bayesian modal identification incorporat-

different setups. A fast iterative algorithm is devel-  jng muyltiple setups can now be performed practically

oped that allows practical implementation even for a  even on site. The method is illustrated with synthetic
data and full-scale field data of a pedestrian bridge
where a global mode shape with a large number of
measured locations is identified. Figures 1-3 show the
assembled mode shapes using the proposed method.
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ABSTRACT

Recent studies of attractor-based monitoring have
demonstrated that the damage-induced change of the
feature obtained from the attractor is larger than that
of the most sensitive frequency and mode shape of the
structure. In order to investigate the damage state, it
is, in general, necessary to measure the intact state of
structure in advance. This fact means that it is difficult
to apply these methods to the structure without refer-
ence data. In fact, there are many existing structures
which have no such data. To overcome these problems,
this study investigates a feasibility of a Reference-less
structural health monitoring system that can local-
ize the damage without using any baseline data. An
attempt is made to clarify the effectiveness of recur-
rence quantification analysis (Eckmann et al. 1987) of
the response attractor caused by ambient excitation.
The recurrence plots (Webber & Zbilut (1994)) were
designed to detect non-stationarity in time series data
and can be therefore a candidate for detecting dam-
ageinduced non-stationarities in structural response

Figure 1. Structural model.
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Figure 2.  Maximum dimensionless % recurrence.

data. This study investigates the damage situation in
which the 10% and 20% deteriorations of bending
rigidity occur at the element 5 and element 19 of the
structure shown in Figure 1.

Figure 2 shows the maximum dimensionless %
recurrence obtained at all the nodes. It is found that
dimensionless % recurrences obtained at node 5 and
node 19 is the smallest among all. The reason for this
is due to the damage. This study considered deteri-
oration of the stiffness as the damage. According to
the reducing of bending rigidity, response displace-
ment of damaged element of the structure gets larger
than that obtained from intact element. Therefore, the
range or geometric shape of attractors reconstructed
from response of damaged element get larger than that
reconstructed from response of intact element. As a
result, it can be considered that dimensionless % recur-
rence obtained at damage element decreased with the
increase of amplitude of response displacement.
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Some difficult monitoring problems and some interesting outcomes

B. Harvey & H. Harvey
Bill Harvey associates Ltd, Exeter, UK

ABSTRACT

Field monitoring of bridges is plagued with poor
interaction between engineers and monitoring experts.
For monitoring to be effective, it must be capable of
revealing any aberrant behaviour.

At Cleddau bridge there was doubt about the
behaviour of the tuned mass damper and certainty
about damage to the roller bearings. Monitoring the
bearings showed that the bridge bends horizontally
morning and evening on sunny days and this pro-
duces plan rotations at the joint. Monitoring of the
movement of the rollers showed that the corrosion
and related damage was causing the rollers to flick
rotate in plan each time the main movement changed
direction. This happened often because vehicle loads
caused the bridge to bend and that moved the rollers.

Linear potentiometers were used to measure dis-
placement of the whole joint of up to 600 mmand of the
rollers of 300 mm. Records were taken every second
and although this produced vast data sets (86400 read-
ings per day) it enabled the result of vehicular traffic
to be properly identified.

Wire pull potentiometers were positioned verti-
cally between four corners of the tuned mass damper
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Figure 1. Roller displacement trace showing vehicle
passage.
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and these were read ten times each second in order
to record both long term movement and oscillation.
The long term movement showed that the damper rocks
east to west through the day.

A laser light lever system was used to confirm the
diurnal movement of the span and this was related to
tilt of the damper.

The laser levers were also used on a station refur-
bishment and proved to be capable of measuring
deflection under railway loads of a masonry arch
system. The measuring base line was 80 m and the
deflections measured to about 0.1 mm.

Moire tell tales were also utilised to provide
cheap displacement measurement as confirmation of
behaviour.

These monitoring projects provided useful
information, including detecting some unexpected
behaviour.
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0.8 0.6

06

Figure 2. Laser displacement trace.
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Dynamic testing and structural identification of “New People’s Bridge”

in \Verona
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ABSTRACT

To contain the inconveniences due to a live-cycle
damage it is necessary to study in depth the causes
of damage of infrastructures and in particular of
bridges. In the context of the project sponsored by
the Municipality of Verona in Italy, a reinforced con-
crete bridge was subject to experimental and analytical
investigation into its dynamic characteristics.

The bridge is located in the center of Verona city
and is characterized by three spans with a total length
of over 90 m and 7 girders bearing a thin slab. Due to
non-workmanlike details and not scheduled mainte-
nance since constructed in 1945, recently the bridge
has revealed severe damage on the edge girders at
the middle of the spans. Before taking any provision
or deciding to retrofit it the Municipality required to
analyze the state of the bridge.

Relying on the results of base-line tests a short time
monitoring system was to be set up. At first the bridge
was subjected to a system of investigation (sensors and
data gathering) as to perform an ambient modal test.
Multiple non-simultaneously recorded measurement
setups were prepared. Applying this identification
method, the principal natural frequencies could be
identified. Based on identified results finite element
models were updated and adjusted in order to extrap-
olate natural frequencies and mode shapes that mostly
accord with the ones that were observed. In order
to use best fitted material characteristics in every
element of the structure were executed lots of destruc-
tive and non-destructive tests as pull-out, ultrasonic
pulse wave, rebound hammer and core sampling tech-
nique. The model was used than for static and seismic
parametric studies for the evaluation of the structural
elements. The vulnerability analysis revealed the defi-
ciency of some structural elements and suggested the
installation of a permanent monitoring system.
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Figure 1.

New People’s Bridge, Verona, Italy. Photo (2011).
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A year-long monitoring using in-service vibration data from

a multi-span plate-Gerber bridge
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ABSTRACT

This study investigates effects of temperature on
structural health monitoring of a multi-span plate-
Gerber bridge using a year-long monitoring vibration
data. Only the effect of temperature fluctuation is con-
sidered as an in-service environmental factor, since
the previous study (Kim et al. 2011) demonstrates
that classifying the observed data according to a spe-
cific time can reduce an influence of traffics on the
monitoring.

Coefficients of the AR model of signals taken
from the bridge are used as a parameter for structural
diagnosis. The Bayesian regression method (Bishop
2006) is used to update and detect anomaly from
the monitoring data affected by temperature fluctua-
tion. A statistical feature of the parameter considering
temperature is firstly identified utilizing the Bayesian
regression, and then residual errors between observed
and estimated parameters are calculated. The 95 per
cent confidence interval of a scaled residual with
respect to temperature is adopted as a threshold.

Almost all of the scaled residuals are placed within
the threshold and decided as normal (solid circles
in Fig. 1). It is also observed that three consecutive
anomaly events (asterisks in Fig. 1) are detected even
though the bridge is in intact. However, in considering
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Figure 1. Structural diagnosis from a year-long monitoring
data observed at 7:00 AM of the observation point UAL.
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Figure 2. Scaled residuals between observed DI and pre-
dicted DI from the data observed at four observation points
when a truck collides with a concrete barrier of the bridge.

normal events followed by those consecutive anomaly
events, those anomalies might not be caused by a
structural damage. A noteworthy point is that the
anomaly event is frequently observed from March to
June even though relatively less number of anomalies
is detected from August to February. The reason for the
monitoring results is not clear yet. Observations also
show that the scaled residual taken from the signal of
traffic accident apparently deviate from the threshold
(see Fig. 2).

How to make a decision for structural diagno-
sis from the consecutive anomaly events is a task
remaining to be solved, which is the next step for this
study.
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ABSTRACT

Practical experience has shown that masonry arch
bridges in adequate condition hold remarkable bear-
ing reserves and therewith mostly meet today’s safety
requirements. Estimating and using the structural
reserve of existing bridges to their maximum potential
in order to satisfy new requirements implies a pre-
cise assessment of the structure and an analysis of the
rehabilitation project in order to guarantee structural
safety and increase structural service life. Nowadays
due to financial restrictions and monument conser-
vation aspects more attention is paid to maintenance
and rehabilitation of existing arch bridges than on
reconstruction. Since those bridges usually have been
planned for different loads according to the respective
codes (EC1-2 (2010)) assessment concerning the cur-
rent bearing capacity and the future usage is required.
A recalculation with conventional calculation meth-
ods is often insufficient as results can considerably
deviate from the actual load capacity due to various
influence factors as discussed in Proske & van Gelder
(2009). The challenge therefore is to verify accurate
methods for determining the actual state of such arch
bridges. An important point of interest is the com-
bination of finite element modelling of masonry on
the basis of measurement data with inspection and
monitoring strategies of existing structures. Within the
contribution the basic concept of data acquisition and
their usage regarding the model is discussed on a case
study object.

As a result of preservation orders and finan-
cial restrictions, arch bridges have to be maintained,
toughed up during their lifetime and in addition they
have to be assessed considering new load scenarios
according to recent codes. The recalculation of these
structures is quite difficulty, due to the lack of ini-
tial plans and adequate data of material parameters.
The interaction between the single components of arch
bridges (soil, masonry, backfill, structure-soil inter-
action as discussed in UIC Code 778-3 (2011)) is
afflicted to many uncertainties. Thus from the point
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Figure1l. Vertical displacements caused by a crossing single
railcar type 5047, determined by laservibrometer.

of view both of the responsible official corporations
and of pure research, it is necessary to design well
operating concepts for estimating the load bearing
behaviour of existing arch bridges.

In this contribution it is shown how an exist-
ing arch structure can be analysed on the base of
various measurements e.g. ground penetration radar,
Laservibrometer (see Figure 1) and Displacement
Transducers (LVDT).

In addition, the relation of the measurement data to
a adequate finite element model is discussed. Another
important issue is the conduction of laboratory
tests for proving and verifying the assumptions for
numerical modelling.
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ABSTRACT

The performance degradation of bridge structures is
one of worldwide concerned problems in life-cycle
civil engineering. Since the deterioration of struc-
tural performance is a time-variant process with large
amount of aleatory randomness and epistemic uncer-
tainties, it is very important to successively predict
structural performance to ensure safety and service-
ability. To integrate the past prior information and
inspection and/or monitoring data, Bayesian updat-
ing techniques are usually used to predict structural
performance and condition. However, the traditional
prediction functions for processing inspection or mon-
itoring data are normally defined as static polynomial
regression functions, which are difficult to realize
online, dynamic, and real-time performance predic-
tion. In this paper, the dynamic measure of struc-
tural performance with time is treated as a time
series, a Bayesian Dynamic Linear Model (DLM)
as shown in Figure 1 is introduced. Considering the
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Figure 1. Bayesian dynamic linear model.
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time-dependent characteristics of structural perfor-
mance of the considered bridge, a linear growth model
is built to predict the short-term variation trends of
structural performance. The well-known Kalman filter
algorithm is used to estimate and forecast the dynamic
performance index for the DLM. The one-step-ahead
predictive distribution and the filtering distribution are
determined for Bayesian dynamic updating. To allow
for the epistemic uncertainty in variance estimation
based on monitoring information, use of a discount
factor approach is made for specification of unknown
variance matrix. Two illustration examples for RC
bridge girders are used to demonstrate the applicability
of the proposed method.
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ABSTRACT

Repair works on infrastructure systems due to rein-
forcement corrosion cause annual costs in the range
of several billion Euros worldwide. One of the main
reasons for these high costs is the fact that in most
cases reinforcement corrosion damages will only be
detected once corrosion has already proceeded so far
that cracking and spalling of the concrete cover occur.
Corrosion and moisture monitoring appear to be both
very reliable and cost-effective tools for the early
detection of potential corrosion, allowing for the use
of preventive repair measures instead of extensive con-
crete repair at later stages of corrosion. In combination
with probabilistic deterioration modeling monitoring
can be employed to reliably predict the future con-
dition state development of the structure. This way,
necessary repair measures can be scheduled well in
advance and the available financial means can be used
optimally.

The principle of moisture monitoring is based on
the measurement of the electrolytic resistivity of the
concrete which is directly correlated to the moisture
content of the concrete. The most common moisture
sensor in concrete, the so-called Multiring Electrode,
enables the user to determine moisture profiles over
the concrete cover. Typical fields of application for the
Multiring Electrode are the monitoring of the function-
ality of hydrophobic treatments on concrete surfaces
or of coating systems on bridge decks. In case monitor-
ing indicates a loss of effectiveness of a hydrophobic
treatment, the system can easily be renewed with
comparably small effort.

For corrosion monitoring, ‘substitute’ steel elec-
trodes are placed at well-defined depths between the
concrete surface and the reinforcement. The corrosion
state of these steel electrodes is monitored via cor-
rosion potential and corrosion current measurements.
A drop in corrosion potential along with an increase
in corrosion current indicates the depassivation of the
respective steel electrode. If the distance of the steel
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electrode from the concrete surface and the actual con-
crete cover of the reinforcement are known, the point
of time at which the reinforcement itself will start to
corrode can be predicted.

Corrosion sensors are normally placed in rein-
forced concrete elements exposed to chloride impact.
Typical fields of application are e.g. bridge pylons,
tunnel portals, parking decks, marine structures or
the tunnel outside in case the structure is built in a
chloride-containing environment. The Anode Ladder
as the most common corrosion sensor worldwide has
been applied successfully for more than two decades.

For a major inner city tunnel project in Munich,
the Tunnel Mittlerer Ring Sldwest, a durability
approach was selected that combines both deterio-
ration modeling and monitoring. During the design
stage, durability calculations were carried out and the
required concrete cover and threshold values for the
chloride transport properties of the concrete in order
to reach a target service life of t=100 years were
determined. These threshold values had to be achieved
by the contractor during the compliance testing stage.
For the execution phase, an additional quality con-
trol regime was installed. As a durability indicator the
electrolytic resistivity was measured as well on con-
crete cubes in the lab as on the actual structure itself.
In addition, extensive concrete cover measurements
are carried out and the results are used to update the
original durability calculations.

The corrosion and moisture monitoring system of
the tunnel consists of 65 Anode Ladders and 20
Multiring Electrodes which are mainly installed in the
tunnel walls and the tunnel ceiling close to the tunnel
portals. They are intended to monitor the effectiveness
of the hydrophobic treatments and the coatings on the
concrete surfaces and to render further information for
the update of the durability calculations. The costs for
the monitoring system amounted to appr. 0.4%o. of the
total costs of the project — which is negligible when
compared to the saving potential due to the improved
knowledge of the actual condition state.
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Structural monitoring of a steel bridge with the longest arch span

in Poland — selected issues
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ABSTRACT

In Poland, structural monitoring systems have been
installed in several road bridges. This paper presents
the monitoring system installed on a steel arch bridge
over the Vistula River along the ring road of Pulawy,
Poland. The total length of the crossing is 1038.2m
(a four-span continuous structure) and the main arch
river span is 212.0 m being the longest among the arch
bridges in Poland.

The system thoroughly measures various physical
quantities. The system is composed of three sub-
systems: monitoring of the structure, meteorological
monitoring and video monitoring.

The monitoring of the structure, one of the three
subsystems of the monitoring system, is designed
to control the behaviour of the bridge by means of
continuous electronic measurement of the following
parameters: changes in strains, deflections, accelera-
tions, temperature of the structure, wind speed and
direction. The scheme showing the localization of test
points is presented in Figure 1.

Force changes in hangers are calculated on the
basis of strain measurements with the use of sensors
installed on ten hangers. These test points are marked
P81-P85.

Force changes in three selected hangers (P81NR,
P83NR and P85NR) have been analyzed. Presented
data concern the time period from 1 May 2009 to 30
September 2010. The greatest changes of forces in

Side view of the main span

R ppgy MEISR T

Radom Lublin

Top view of the main span
Radom o :;i;‘l-:l' N L__: I,_;\Im::i'{’ mm PN Lublin
1 rINK I-\/_ -.... PINL
Figure 1. Localization of test points on the bridge.

hangers have been measured at the point PB1INR. On
average, the force changes are approximately 90 kN,
with the characteristic load capacity of the hanger
being 700 kN. It can be observed that the minimal force
values have been measured during the night or in the
early morning hours, while the maximal values during
the day. This phenomenon is assumed to be connected
with the change of temperature of the structure.

Stress changes in arches are calculated on the
basis of strain measurements with the use of sen-
sors installed in 14 points (points P2-P5). Stress
changes in the northern arch in selected points (P2NR,
P3NR, P4NR and P5N) have been analyzed. As can
be observed, maximum temperature of the structure is
achieved round noon and in the afternoon, which con-
firms the intuitive approach as well as data in literature
(Zobel 2003). Certainly, seasonal temperature ampli-
tudes influence the scopes of stress changes as well.
The scopes of stress changes in winter are smaller than
in summer and are at the level of 5-15 MPa, while in
summer at 30-40 MPa.

Gathered data allow concluding that the main fac-
tor to influence the effort of the structure being under
exploitation is thermal action. Data obtained from the
systems can give an overview on the real level of
the live and/or environmental loads on bridges. These
information is believed to be a foundation for the
National Annex of Eurocodes.
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New approaches in evaluating vibration and physical monitoring techniques
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ABSTRACT

The interest in developing approaches and possibilities
of determining the condition and remaining lifetime
of engineering structures, in particular railway and
road bridges, has considerably increased over the past
decade. Numerous monitoring approaches have been
developed based on vibration measurements espe-
cially on acceleration measurements. The development
of approaches based on vibration measurements are of
particular interest because they are easy to performand
therefore an economical solution. The present work
introduces methods for automatically evaluating the
natural frequencies and the damping of a structure
from monitoring data. Additionally the present arti-
cle shows methods to optimize the location and the
amount of sensors used to solve a given monitoring
problem. Finally the introduced methods are tested on
amonitoring work for a railway bridge in lower Austria
(Geier, 2008, Osterreicher, 2008, Osterreicher 2009).

The natural frequency of a structure is beneath
damping and one of the main identification parameters
of a structure which can be evaluated from vibrations
measurements f.e. accelerations measurements. The
results for the analysed structure show that it is a suit-
able method to evaluate natural frequencies from large
data sets automatically.

The second method introduced is an algorithm for
estimating the damping from vibration data auto-
matically. The evaluation of the damping value, the
percentage of critical damping, is generally more com-
plex than to get the maximum deflection or to evaluate
the natural frequency of a structure.

The simulation with both methods indicates that
one important thing to get reliable results is to evalu-
ate some measurement data before manually. To find
suitable trigger conditions to evaluate the natural fre-
quencies based on the TRWFT a good knowledge
about the monitoring data is necessary. For a good
estimation of the natural frequencies is important
to get meaningful results for the damping from the
introduced method.

As a conclusion, both methods could help to get
estimates for the damping and the natural frequencies
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Figure 1. Simulation result

respectively for the analysed structure, but both of
them need the user evaluate parts of the data manually
to get the calculation parameters for the introduced
methods.

The structures become more complex so that knowl-
edge about the optimum location for the sensors is
necessary to find certain damage. This requires special
techniquesto find the best position for sensors and also
the best measured variable for a given structure. One
method to find the best position is influence fields.
The amount of load positions has a considerable influ-
ence on the accuracy of the influence areas. With all
the load positions and the influences on the predefined
measuring point a contour plot can be created.
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ABSTRACT

Egnatia Motorway in Northern Greece has a 670 km
main axis length and comprises 210 twin concrete
bridges among 1800 structures. As the motorway
crosses high seismicity prone areas, the severe damage
of their bridges due to intensive seismic events should
be considered for predicting extra bridge life-cycle
costs and managing their maintenance.

This paper focuses on the seismic risk assessment
of the motorway bridges and presents its results and
their impact on the typical life-cycle bridge main-
tenance costs. A seismic risk assessment software
package is used, developed for this purpose, for
Egnatia Odos S.A., by EQE Ltd (2001). It combines
a seismic hazard model, considering historical data
across the motorway, prepared by the Greek Institute
of Technical Seismology and Earthquake Engineer-
ing (ITSAK), and the vulnerability functions deter-
mined for all the bridge structural types (ASPROGE,
2007), see e.g. Fig. 1 for the Krystallopigi bridge.
Following e.g. Strauss et al (2008), life-cycle anal-
yses for Egnatia bridges have also been realized.
Based on these results, the typical expectations for
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Figure 1. Vulnerability functions of Krystallopigi bridge.

Table 1. Expected seismic damage % for various return
periods, for some major Egnatia bridges.

Return periods

Bridge Code 50 100 475 1140
Metsovo bridge 1 7.87 1533 2577 3420
Aracthos bridge 2 8.06 1573 26.02 33.49
Polymylos bridge 3 3.55 710 1832 2595
Krystallopigi bridge 4 33.70 3867 49.75 5493
Mesovouni bridge 5 2234 2688 37.89 4536
5th Kavala bypass 6 37.92 4452 56.17 59.88
Greveniotikos bridge 7 3.65 6.30 1320 20.27
\otonosiou bridge 8 7.65 10.27 2025 2597
Nestos bridge 9 20.60 2397 3225 4540

the maintenance life-cycle analysis of the motorway
bridges are updated considering the seismic risk.

As shown in the representative Table 1, the results
demonstrate the high vulnerability of many bridges,
and especially of those built in West Epirus and in
Central Macedonia Sections of the Motorway. There,
for small return periods (50 and 100 years), their
moderate damage is predicted. It is therefore nec-
essary to consider the damage and repair of critical
bridge components earlier than predicted by the typi-
cal deterioration curves adopted in Egnatia life-cycle
maintenance costs. This is the case of major bridges,
which shows an 20 years offset of the time of expect-
ing the major necessary repair of the substructure.
This results in less effective and more expensive
maintenance life-cycle for this bridge.
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ABSTRACT

Damage accumulation due to fatigue is an impor-
tant safety-related issue in metallic structures. Fatigue
damage accumulation at critical points of a structure
can be estimated using available damage accumulation
models that analyze the actual stress time histories
developed during operation. Inferring the stress time
histories at a structure under actual operational con-
ditions using strain rosettes has limitations since the
number of sensors that can be placed on the structure
cannot cover the entire structure or critical structural
locations. The characteristics of the stress response
time histories at a point in a structure can alterna-
tively be predicted by using a finite element model
of the structure and the actual excitation time histo-
ries. However, for most structures, the excitation time
histories are neither available nor can be conveniently
measured by a system of sensors.

This work deals with the problem of estimating
damage accumulation due to fatigue in the entire body
of a metallic structure using operational vibration
(output-only) measurements from a limited number
of sensors installed in a structure. A first attempt to
address this problem can be found in Papadimitriou
et al. (2011). An effective solution was provided
assuming that the excitation and response can be
considered to be stationary. This paper extends this
approach to the general excitation case, making no
assumptions on the load characteristics and the loca-
tion of loads. A recently proposed joint input-state
estimation filter (Lourens et al. 2012) is extended to
estimate the strain response time histories in the entire
body of the structure using the output-only vibra-
tion measurements collected from the sensor network.
Such predictions are integrated with available linear
damage accumulation laws (Palmgren-Miner rule),
S-N fatigue curves and stress cycle counting meth-
ods to estimate fatigue maps covering the entire body
of the structure.

The proposed method is validated using simulated
vibration measurements from a laboratory steel beam
suspended at both ends from a steel frame using flexi-
ble springs to simulate free-free boundary conditions.

Table 1. Validation of proposed method using simulated
data.

Fatigue Impulse excitation Stochastic excitation
True 1.19 x 107° 2.00 x 107°
Identified 1.20 x 107° 2.10x 10°°

Simulated measurements are generated for two exci-
tation cases: an impulse and a broadband stochastic
excitation. Acceleration measurements at ten locations
of the beam are generated using the excitation and the
finite element model of the beam and adding noise,
with noise level set to 20%, to simulate the effect of
measurement and model error. The fatigue damage
accumulation results are compared in Table 1 using
the strains identified by the proposed input-state fil-
ter estimation method and the true strains calculated
using the excitation and the finite element model of
the structure. An extremely good prediction is noted
for both impulse and stochastic excitations, validating
the effectiveness of the proposed methodology.

The fatigue damage accumulation maps provided
by the proposed methodology are useful for design-
ing optimal maintenance strategies for most critical
components of metallic structures using the actual
structural vibration information collected from a
sensor network.
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ABSTRACT

Throughout their service lives, structures are subjected
to various deterioration processes such as corro-
sion and fatigue. Deterioration processes may lead
to structural degradation beyond acceptable limits,
which are typically related to the safety of humans and
risks to environment. In order to ensure that degrad-
ing structures comply with given acceptance criteria
throughout their service lives, it is generally necessary
to control the progress of the deterioration processes
e.g. by inspections.

Over the past 25 years reliability-based and risk-
based approaches to inspection planning have been
developed, see e.g. Madsen et al. (1987), Straub
(2004), Straub et al. (2006). These approaches have
thus far primarily been utilized for inspection planning
for fixed and floating offshore structures.

In order to demonstrate the principles underly-
ing reliability-based inspection planning, the cur-
rent paper summarizes a reliability-based method for
planning inspections for welded steel structures sub-
jected to high cycle fatigue. The method is applied
to determine the minimum required inspection effort
in terms of number of inspections and their corre-
sponding inspection times for a fatigue prone welded
connection of an orthotropic bridge deck.

To ensure that the structure subjected to fatigue
complies with the given acceptance criteria through-
out its service life, inspections are planned before
the predicted annual failure rates exceed a maximum
acceptable limit. Additional information about the
deteriorating structure gathered through inspections
is used to update the predicted failure probabilities
through Bayesian updating. Each planned inspection
is assumed to result in a “no detection” event. The pre-
sented method is applied to determine the minimum
required number of inspections and the corresponding
inspection times for a selected fatigue prone welded
connection of an orthotropic bridge deck structure
(Figure 1).

The presented concept can also be extended within
the framework of Bayesian decision theory with the
aim to minimizing the service life economical risks in
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Figure 1. Inspection times for Apf® =3.1074.

terms of expected life-cycle costs, see e.g. Straub et al.
(2006) and Thons (2011). The basic idea underlying
risk-based inspection planning is to plan inspections
and maintenance activities such that the given accep-
tance criteria for the considered structure are met
and at the same time the overall costs of inspections,
repairs and failure are minimized.
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Probabilistic fatigue crack growth modeling for reliability-based inspection

planning
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ABSTRACT

Throughout their service lives structures are subjected
to various deterioration processes such as corrosion
and fatigue. Deterioration processes may lead to struc-
tural degradation beyond acceptable limits, which are
typically related to the safety of humans and risks to
environment.

Welded steel structures subjected to fluctuating
loads are prone to develop fatigue damage (Figure 1).
Fatigue deterioration is governed by a number of
uncertain conditions including material, environmen-
tal and loading conditions. Additional uncertainties
arise from the modeling of the actual physical phe-
nomenon. In order to properly account for these
uncertainties in the fatigue assessment of welded struc-
tures it is necessary to apply probabilistic methods, see
e.g. Wirsching (1984) and Madsen (1997).

In this paper, a quantitative probabilistic fatigue
deterioration model is presented, which is based on
Linear Elastic Fracture Mechanics (LEFM) theory and
models the fatigue crack growth. This approach is
developed in the perspective of updating the fatigue
probability of failure by inspections which require
a measureable entity, such as the crack size. The

Figure 1.

Butt welded plate containing a semi-elliptical
surface crack in the weld toe region.
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probabilistic fatigue deterioration model can then
serve as a basis for a reliability based inspection
planning (e.g. Madsen etal. (1987) and Straub (2004)).

The quantitative modeling of the phases fatigue
crack initiation, fatigue propagation and fatigue
failure is discussed and models for each of the
phases are introduced on the basis of a literature
review.Furthermore, the paper provides an overview
of the uncertainties in the loading andin the phases
of the fatigue crack growth. Probabilistic models for
the fatigue crack growth and the fatigue failure are
developed and it is discussed how the time variant
fatigue problem can be modeled with aprobability dis-
tribution function of the fatigue stress ranges. The
paper concludes with the perspective of reliability-
based inspection planning which is developed based
on this paper in Schneider et al. (2012).
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Detection of traffic loads by structural and geodetic measurements
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H. Neuner
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ABSTRACT

The continuous increase of traffic loads lead to rising
fatigue stresses of existing road bridges. Among oth-
ers the service life of bridge structures depends on the
fatigue stresses influenced by traffic loads in combi-
nation with thermal stresses. In this context especially
the heavy goods vehicles cause remarkable fatigue
stresses. Many existing, aged bridge structures are not
designed for the expected fatigue stresses; thereby, the
remaining service life of these bridges is unknown.
Based on current traffic loads realistic forecasts of the
remaining service life can be performed. The current
traffic loads can be extrapolated to determine the past,
present and perspective fatigue stresses and thereby;,
the remaining service life can be prognosticated. This
is an economic as well as safety relevant aspect of an
effective life-cycle management.

This paper describes traffic census and load mea-
surements on a prestressed box girder bridge (Fig. 1)
by structural and geodetic measurements. In this con-
text the bridge is used as scale for the passing heavy

Figure 1. Examined box girder bridge.

goods vehicles. The identified traffic loads can finally
be used to determine the remaining service life of the
examined bridge structure.

The structural measurements are primarily per-
formed by strain gauges and displacement transducers.
The detection of passing heavy goods vehicles is
applied by peak value analyses of the recorded mea-
surement signals; further vehicle attributes like the
velocity, driving direction and the vehicle type are
determined by combining different signal informa-
tion. The global response of the superstructure is used
to determine the total vehicle weights of the passing
heavy goods vehicles whereas the identification of the
axle loads is applied by analyzing the local response
of the bridge structure. Therefore, the method of least
squares is applied in order to define the axle loads as
well as the transversal position of the passing vehicles
on the carriageway.

The geodetic measurements are carried out with a
terrestrial laser scanner. Measurements of bottom slab
deflections are performed and the strains of the bottom
slab are obtained by these data. The obtained strains
by the geodetic measurements will be compared with
the recorded strains by the structural measurement
program.
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Precision-assessment of lifetime prognoses based on SN-approaches
of RC-structures exposed to fatigue loads

M.A. Ahrens
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ABSTRACT

Today, a great majority of existing infrastructure
buildings, especially bridges, has reached its intended
lifetime. During the last decades, several damage
mechanisms have weakened the structural resistance
to some extent (Haveresch 2011). Among others, cur-
rent focus lies on a reliable assessment of the influence
of fatigue on structural bearing capacity. The accom-
panying structural damage state has to be quantified
in every single case by experts involved in the field of
structural assessment or rehabilitation. To support their
decisions, usually mathematical methods are applied
to judge the remaining structural strength after several
years of service, which are generally based on reliabil-
ity theory, to deliver objective safety factors. Finally,
according to these evaluated safety factors economical
decision are made.

All mathematical models used to predict structural
damage states or residual lifetimes are formulated with
respect to a broad variety of uncertain input parame-
ters, comprising different domains, e.g. damage mech-
anisms, material and geometry (Ahrens 2010, Ahrens
etal 2010, Ahrens & Mark 2011). Seldom all required
data can be measured in situ with acceptable precision.
Hence, assumptions have to be made about spatial
and temporal distributions to reflect those scattering
properties in generic input data adequately.

The current contribution focuses on identification
and assessment of the most relevant parameters dom-
inating widely accepted SN-approaches for judging
fatigue resistances of reinforced concrete structures.
Both domains, impact — usually described by stress
amplitudes and e.g. counted by the rain-flow method —,
as well as material resistance, are treated. The con-
nection of both, commonly addressed in standards by
prescribed SN-curves according to the type of con-
struction material used, is central to the investigation.
By mathematical examination employing sensitivity
analyses of essential parameters their distinct con-
tribution to the precision of lifetime predictions can
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Figure 1. Uncertainty in stress amplitudes of fatigue loads
leads to a great scatter of the lifetime prediction. The trans-
formation of thedistributions shape is caused by the power
function law acc. to the SN-approach applied.

be assessed exemplified by means of reinforcement
SN-curves (Figure 1).
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Structural flexibility in relation to integrated service life

design of buildings

R. Blok & E. Koopman

University of Technology TU/e, Eindhoven, The Netherlands

ABSTRACT

In Integrated Service Life Design and other assess-
ments of buildings it is necessary to use an Estimated
Service Life (ESL) which needs to be as accurate as
possible. A building is a rather complicated system of
products and elements and the different building ele-
ments are likely to have different product life-cycles.
The ability to change or replace these parts, influences
the Service Life of the building as a whole. The Iso
15686 series define a method to calculate an Esti-
mated Service Life ESL. This Factor Method uses a
Reference Service Life (RSL). It hardly allows for
“Flexibility” influences. In (Nunen 2010) an Improved
Factor Method is proposed. Here two extra factors are
added to account for economical an functional influ-
ence. The accuracy of these methods is yet uncertain.
Another approach that can be followed is the calcu-
lation of different Service Lives in which the lowest
value of a Service Life finally has the largest influ-
ence on the expected or Estimated Service Life. This
way a separate: Functional Service Life is introduced,
which is expected to be related to the Flexibility of a
building. This Flexibility can be defined as: The build-
ing’s capacity (passive or active) to accommodate,
in a relatively easy way, (future) changes in use or
adaptations to parts of the building. Relatively easy
is here defined:

A change to a certain building layer is “rela-
tively easy” if it can be achieved without the
necessity to affect or change other building
layers as well.

With a building model Flexibility is defined more
clearly. This building model is based on earlier work
by (BRAND, 1994) and (LEUPEN, 2002). In case of
sufficient Structural Flexibility the building’s struc-
ture need not to be changed if other building layers
do need to be changed or replaced. To quantify Struc-
tural Flexibility more precisely it becomes necessary
to find and evaluate indicators which can describe
the flexibility relations of the Structure with the other
building layers. The indicators that have been found
are: Integration,Connections, Accessibility, Capacity,
Dimensions and Obstruction. By using the Structural
Flexibility indicators on one axis and the extended
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Figure 1. Single Score Structural Flexibility.

building layers on another axis, a Structural Flexibil-
ity Matrix is created in which each of the different
relations can be assessed and scored. This method
was tested in the assessment of three different build-
ings that were expected to show different levels of
Flexibility. By using two different Experts Surveys
both the method, the used indicators as well as the
used relations with the other Building Layers were
assessed and evaluated. In the graph below the sin-
gle score results of the four different investigated
methods are given. Now that Structural Flexibility
can be assessed more precisely it becomes possi-
ble to research the Hypothesis: A higher Structural
Flexibility of a building ensures a longer Functional
Service Life.
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Modern bridge stock management in a regional metropolis — structural
assessment, data management and cost control

A. Blome & H. NeuR
State Capital of Dusseldorf, Germany

P. Mark & U. Lambertz
Grassl Consultant Engineers, Disseldorf, Germany

ABSTRACT

The bridge stock management system of the regional
metropolis Dusseldorf, located in the west of Germany,
is presented.

The central element is a computer aided database
system. On the one hand, it includes detailed technical
aspects, like the extensive data from the regular inspec-
tions, structural checks and recalculations, repairs or
strengthenings (Stratman et al. 2008). These data cover
about 550 single bridges, tunnels or other engineer-
ing structures with a total replacement cost of about
1,4 billion Euro and span back over several decades
(Fig. 1). On the other hand, the system interlinks the
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Figure 1. Cumulative replacement costs of 550 single
bridges, tunnels and other engineering structures.
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technical data to efforts in time execution, human
resources and expenses. Thus, it is used as a steering
tool to achieve a minimised, almost uniform money-
invest per year, a suitable distribution of repair works
and areduction of traffic disturbances (Frangopol et al.
2010). To achieve this, the interactive software tool
works on multi-levels, namely the level of the sin-
gle structures, the group level and the level of the
total stock. Steering is done on the latter, consistently
including the detailed estimations of expenses, time
efforts and technical conditions from the lower levels
by additive superpositions.

The steering concept as well as the principal techni-
cal basics and features of the data system and interlinks
are presented and illustrated taken road bridges as
examples.
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Strengthening of existing bridge decks by additional concrete layers —

new research results and design rules

J. Feix & A. Andreatta

Institute for Structural Engineering and Material Science, University of Innsbruck, Innsbruck, Austria

ABSTRACT

The present contribution focuses on the one hand
on experimental investigations carried out at the
University of Innsbruck determing the influence of
HPC and the joint roughness on the bearing capacity
of nonreinforced shear joints. On the other hand a new
guideline for the dimensioning of strengthening with
additional concrete layers (RVS 15.02.34 — 2011) is
presented.

During the life-cycle of a bridge (a bridge nor-
mally is designed for a life time of approximately
100 years) on average there is a need for one or two
renovations. These renovations are mainly caused by
environmental influences but also by demands con-
cerning the structural safety. Due to the fact, that life
loads rise constantly, it becomes necessary to in-crease
the bearing capacity of existing bridge decks. The
use of additional reinforced concrete layers on bridge
decks is a quite common method to increase the bear-
ing capacity. The use of anchor plugs combined with
cast-in-place concrete supplements leads to an enor-
mous work effort and thus high expenses, so from an
economic point of view it is very meaningful to mini-
mize the necessary quantity of anchors. Experimental
results show, that the design approach for the bond
strength in shear joints due to specific adhesion cannot
be described realistically with EN 1992-1-1 (Mller &
Zilch 2006). Beside the concrete tensile strength and
the surface roughness of the old concrete also other
factors — for example the pretreatment of the surface
with water or the surface tension of the new concrete —
play an important role. The consideration of these
influencing factors together with the employment of
an overlay concrete with slight shrinkage should — on
the one hand — lead to a remarkable increase of qual-
ity of the bond strength and — on the other hand -
to a reduction of load in the shear joint between old
and new concrete. Based on these considerations the

test program carried out at the university of Innsbruck
consisted of nine specimens. In each test a 6 cm cast-
in-place concrete supplement was concreted onto the
test slab. Varied test parameters were the magnitude of
the reinforcement in the overlay, the type of reinforce-
ment (bars or steel fibres) the roughness of the old
surface and the useable area of the shear joint. Before
increasing the load until collapse occurred, each spec-
imen had to sustain a special load procedure including
a fatigue loading with 2 million load cycles and a
thermal loading. In course of this load case a tem-
perature gradient of 15 [K] according to EN 1991-1-5
was applied in the cross section by infrared heating.
After that, the specimens were cooled down quickly
with cold water.

In no case a collapse in the shear joint occurred
(Federal Ministry for Transport 2010). Encouraging
values of shear strength due to adhesion could also be
observed in course of different other research projects.
On the basis of these results, a new guideline (RVS
15.02.34 2011) was published, which, aberrant to
ONORM EN 1992-2, provides the possibility to con-
sider the part of specific adhesion also in cases of
dynamic loading.
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Inspection and maintenance of the orthotropic deck of Avonmouth Bridge

B.l. Frey
Mott MacDonald, Bristol, UK

ABSTRACT

This paper is addressing the fatigue related inspection
and maintenance requirements of the orthotropic deck
of Avonmouth Bridge, a twin box girder Motorway
Bridge close to Bristol, in the Southwest of the UK.

As a result of increased loading due to the intro-
duction of a fourth lane on both carriageways fatigue
cracks regularly form in the trough to deck welds.
While not immediately threatening the integrity of the
deck, because of load redistributions, new cracks are
repaired on a 12 monthly basis in line with a risk based
inspection and maintenance regime. The weld detail of
every repaired crack is improved, new trough to deck
connections are carried out as partial penetration welds
rather than fillet welds.

The formation of new cracks has slowed down with
the installation of a gussasphalt surfacing significantly
increasing the stiffness of the steel deck plate, as steel
deck and surfacing act compositely.

At critical locations the integrity of the deck plate
splices is monitored with fatigue sensors which pro-
vide an accurate record of cumulative weld fatigue
damage.

Figure 1. Photo of Avonmouth Bridge — looking North.

The standard access procedure inside the east box
girder is to enter via cantilever gantries from the
cycle track through hatches in the outer web. From
there access to the west box girder is provided by
a centre gantry which bridges the gap between both
inner webs.

Three spans of Avonmouth Bridge have an
orthotropic deck — the river span and the two adja-
cent spans. The height of the box girders gradually
increases from 2.3 m to 7.6 m above the river piers.
Therefore mobile scaffolding was required for inspec-
tions and repairs of the orthotropic deck. The installa-
tion of an elevated walkway and an internal mezzanine
floor greatly simplified access. The mezzanine floor is
of a lightweight construction consisting of horizontal
and vertical cables, profiled steel sheeting and clips
for connection.

An external walkway for emergency purposes is
under construction. It will consist of two sections
running along the inside face of the east box girder
and cover the entire length of increased box girder
height. The external walkway will provide personnel
with safe egress from the centre gantries in emergen-
cies when the underslung section cannot be extended.
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Asset management and life-cycle cost optimization for bridges on network,

asset and element level

M. Hoffmann
TU Vienna Institute of Transportation, Vienna, Austria

A. Kammersberger
Road Authority Styria, Graz, Austria

ABSTRACT

Asset management is not a case by case decision but is
based on a comprehensive set of goals and strategies
asacyclic and hierarchical process from budgeting on
network level down to individual measures on asset
element level. The developed approaches allow long
and short term LCC — predictions for bridge assets on
all levels.

The paper starts with a short introduction to goals
and optimized strategy in road asset management on
network level. Following a “top down” approach a
short overview on road assets and road expenditures
in Austria with special emphasis on bridge rehabili-
tation is given. A detailed overview of the structure
and condition of 3300 bridges on 4920 km of regional
roads in Styria together with average expenditures for
maintenance and rehabilitation per year completes the
analysis on network level.

The presented standardized life-cycle for bridge
assets on object level is based on a comprehensive
analysis of all phases of a bridge life-cycle. With
mean construction costs of 1600€/m? and typical
measures for small, medium and major rehabilitation
down to reconstruction the cost development during a
typical bridge life-cycle is established. The rehabilita-
tion intervals are determined based on an analysis of
recent measures as well as the condition development
between inspection intervals for the bridge inventory
in the bridge database BAUT.

The resulting annual unit costs for bridges amount
to 85 €/m? based on the verified standard life-cycle on
object level. The average annual rehabilitation costs
with the verified life-cycle on object level amount to
1.6% to 1.7% of the construction costs and are in line
with the findings from literature (e.g. Wicke et al.
2001). Based on the findings a fast forward estima-
tion of necessary budgets on network level as well as a
first comparison of investment alternatives on object
level are possible.

With a refined version of this LCC — approach on
bridge element level the different condition develop-
ment and behavior of bridge elements on individual
bridge objects can be addressed. The paper gives a
short overview of the developed approach on bridge
element level together with a method to minimize the
annual costs during service life under the boundary
condition of no failures on critical bridge elements.
The necessary failure type and rehabilitation measure
catalogues are currently being developed allowing a
specific condition assessment and prediction as well as
planning and optimization of rehabilitation measures
or other investment decisions in the future.
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Analysis of influential factors and association rules for bridge deterioration

using national bridge inventory data

R.-Y. Huang & P.-F. Chen

The Institute of Construction Engineering and Management of National Central University,

New Taipei City, Taiwan

ABSTRACT

Bridge is the hub of a road, playing an important role
in transportation. With the age of bridges increasing
in recent years, the condition of bridges is dete-
riorating. Bridge deterioration usually results from
multiple factors. Studies in exploring the factors lead-
ing to bridge deterioration and its state estimation
are booming. However, studies in the relationship
between bridge deterioration and external environ-
ment by using database are still limited. Since 1992,
National Bridge Inventory (NBI) has collected basic
and historical information of bridges in every state, a
very rich database which should include some valuable
knowledge. Hence, through clustering and classifying
in data mining, this study explores association rules
for bridge deterioration, which is displayed in decision
tree with clear routes for reference. Using association
rules developed by thus study, bridge maintenance per-
sonnel can understand the future state of the bridge
under their jurisdiction, respond to risks and costs of
bridge deterioration, extend the service life of bridges,
and protect the safety of road users.

Based on the methodology previously discussed,
this study retrieves bridge information in Florida
from NBI database. There were about 15,762 bridges,
according to NBI. This study selects 6,948 bridges for
analysis based on the principles of filtering. Input fac-
tors are existing columns in NBI database. Because
columns are divided into qualitative and quantitative
ones, discretization must be carried for later analy-
sis. Continuous variables are discretized by two-step
algorithms. This study selects 58 columns for later
calculation. In two-step algorithm for clustering, the
minimum number in a cluster is 3 and the maximum
8. It is assumed that the cluster is a deviator if the
number in it is below 5% of the total sample size.
Two-step algorithm divides bridges into five clusters.
The number of bridges and rule sets in each cluster is
shown in table 1.

This study conducts a linear regression to achieve
the deterioration trend according to the average of age
in the clusters above.

Table 1. Clustering of bridges.
Cluster Number Rule sets
1 1,973 4
2 1,244 4
3 897 16
4 612 5
5 620 1
Deck Condition Index
9
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Figure 1. Average deck condition (cluster 1).

REFERENCES

FHWA, Washington, D.C. Mauch, M., and Madanat, S.
M. Semiparametric Hazard Rate Models of Reinforced
Concrete Bridge Deck Deterioration. J. Infrastruct. Syst.,
7(2), 2001, 49-57.

Morcous, G., Rivard, H. and Hanna, A.M. (2002), “Model-
ing Bridge Deterioration Using Case-Based Reasoning”,
J. Infrastructure Systems, Vol. 8(3), pp. 86-95.

U.S.DOT (1995), Recording and coding guide for the struc-
ture inventory and appraisal of the nation’s bridges,
U.S. Department of Transportation, Bridge Management
Branch.

115



Life-Cycle and Sustainability of Civil Infrastructure Systems — Strauss, Frangopol & Bergmeister (Eds)
© 2013 Taylor & Francis Group, London, ISBN 978-0-415-62126-7

Examples of different strategies of bridge preservation: Part 1
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ABSTRACT

Buildings are subject to an ageing process. The age-
ing process can be dealt with by applying different
design philosophies. The date of repair and its extent
result from the chosen design philosophy. If damage
has occurred, a decision on the intervention’s extent
has to be taken considering the requirements for its
repair. Damage may be a visible defect, such as a
greatly diminished protection of a coating or a con-
crete cover. It could also be a crack in a tendon. If
the required safety level is unverifiable it may also be
damage.

It is therefore recommended that the maintenance
and repair be planned within the scope of a life-cycle
management.

The aim of the life-cycle management is to iden-
tify and counteract all ageing processes by using
the resources economically and taking the planned
lifetime into account.

Maintenance can basically operate in a different
manner. Presuming enough time for an extensive
repair, a structure can be used within the inacurracy
of the forecast for the rest of the life time without fur-
ther measures (Fig. 1, curve C). However, this can also
mean that the economic solution is not optimal.

If sufficient time or means are not available for an
extensive repair, the provided rest lifetime is limited
to a few years and resources should be used econom-
ically. It is possible to combine a “small” repair with
monitoring (Fig. 1, curve D). Then the repair is in
order to preserve actual conditions or to ameliorate
only slightly, so that sufficient security remains for
the building.

Different design philosophies are explained in this
paper using four examples. Two examples in part 1 and
a further two in part 2.
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Figure 1. Different strategies of bridge preservation.

The first example deals with an arched bridge that
had a new structural performance due to an incor-
rect repair of war damage. The associated deformation
resulted in large cracks. As regards the repair, a deci-
sion had to be made as towhether it should be a
complex repair to reconstruct the old system, or if it
would suffice to merely preserve the new condition.

In a second example, a composite bridge is pre-
sented, which did not have the required stability due to
technological and conceptual ageing. Both during con-
struction and in a later strengthening, the transverse
distribution between the main girders was considered
insufficient and lead to an inadequate dimensioning of
the transversal girder connections. It was also the case
with this repair that the existing distribution of forces
within the structural components remained almost the
same.

The examples show how an improper construction
or incorrect repair reduces the lifetime of a struc-
ture considerably. They also show that these defects
could sometimes be corrected with small adjustments
or extensive effort. This also depends on the chosen
design philosophy.
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ABSTRACT

When considering bridges and their maintenance or
preservation, one frequently refers to publicly owned
road and railway infrastructure. The big number of
aged bridges in this sector is increased by a huge
number of privately owned bridges. The two examples
discussed in the paper come from the civil engineering
of power plants field which is well known for various
interesting aspects.

In coal fired power plants, it is a common strategy
to ensure a supply of coal by rail, together with coal
bunkers for intermediate storage. The coal bunker dis-
cussed in the first example is a bridge construction for
three railway tracks.

The construction sustained serious damage during
day to day operations so that operation of the bunker
had to be discontinued. Investigations showed a sys-
temic error. The repair had to be carried out under
heavy pressure of time and with proper consideration
being given to operational issues. Prolonged closure
of the coal bunker would have led to unacceptable
economic damage.

The second example is also a bridge construction of
a coal bunker. Here, an erroneous detail and an under-
estimation of the fatigue load led to a failure of the
reinforcement in a suspension girder. A durable solu-
tion had to be found for the repair in addition to it
having to be carried out in a very short period of time.

A detailed description of both of these exam-
ples is provided, together with the main dimensions.
Occurred damage and the repairs that were carried out
are presented in a figurative manner. Figure 1 shows a
typical coal bunker.

The paper shows that bridges are neuralgic elements
in the infrastructural network that keeps our econ-
omy running. The examples provided in the two parts
of the paper show that great effort has to be taken

117

Figure 1.

Longitudinal view of a coal bunker.

when carrying out repairs under operational condi-
tions. When taking this in mind, it is very obvious
that regular bridge inspections should be undertaken in
order to detect damage at an early stage. The examples
also prove that the responsible principals should give
preference to robust constructions with redundancies.

Primarily, redundancies provide safety and sec-
ondly