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Abstract

For the issue of planning construction areas ireomf the prevention and
mitigation of seismic risk, in addition to emerggnmanagement, the scientific
community has for decades studies the identificatib tools and methodologies for
seismic vulnerability of buildings and infrastruetuIn this context it's very difficult
the seismic vulnerability evaluation for existingrustures, and especially those
distributed.

The complexity of the infrastructural vulnerabil@yalysis is represented by the
deep interconnection between different featuresei@¢ aspects are connected to this
problem, from the correct choose of seismic inpstructural and geological
knowledge, correct modeling and analysis. The mpead assessment of structural
security conditions therefore must necessarily yoeathic and iterative, depending on
the time scale and spatial analysis in the reffdre type and quantity of data needed
are dependent on the complexity and heterogenditypoth the geological and
geotechnical characteristics of the natural sys@md of the characteristics of
structures. So is very important the need for rdiseiplinary approach that can
integrate organically different methods of invesatign related to the different
disciplines involved (geology, geotechnical engriveg structural engineering).

Structural knowledge refers not only to the geognestructural details, and
materials, but also to the state of maintenanctefstructure. A careful analysis of
conservation state of and degradation of the stractllows two goals. The first is to
ensure that they are not workings special phenonibat may compromise the
structural safety of the work, and for which thessgc capacity of the structure can be
greatly cut down, the second is related to the wbhsien of the conservation status
structure, and quantification of degradation/cameslue to natural structure working.

The attainment of reliable information to studygitiy analysis is a complicated
and hard work. Still, to obtain hazard and vulnditgtstructure, it's need knowledge
of site features and geometrical and mechanicattstre’s property. The literature on

this subject is relatively large but, given thednegeneity, complexity and scope of



works is to be tested is the territory on whichytwsist, significant progress can be
achieved by directing research towards the impleatem of strategies and integrated
methodologies multi-scale science-engineering.

In this context the evaluation of seismic perforg®mf some really existing
viaducts are analyzed.

The result of the work, is the implementation oblgil Bridge Management
System, useful for global assessment at singletsiei level, and sufficiently detailed
for administration of medium-sized populations,istar example a regional scale. The
different sections of BMS, allows the collectiondacataloguing of background data
and knowledge data, and constitute, the baseeidoqmance evaluations in structural
perspective, linked to the road network exercisgj & seismic perspective, for
seismic vulnerability assessment. A guide for theintenance program and seismic

retrofit is provided, useful for by responsible ages.

Keywords: existing bridges maintenance, seismic vulnerabibissessment,

Bridge Management Systems, soil structure intevacti
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Chapter 1
INTRODUCTION

1.1 INTRODUCTION

In Italy, as well as in Europe and in the US,rargj impulse to the construction
of modern road infrastructures dates back aboye@s. In the 50s and the 60s due to
economic as well as technological constraints thedard solution adopted throughout
the Country consisted of simply supported multiple-stressed beam decks with
standard span length of 30 to 32m. The bearinge wknost invariably made of the
low neoprene pads and the joints between decks wather primitive. For the
crossings of large valleys the solution was stilttof the RC arch-bridge with upper
deck. This typology was progressively replacedawvof of segmental cast-in-situ pre-
stressed concrete bridges with symmetric cantileesstruction and span lengths of
the order of 100m. Mainly due to limited predicti#entrol of the long-term creep and
shrinkage effects, with the ensuing pre-stressb8fse preferred solution was to have
a hinged connection at mid-span. During the 70silewthe construction of the
highway infrastructure was reaching completionthima medium to long span range the
segmental launching technique replaced the balacastilever construction, and the
most common typology for short span length (35@m¥remain almost unvaried, as
simply supported pre-stressed concrete decks. Tagsewere now made up either of
pre-cast pre-tensioned multiple beams, with T @ettions and cast-in place RC slab,
or of pre-cast box-section girders having the fuitth of the deck, constructed off-site

and positioned with launching girders. Bearings mid see any significant evolution
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until the end of the 70s early 80s when the ficttlgearings made it to the market.
1.1.1. Seismically historical considerations

In Japan, first seismic design code was introdunetB25. Because instability
of soils was the major causes of damage, attentias paid for seismic design of
foundations at the early days, and prevention @svigere first developed and they
have been implemented since the 1964 Niigata asak®y In Japan seismic retrofit
programs which were initiated in 1971 and repeatiedpproximately every 5 years,
providing unseating prevention devices has beerobtiee most common practices of
the seismic retrofit. The extensive damage in tB851Kobe earthquake revealed
inadequate ductility capacity of columns and inaddg strength of restrainers. Shear
failure and premature shear failure of columns wétimination of main reinforcements
at mid-heights resulted in the extensive damagesigbeseismic force of unseating
prevention devices was increased, and detailirdgsign for cable restrainers and joint
protectors were extensively modified in the codaldshima (2000)].

In ltaly, as in Europe, seismic design consideratidor bridges were
implemented in this decade, implying that the desif existing bridges and new
bridges are quite different. Until the 90’s, no peo seismic design code existed and
seismic prescriptions were only nominal, limitedsetially to conventional forces
(maximum spectral acceleration of 0.07g-0.1g), authany detailing and capacity
design indications. The only exception at Italiemel to this rule took place after the
1981 Campania Earthquake, which affected a goodorumf highway bridges in an
area close to the epicenter.

For existing buildings and infrastructures, seisltycvulnerability studies of
has taken in recent years a particular relevancelation to the earthquake that struck
in 2002 and recently Molise and Abruzzo.

Technical investigation has started in order toycaut an extensive testing on

several strategic buildings distributed throughdhte country and design of
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interventions to reduce risk, which was subseqyemttended to bridges in network

infrastructure [Dolce et al. (2007a)].
1.1.2. Italian road networks

The ltalian road network is distinguished by itstesmsion, and have many
bridges structures located throughout the natiteraitory, both in under the ordinary
road, both in the highway.

The major impetus to the development of road ndtweas certainly given, as
previously presented, similar to what happenedéohuilding structures, aaaaain the
mid-fifties, and has been intense development eftighway network until the mid
seventies. After the construction period of new hiigys, started works of
maintenance and modernization of the network ofisand the strengthening of some
critical part of high way.

In this way, a very large number of structuressitlayered over the. With
reference to the ANAS’s competence structure, wankiinat they consist of over 8500
units with light greater than six meters, which tome to form a total area of 900 km.
The biggest part of this structures have deck aacabout 80% of the total, and it is
estimated that the average development of dec&ppsoximately 80 m, but there are
still many examples of stone viaducts.

From a structural problem, the recent update ofitdd&n seismic classification
has show the issue of seismic vulnerability ofasfructural structures. The lack of the
connection between components, of resistance blgraobsolete design or details
construction, geotechnical works insufficient tcsis¢ at the real load acting are
common to many bridges structures in the territory.

On the other hand, it should be noted that onlgm#yg, with the evolution of the
regulatory framework for seismic design, the sub@cevaluation and retrofitting of
existing buildings was placed in a field unconndcteith the works of new

construction.
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An examination of the last technical literature,iethbelow, shows how the
evaluation of existing buildings is well developegthe codes [NTC (2008)]. Instead,
vulnerability assessment of bridges were stillpedalist areas, with clear reflections
on what documents are defined by the local autberéfter the advent of OPCM 3274.

If we consider this area features, we can exanemsrsc vulnerability issues of
strategic infrastructure and the need to proceeddiffgrent levels of detail, in
accordance with the provisions of OPCM 3274 arimbequent amendments. Emerges
a methodological approach useful to optimizing ggmlal and geotechnical
investigations to identify the most critical areasearthquake event and the structural

consequence.

1.2BACKGROUND OF ANALYSIS

For the issue of planning construction areas ireomf the prevention and
mitigation of seismic risk, in addition to emerggnmanagement, the scientific
community has for decades studies the identificatib tools and methodologies for
seismic vulnerability of buildings and infrastructiestimating. In this context it's very
difficult the seismic vulnerability evaluation faxisting structures, and especially
those distributed.

The complexity of the infrastructural vulnerabil@yalysis is represented by the
deep interconnection between different featuresei®¢ aspects are connected to this
problem, from the correct choose of seismic inpstructural and geological
knowledge, correct modeling and analysis.

The process of assessment of structural securihdittons therefore must
necessarily be dynamic and iterative, dependintghertime scale and spatial analysis
in the report. The type and quantity of data neeateddependent on the complexity
and heterogeneity of both the geological and géoieal characteristics of the natural
system and of the characteristics of structurebljfacino et al. (2009)].

So is very important the need for interdisciplynapproach that can integrate
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organically different methods of investigation teth to the different disciplines
involved (geology, geotechnical engineering, sticaitengineering).

In this specific context that places the contribativho want investigate some
aspects necessary to the implementation and teastihgiques to comparative analysis
of seismic performance for existing structures hie nhational road networks. This
process, well documented and coded in many guieklidrafted by the regional
commissions of experts requires calibration ind¢hse of road works of art, which is
for them impact required financial and technicadorces much higher than the
buildings.

For the structural knowledge, problem in conneatet only to the geometry
structural details, and materials, but also tostlage of maintenance of the structure.

The attainment of reliable information to studygfiliy analysis is a complicated
and hard work. Still, to obtain hazard and vulnéitgistructure, it's need knowledge
of site features and geometrical and mechanicaktstre’s property. Most of the
existing bridges was projected and constructed dmtwthe fifties and eighties,
concomitant whit development of roads and highwagtvork. In most cases don't
exist original documentations, but the records wéhsworks consist only on what
remained in the Historical Archives of the Statd_ocal Authorities. This material is
often not complete, and consists essentially ofgdesvith few references to static or
seismic calculations.

The literature on this subject is relatively lafg¢B (2007), Pinto and Mancini,
(2008) and their related references, Priestley. €1896)] but, given the heterogeneity,
complexity and scope of works is to be tested & tdrritory on which they insist,
significant progress can be achieved by directesgarch towards the implementation
of strategies and integrated methodologies mudtiesscience-engineering.

In this context include the evaluation of seismézfprmance of some viaducts
on the Region of Molise. It represents one of thize@mes of a large activity aimed at

the seismic vulnerability evaluation of a numberboidges belonging to a relevant
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road network in central Italy [Di Carluccio et £009), Fabbrocino et al. (2009)].

The stock analyzed consists of 27 viaducts, locatedhe main network of
Molise Region (8§ 2.1).

The sample is very heterogeneous, both in strucimchgeological issue, and in
seismically point of view. A seismic level, thene aituations of high seismicity, for
viaducts closer to the Apennines, and the aredhefMatese hills, areas of medium
seismicity, for viaducts along the river valleysgho and Biferno, and areas of low
seismicity, for viaduct who insist along the Aditasea. At geological level, the stock
sites is just as varied. There are situations bEsates [Fabbrocino S. et al (2010)],
whit different mechanical properties, who justityet presence of different kind of
foundation. In only one case, rotational movemeamis flows along the slope, where
the bridge was built, were observed. However, thelidé territory seems to be
characterized by different inclination slopes, alliof these versants has gently slopes.
No liguefaction phenomenon was observed. The samspseibstantially varied with
regard to the structural aspects. By using the inofdanalysis defined for this work,
(8 5.2), 244 piers were studied, whit 13 differendss sections shapes, linked to 3
types of foundation. All soil class are present (NT2008)]. In order to show the
extreme variability of the case studies analyzad] the impossibility of accurate
description of all viaducts, we report a classtiima of structures according to the main

structural features.

1.2.1. Simply supported viaducts whit short hollow rectarigr piers and

shallow foundations

For this family of viaducts, structural type isabbes simply supported viaducts.
Beams are simply supported on cast-in place R€&cap. The decks are reinforced
concrete on pre-cast slab. The viaducts, consigirmfitudinal pre-cast | beams whit
symmetric or asymmetric section with asymmetridbuln each bays are cast-in place
RC diaphragms, 2 at the head and other in the gtered at a constant distance. Piers
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are single columns whit hollow rectangular crosstiea. Piers height are variable by
3-4 meters until 7-8 meters. All bearings are ioprene pads. Piercaps are devoid of
seismically restraint or joint protectors. Foundasi are homogeneous, consisting in

shallow foundations.

i =

=

Vv

Fig. 1.1 Example of viaduct whit short hollow rexgalar piers and shallow foundations

1.2.2. Simply supported viaducts whit hollow circular pgeand on piles

foundations

For this family of viaducts, structural type is beasimply supported viaducts.
Beams are simply supported on cast-in place R€&cap. The decks are reinforced
concrete on pre-cast slab. The viaducts, consititirek longitudinal pre-cast | beams
whit asymmetric current section with asymmetrichisulin each of the bays are 4 RC
diaphragms, 2 at the head and 2 in the span, plaicadconstant distance. Piers are

single columns whit hollow circular cross sectidtiers height are variable by 3-4
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meters until 15-16 meters.
All bearings are in neoprene pads. Piercaps areidiey seismically restraint or

joint protectors. Foundations are homogeneous,igtimgin on piles foundations.

Fig. 1.2 Example of viaduct whit hollow circulareps and on piles foundations

1.2.3. Simply supported viaducts whit polygonal hollow foill piers and

on piles foundations

For this family of viaducts, structural type is beasimply supported viaducts.
Beams are simply supported on cast-in place R&cap. The decks are reinforced
concrete on pre-cast slab, consists of longitudimedcast | beams whit symmetric or
asymmetric current section, or multi-cell box ginsldn each of the bays are pre-cast
RC diaphragms, 2 at the head and in the span,ktca constant distance. Piers are
single columns whit hollow or full rectangular ablpgonal cross section. Piers height
are variable by 3-4 meters until 25-30 meters.b&larings are in neoprene pads. Pier

cap is devoid of seismically restraint or joint ferors. However, for some viaduct, in
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the transverse direction, the presence of one aialyhragm at the head of the beams,
or of restraint, ensures the impossibility of logé supports. Foundations are

homogeneous, consisting in on piles foundations.
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Fig. 1.3 Example of simply supported viaduct whilygonal hollow or full piers and on piles
foundations

1.2.4. Simply supported viaduct whit rectangular hollow-bellular piers

and on caissons foundations

The structural type is beams simply supported dtsluBeams are simply
supported on R.C. piercap. The decks in reinfoomettrete cast-in place. The viaduct,
533 m long and 12,50 m width, consists of threayitoiinal pre-cast | beams whit
asymmetric current section with asymmetric bullbseach of the 9 bays are 6 RC
diaphragms, two at the head and two in the spaceplat a constant distance.

Piers are single columns whit hollow rectangulacddiular cross section. Piers
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height are variable by 11-12 meters until 45-50arsetAll bearings are mechanical,

fixed and movable at the two ends of beams. Thecssgheme is uniform. The

supports consist of fixed hole constraints fordbatral beams and without hole for the

external beams in one end, and mobile multi-dioecfor external beams and mobile

one-way for central beams in the other end. ltssumed that mobile bearings are in

neoprene pads, and fixed bearings are steel hifiescap is devoid of seismically

restraint or joint protectors. Foundations are hgem@ous, consisting in caissons

foundations.

£t 4

7

Fle

CARATTERISTICHE

APPOGGH

<D

A

\aprocaa

0

camico
VERTICALE]

£ /appopgiol

746LIG

ESCURSION!

&/ gppagsro

LoNG

mm

TRASVERSALE
rm

.

ess

23-42P066!

o

,r|c [y

I[A S

A0

280

CENTRALI

+50

8o

28o

& - aPPoGar

r80

Athso

28s

LATERALI

/30

K
Fig. 1.4 Bearings characteristics

Mz

2éc

+ 250

20 - 4PRPOGGF CENTRAL

E2- APPOGGH LATERALY|

43387
4333

28

Slide rotazionali/colate
fungo il versante sotteso



Chapter 1
Introduction

Fig. 1.5 Simply supported viaduct whit rectangdialiow bi-cellular piers and on caissons
foundations

1.2.5. On frame viaducts whit rectangular hollow bi-cellat piers, and

on vary types on foundations

The structural type for this viaducts is not homugmus. Some spans is simply
supported, other are on frame. In one frame sym@@snNs are rigid connected by slabs,
forming a multi-cell box girder for a length of ddever of 7,00 meters. The decks are
reinforced concrete on pre-cast slab.

Beams are pre-cast | beams whit asymmetric cusection. In each bays are

diaphragms, two at the head and other in the spéaced at a constant distance.
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Fig. 1.6 On frame viaduct whit rectangular hollow bi-ceditpiers, and vary types on
foundations

Piers are single columns whit hollow rectangulacddiular cross section. Piers
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height are variable by 8-10 meters until 100 met&lisbearings are mechanical, fixed
and movable at the two ends of beams. The suppontsist of fixed hole constraints
for the central beams and without hole for the mwtebeams in one end, and mobile
multi-direction for external beams and mobile oreyvior central beams in the other
end. It is assumed that mobile bearings are in re@eppads, and fixed bearings are
steel hinges. Pier cap is devoid of seismicallyragst or joint protector. Foundations
are not homogeneous, consisting in shallow, ors @ifed caissons foundations, vary by

the soil characteristics and the height of thespier

1.30BJECTIVES AND OUTLINE

A theme of studies in this context could be propmsito implement seismic
bridge vulnerability through simplified mechanicalodels, take into account the

effective performance level of the structure.

l 1.INTRODUCTION

Background and objectives

2. STRUCTURE'S KNOWLEDGE

l Assessment of the Knowledge Levell

3. BRIDGE MANAGEMENT SYSTEM 4. SOIL STRUCTURE INTERACTION

Management and condition assessmi?t i Displacement ductility assessement

6. SEISMIC VULNERABILITY ANALYSIS

‘1, Seismic analysis procedures

7. CONCLUSIONS

Conclusions and perspectives

Fig. 1.7 Thesis outline

In fact, the availability of advanced models andhptex mathematical models,
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could be invalidated of since basic input paransesee not readily available.

The aim is the definition of a rational Bridge Mgement System, able to
support the structural maintenance of bridges gibmal scale and provide criteria for
the prioritization of interventions once vulnerdtyilclassification. The knowledge of
different kinds of degree, for each structural edamcould be estimated non only by
subjective judgments, but quantify in objective man Models and analysis are
integrated part of the seismic bridge assessmentjiding the necessary tools to
guantify seismic demands and capacities. To séhectmost appropriate model and
type of analysis, is required: the knowledge of $ite and of the structure (§ 2), the
condition of deterioration the structure, to pemforeal capacities (8 3), the seismic
bridge design and assessment process (8§ 5). lgebresponse modelling and analysis
still needs understanding, soil-structure intecac{§ 4), for best displacement ductility

evaluation.
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STRUCTURE’S KNOWLEDGE

2.1 INTRODUCTION

The infrastructure stock under investigation is enagt 27 bridges located on
the four main roads of the Molise region (Fig. 2They play a primary role both for
post-earthquake emergency management and daifictréhey are: SS650Sfrada
Statale di Fondo Valle del TrighoSS647 $trada Statale Fondo valle del Bife)no
and Branch A, SS85(rada Statale SannititaSS16 Gtrada Statale Adriatida

e §8 DI FONDO VALLE TRINGO

== S5 FONDO VALLE DEL BIFERNO

SS 647

5SS SANNITICA

mmmm || 5517 SSDELL'APPENNINO ABRUZZESE
ED APPULO SANNITICO

Fig. 2.1 Geographical framework of the main netwiarMolise Region

SS650 is 75.650 km long, with the first 43.350 knMolise and the remaining
32.300 km in Abruzzo. It links the internal landghwthe Adriatic coast. SS647 is
75.300 km long and also links the internal landd #me Adriatic coast. SS87 is
115.333 km long and it is parallel to SS647. They fight outside Termoli.

SS16 is 35.277 km long, goes across Termoli an limith the Termoli's
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urban highway. Among the 27 bridges under invettiga 15 are located along
SS650, 4 along SS16, 4 along SS87 and 4 along SS647

2.2 ASSESSMENT OF THE CURRENT STATE OF STRUCTURES
AND SOURCES OF INFORMATION

The safety assessment of bridges is carried oatgr linear and non-linear
analyses. Local assessment is also carried oltiding evaluation of deformability
and strength. Thus, information about geometryhaf structures and mechanical
parameters of the materials are fundamental fomatisessment. Geology, mechanic
and seismic classification of the sites are aldeveat. Thus, as a first task, all
available data and information about each strudtare been collected. They can be
classified as [Fabbrocino et al.(2009)]:

Administrative information;
Hazard information;
Structural information;
Geologic information.

In the first group there are data related to thsitjpm of the structure,
information about design and construction, andydaéffic volumes. In the second
group information about seismic hazard of the witere the structure is located is
collected. In the third group information and dafaout geometry and structural
schemes are collected. In the fourth group, adirimfation and data about geology of

the area where the structure is located are celld@i Carluccio et. al. (2009)].
2.2.1. Administrative information

Administrative information and data for identifimat and localization of the
bridges are collected. In particular, the informatiabout the time of design,
construction and maintenance interventions are domahtal for the structural

assessment of the existing bridges.
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Lack of information and difficulties in carrying baccurate in-situ structural
investigations can be overcome by simulated deaapording to the codes adopted
at time of design and construction of the analylagdge. In particular, the average
daily traffic volume is relevant for managementtbé infrastructure, for both the
planning of maintenance interventions and the exaln of the consequences of a

seismic event on the network.
2.2.2. Geological and geomorphological information

The acceleration, velocity and displacement tingohnies that will excite the
bridge foundation will then be filtered by the lbsail before attacking the bridge
foundation system. An appropriate characterizabibtine local soil therefore has two
objectives:

to provide parameters required for the definitioh tbe ground motion

(filtering effect);

to provide parameters required to model the saihtation interaction (soll

stiffness) and to avoid soil failure (soil strength

The area is characterized by a very complex anerdgeéneous geology and
morphology. Many bridges of the most important wglis of the Region were built
in sites with a high hydro-geological hazard. Me@othe seismic hazard of the
Region is spanning from moderate to high.

The geological investigation has been carried @gbaling to a number of
steps. In the first step documents in the ANAS igland other administrative
offices have been analyzed. Detailed cartograplsybeen collected and integrated
with information coming from field investigations@ in-situ geological survey.
Such an information is useful also to quantify $itebility and inherent vulnerability
of the area. Geological, geomorphologic, idro-ggmal and geotechnical
information and data able to provide an informataimout the expected risk are

collected.
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Geolithological and geomorphologic maps have beeduced.

In situ investigations have been designed accordimgthe geological
formations found in each area. Direct tests, sughbareholes, performed using
continuum boring technique and SPT, and indirestsiesuch as DPSH, CPT,
refraction seismic tests and MASW tests and get@dgomography [Compare et al.
(2009)], have been carried out. After the in situeistigations, the mechanical model
of the soil underlying each analyzed structurelie®en developed. Geological survey
and classification for the characterization of émeas where the analyzed structures
are located have been carried out by Dr. SilviabFatino and Dr. Fabio Todisco
[Fabbrocino S. et al (2010)].

2.2.3. Hazard information

According to Eurocode 8 part 1 (EN 1998-1, 2003henational territory is
subdivided into seismic zones, depending on thal loazard. In each seismic zone,
the hazard is assumed to be constant and is deddrilierms of a single parameter,
i.e., the value of the reference peak ground ac@e on outcropping bedrock
PGA. The reference peak ground acceleration, chosethéWational Authorities
for each seismic zone, corresponds to the referstaen period TR of the seismic
action for the no-collapse requirement. In Euroc8di is prescribed that structures
in seismic regions comply with the no-collapse ieguent and the damage
limitation requirement. At the Italian level, theT® presents several new terms to

describe seismic hazards and seismic actions octgtes. First, it introduces a

reference period/; for seismic actions, which is given by the prodafcthe nominal
life of a constructionV,, and its coefficient of us€ . It's the number of years

during which a structure, if subjected to regulaimtenance, should be used for the

purpose for which it was designed. It is suggestetiV, =10 years for temporary

structuresV,, =50 years for ordinary buildings and structures, \4pd- 100 years
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for large or strategic constructions.

The coefficient of use is directly linked to thess$ of use of the construction,

from Class | (rare presence of people, construdiwnagriculture,C, = 0,7) to
Class Il (normal presence of peoplg, = 010) up to Class IV (important public

and strategic buildings also used for civil pramct C, = 20).

Two damage limit states (SLO, SLD) and two ultimiatét states (SLU, SLC)
are established in the code:

Operability limit state (SLO):after an earthquake, the entire structure,
including its structural elements, nonstructuranents, and apparatuses relevant to
its functionality, is neither damaged nor subject significant interruptions in
functioning.

Limit state of prompt use or Damage (SLBjter an earthquake, the entire
structure, including structural elements, nonstmait elements, and apparatuses
relevant to its functionality, has damage that deescompromise its stiffness and
resistance against vertical and horizontal actidhs. structure is ready to be used but
the apparatuses might be subject to malfunctioning.

Limit state for the safeguard of human life or Wisite state (SLU)after an
earthquake, the construction is affected by faduaed collapses of nonstructural
components and apparatuses and significant daneag&uctural components that
result in a significant reduction of stiffness aedistance against horizontal actions.
The construction retains significant stiffness aagistance against vertical actions
and retains, as a whole, a significant safety maagjainst collapse from horizontal
seismic actions.

Limit state for Collapse prevention (SLG@fter an earthquake, the construction
has suffered serious failures and collapses of tnmtaral components and
apparatuses and very serious damage to structorapanents that result in a

substantial loss of stiffness and a contained lfssesistance against horizontal
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actions. The construction retains a significarffretss and resistance against vertical
actions but has a small safety margin againstpgsdidrom horizontal actions.
According to the code, the probability of exceedant the seismic action
during the reference period varies with the linstts, as shown in Table (2.1).
It follows that the returning period of the desigarthquake can be evaluated

assuming a statistical distribution of seismic ¢setf the Poisson model is used to

predict the temporal uncertainty of an earthquéiereturning period, is given by:
(2.1)

In Equation (2.1),/,, is the average rate of occurrence of the evignis the

time period of interest (the reference perMdin this case) andPis the probability

of a number of occurrences of a particular evenindua given time interval.

Limit state Probabilty P of exceedance in the refiee period VR
Serviceability limit state SLD 81%

SLO 63%
Ultimate limit state SLU 10% SLV 10%

SLC 5%

Tab. 2.1 Variation of the probability of exceedamdehe seismic motion for different limit
states.

This way of defining the earthquake returning perie associated with a
system that has recently become available in Italyich allows visualization and
querying of probabilistic seismic hazard maps @&f tlational territory using several
shaking parameters on a regular grid with a 0.@fcieg [Meletti and Montaldo,
(2007)]. This system was directly incorporated ithte New Building

Code. Quoting the website http://essel-gis.mi.ibpelp sl en.html the

maps display two shaking parameters, Peak Grouncel&ation PGA) and
spectral accelerationS;) on stiff horizontal outcropping bedrock [Santuate

Magistris (2011)]. In this context, after the geptal database editing, information
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abouta, (peak ground acceleration on bedrock) &@A and S are find, using the

geographical coordinates in hazard maps of themaltiterritory. For long bridges,
seismic hazard is evaluated at the beginning atiteagnd.

In each node a different value for peak ground lacagon (a,), local

amplification factor §,) and control periodT_.), upper limit of the period of the

constant spectral acceleration branch, is defined.
2.2.4. Structural information

Information and data about geometry and structyr@dlogy are fundamental
for the evaluation of the seismic vulnerabilitytbé structures. Thus, all the collected
documents and data, including the results of m-siirvey and tests, have been
analyzed. Moreover, design and construction teclasidpave been also analyzed.

Downstream of mentioned above census data, for eathe viaducts were
prepared a document called "Level Zero Cards " [Btec21/10/2003] that collect all
the available structure and site information. Swdl Zero Cards become a solid
base to identify information available and missiagchieve the desired Knowledge
Level [CEN (2005), NTC(2008)]. In "Level Zero Cartighere are different sections
for collect different kind of data. For example Tiab 2.2 and Fig. 2.2 sections of
Papers dedicated to the administrative informatomal geometry and structural

details are shown.

2.3LEVEL OF KNOWLEDGE AND IN-SITU TESTS OF BRIDGES

Seismic codes issued in early 2000s, recommendtmcti approach between
the assessment of existing construction and theictsiral upgrading and the design
of new constructions. This concept is present imynBational and International
codes, mainly with reference to existing buildifG&N (2005)].

The main difference between new and existing coos8tms is represented by

the sources of uncertainties in determining thecstiral modeling and mechanical
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material parameters.
For the aim to perform an integration between h@#ormance of materials
and structural details, in seismic point of vieweed knowledge of the structure is

required.

Tab. 2.2 Example of database of administrativermfdion’s.
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Fig. 2.2 Example of database of geometrical infitiom’s.

Fignra 7. Pier cross section

Fignra 8. Pier cap section

4 TEARemE

According to OPCM 3274 (2003) or to Eurocode 8 [RCHK2005)], a
knowledge level has to be preliminarily evaluated drder to define material
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properties for existing buildings and consequentydefine a correct structural
analysis and assessment design procedure. As tedic&urocode 8, and at Italian
level in the O.P.C.M. 3431, for choosing the adiblestype of analysis and the
appropriate confidence factor value for analysis existing buildings, three
knowledge level are defined:

KL1: Limited knowledge

KL2: Normal knowledge

KL3: Full knowledge

This knowledge level considers three different eaaibn steps: geometry,
details and materials:

Geometry: the geometrical properties of the stmattaystem, and of such non-
structural elements as may affect structural respon

Details: these include the amount and detailingeififorcement in reinforced
concrete, connection between members, etc.;

Materials: the mechanical properties of the comstit materials.

For strategic bridges, the Guidelines for the eatatun of the seismic safety of
existing bridges [Pinto et. al, (2009)] require #uhievement of an Accurate Level of
Knowledge (LC3), apart from specific cases wherddequate Level of Knowledge
(LC2) is allowable. The requirement of an Accurageel of Knowledge is justified
by the strategic relevance of bridges and by treemde of non-structural elements
which make access difficult [Progetto DPC-Reluid02-2008)].

Mean values of mechanical parameters are recomrdéndmmbination with
con dence factors (CF) dependent upon the knowlebiyels (KL). Knowledge
levels achievement are strictly related to the nemiddf tests and the accuracy and
extension of inspections performed on the consomctable 2.3 illustrates the three
levels of inspections related to code KL's, naméiygjted (KL1), normal (KL2) and
full (KL3) and extends recommendation providedlfadges [Pinto et al. (2009)] on
the analogy with EC8 Part 3 for buildings (Tab.)2.5
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Knlc_)gllzldg Geometry Detalis Materials Analysgis CF
KL1 _ S_lmul_atec_J d(_eS|gn ar_1d Default va_lue_s and from limitg LE-MRS|  cR.
limited in situ-inspection in situ test
- From incomplete origin - .
From o_rlglnal detailed whit limited in F_r_om _orlglna_l dg5|_gn _
KL2 outllne_ situ inspection or from §peC|f|9at|ons with limited inf Al CFw
construction S situ testing or from extended |in
° . extended in situ . :
drawing whit . . situ testing
. inspection
sample visual L .
survey or from| From original detailed From original test reports
full survey | construction whit limiteq  voppiie 4in situ testing or
KL3 in situ inspection or frot| esting ( All CFus
AP from comprehensive in situ
comprehensive in sity -
inspection testing

Tab. 2.3 Knowledge levels and corresponding mettoddmalysis and confidence factor for
buildings

For bridge structures, Tab. 2.3 can be modifiefbkmwvs.

Knowledgg Geometry Detalis Materials Analyqis CF
Level
From incomplete original From original design
KL2 detailed whit limited in sity specffications with limited i Al 120
From original outline |inspection or from extendq situ testing or from ’
construction drawing whit in situ inspection extended in situ testing
sample visual survey of  From original detailed | From original test report
KL3 from full survey construction whit limited ir] withlimited in situ testing o Al 100
situ inspection or from [ from comprehensive in sifu '
comprehensive in situ testing 1

Tab. 2.4 Knowledge levels and corresponding mettoddmalysis and confidence factor for
bridges.

A careful review of code provisions and proposeitiglines shows that some

aspects that are not fully established and thattaio margin of interpretation exists.

This applies particularly to the design of the kienge path and to the spatial
con guration, as well as to the outcome of the tesults. Moreover, the approach
seems to fit requirements for detailed analysisingjle structures, but cannot be

easily used to large numbers of bridges belongngad networks at regional scale.
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Relief In situ test
Limited in situ ~ Structural detalis hare verified for 20% ofL concrete core and 1 rebar sample for
inspection piers (no less then 2 piers) 20% of piers (no less then 2 piers)
Extended in situ  Structural detalis hare verified for 40% ofl concrete core and 1 rebar sample for
inspection piers (no less then 3 piers) 30% of piers (no less then 3 piers)
Comprehensive in si Structural detalis hare verified for 60% ofL concrete core and 1 rebar sample for
inspectiol piers (no less then 4 pie 60% of piers (no less then 4 pie

Tab. 2.5 Recommended minimum requirements for mdiffelevels of inspection and testing.

First step in seismic vulnerability assessmenthie tesearch of original
documentation and design of bridges stock. Dataisitipn for seismic vulnerability
assessment is often not trivial. Moreover, moghefbridges have been designed and
built in between the Fifties and the Eighties: sincintil the beginning of the
Seventies, was not obligatory by codes to depogh e “Civil Engineers” the
calculations of reinforced concrete. So the depos$itthe calculation whit the
Prefecture was solely at the discretion of the waoBon companies. As a
conseguence, only partial or limited documents ftbenoriginal design can be found
in the archives, consisting in the most of partdesign, while relation about

calculations are very infrequent.
2.4 STATE OF KNOLEDGE REVIEW: SIMULATED DESIGN

After the research of documentation we proceedeaihtalated design whit the
aim of to complete lack of information, by confimgi what found, and to examine
the guestions and evaluate stress on critical@estivhere present, generally due to
the atmospherically exposition and corrosion ofarete and rebars, but sometimes
may be due to the stress levels induced by cyadidg.

In fact, in case of lack of project documentatiibfis necessary to reconstruct,
geometry, structural’s details and mechanical pitogse of materials, through the
results of surveys on site and by analogy witteothaducts, by the techniques by
which the structure was designed and builted, Breace to the customs regulations

in period of construction.
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Confirm of available documentation by simulatedigiesconstitute the base
for the completion of the information for viaduot fwhich any document was found.

For each viaduct, design of load patterns, ovedpadads lines and
combinations, are related to officials Italian riegions at the time of construction,
based on extracts of calculation reports founthindocument under investigation.
List below provides the institutional Italian framerk of last century for the bridges
design:

Min. LL.PP. (1916), "Norme Tecniche riguardanti d@ere metalliche che

interessano le ferrovie pubbliche”, D.M. 06.05.691

Min. LL.PP. (1933), Normale N.8 del 15.09.1933.

Min. LL.PP. (1945), Normale N. 6018 del 09.06.1945.

Direzione Generale ANAS. Circolare N. 820 del 15.632.

Min. LL.PP. (1916), "Norme Tecniche riguardanti dpere metalliche che

interessano le ferrovie pubbliche", D.M. 06.05.691

Min. LL.PP. (1933), Normale N.8 del 15.09.1933.

Min. LL.PP. (1945), Normale N. 6018 del 09.06.1945.

Direzione Generale ANAS. Circolare N. 820 del 13.032.

Min. LL.PP. (1962), "Norme relative ai Carichi pdr Calcolo dei Ponti

Stradali", Circolare n. 384, del 14 Febbraio 1962.

Min. LL.PP. (1970), "Norme per la Progettazionei d®onti Stradali in

Acciaio ", Circolare n. 7091, del 4 Novembre 1970.

D.M. 02.08.1980, "Criteri Generali e Prescrizioniechiche per la

Progettazione, Esecuzione e Collaudo di Ponti Stiiad

Min. LL.PP. (1980), STC, Istruzioni relative alormativa Tecnica sui Ponti

Stradali (D.M. 2.8.1980), Circ.n.220977, 11.11. 80.

D.M. 04.05.1990, "Aggiornamento delle Norme Teamigér la Progettazione,

la Esecuzione e il Collaudo dei Ponti Stradali”.

Decreto Ministeriale 14 Gennaio 2008 (G.U. n. 28l d-2-2008 Suppl.

45



Structural performance assessment of existing Ri@ges in seismic prone areas

Ordinario n.30) “Approvazione delle nuove norme riebe per le

costruzioni”

Based on the available documentation, the mostid§es under investigation
are designed and builted by the implementatiomdications of Circolare n. 384
del 14 febbraio 1962, del Ministero dei Lavori Plibb— Consiglio Superioré:
Norme relative ai carichi per il calcolo dei porgiradali’. Two bridges of the stock
are designed and builted refering t®€treto Ministeriale 02/08/1980, Criteri
generali e prescrizioni tecniche per la progettaspesecuzione e collaudo di ponti
stradali (Gazzetta ufficiale 10/11/1980 n. 308pne viaduct of the stock were
designed and builted using codddrmale n.6081 del 9-VI-1945 del Ministero dei

Lavori Pubblicf'.
2.5 IN SITU TESTS PLANNING

The in situ test represent a detailed assessmeniielh as a check on the
reliability of the design and construction assummgi made, and, where they are
systematically confirmed, they acquire an incregigirhigh degree of reliability.
Downstream first visual inspection in situ, and lgsia of available documentation
and simulated project redaction, it was designedjiam that provides number and
location of elements to be examined, and kind sistéo be conducted, depending of
the Level of Knowledge to be acquired and religpitif the test, as well as elements
of viaduct really accessible. Acquired first elertsenf structural assessment, it is
passed to define the different types of tests tmeelbecause they have different
reliability levels.

Regarding geometry and construction details, sgrtivith analysis of
available original documentation, and following eogkquirements, for Knowledge
Levels (8§ 2.3), it was established the number acdtion of surveys to be carried
out. Surveys plan is based also on the findingsfisual surveys for the real

accessibility of places. For geometry, measurememie made of the structural
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elements. For structural details, removal of cowcreover for area and depth
necessary to check the diameter and centerlineormjitudinal and confinement
rebars.

Regarding materials evaluation OPCM 3274 (2003gdtthat non-destructive
test methods couldn’t be used in place of destred#sts. This limit was removed by
OPCM 3431 (2005). So the on existing structurecthrecrete strength assessment can
be made by destructive test (consisting in locdlizemoval material), or non
destructive tests.

Tab. 2.6 Example of in situ survey planning

In practice, a rational way to set destructive temmpaign (concrete core

drilling) it is advisable to initially investigatby non-destructive test, as rebound
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index test and ultrasonic test, can be easily drdcuThese, in fact, allow the
identification of the heterogeneity of materialstdnegeneity (rebound index and
ultrasonic velocity pulse), and internal crackstr@donic velocity pulse) and then
allow to identify structural elements represenetif the entire seismic-resistant
organism on which to perform destructive tests ¢cete cores drilling).

The choice methodology to be adopted is based sts,con the structural
elements damage, on the execution time and onetpe=d of reliability. In Table 2.6
is a database sample on the plan investigationapedpfor one of the viaducts (9
spans) analyzed. The number of tests for steekrdian that of concrete, is related

to the specific knowledge of the original project.

2.6IN SITU TESTS DIFFICULTIES

Even in the absence of non-structural elementsitin-investigations of
bridges are made difficult by the inherent chanasties (gigantic structures) and the
number of elements to be analyzed and by the redjdietailed assessment.

Due to ageing, atmosphere exposition and cycligldp most of the bridges
underwent also significant maintenance intervestiover the years, and the original
structural scheme in terms of strength and stifrasuld be definitely changed by
such interventions. Moreover, limited informatiohoat the interventions is often
available. The maintenance interventions make mhgitii structural investigations
more difficult, in particular in the case of limitanformation about the operated
structural modifications.

As an example, when piers are reinforced, one orléwels of bars are added.
If the presence of the added reinforcement is uwknahis can seriously affect the
in-situ investigations planned according to theilatée design drawings. In fact, the
strengthening interventions can make the originakigh drawings definitely
unreliable (Fig. 2.3; Fig. 2.4).

As an additional example, the mechanical propediethe external material
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are often very different from those of the core enat, and the amount of
reinforcement can be significantly underestimatédhe internal layers are not
investigated.

The diagnosis phase is very difficult whenever ¢heme access problems to go
near the piers of the bridge. Bridges are ofteratledt in inaccessible areas and
underneath access is sometimes impossible. Acaetdems lead to a significant

increase in costs and time.

Fig. 2.3 Maintenance example consisting in a peérforcement

If the piers are located in a river, access istéhiat the sides of the bridge out
of the river itself. This can cause problems inieging the required Level of
Knowledge, due to the limited number of elementsictvhcan be tested.
Transportation from one side to the other of therrileads also to an increase in
costs. As a consequence, the unit cost of theesiegl increases (Fig. 2.5; Fig. 2.5).
Difficulties arising during the in-situ investigatis have a consequence not only on

the unit cost of tests in case of a single strecamalysis , but also on the costs of
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management, maintenance interventions and evatuafithe seismic vulnerability

in case of a stock of bridges. As a consequenes e organization of maintenance
or only visual inspections for ranking of interviemis becomes very expensive,
taking into account that there are a few admirtistna which are responsible for
hundreds of bridges. Investigations and diagn@seven more complex for seismic
assessment. Rehabilitation and retrofitting intetems are often associated to
funding which is a function of the deck length athé& seismic hazard, and the
achievement of the required Level of Knowledge b@e® even more expensive.

In this context, information’s required for a stwal knowledge, could be
integrated in a tool for management of the infiadtire stock on large or medium
scale, such as the regional scale, is representéioebBridge Management System,
for the classification and management of data abwaitstructures and their health
state (8 3). They make easier the planning of raaarice and the simulated design
for the seismic assessment purposes.

Definition of geometry, structural details and mitieproperties are to be used
for simulated design, for large scale investigatsupports the in-situ investigations.
It is based on technical solutions and design rateke time of original design and
construction and it allows to overcome technicadl @wonomic problems for the
achievement of the required Level of Knowledge. &dber, it allows the collection
of data and information which are relevant for seesmic assessment but cannot be
easily obtained from in-situ investigations, or @hican be obtained at very high
costs. This is the case, for instance, of foundatend bearings.

Whenever design documents are missing, acquisdfomformation about
foundations (Fig. 2.7) is very expensive sinceejuires the excavation of large
volumes and it often happens that only a few ddteut geometry of shallow
foundations can be obtained. Height of footing embedded foundations cannot be
assessed. About bearings, type and dimensionsecegliibly assessed only through

a by bridge.
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Fig. 2.4 Maintenance example consisting in a abotme&nforcement

Fig. 2.5 Bridge across the river example, for whighot possible to go near piers
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Fig. 2.6 Bridge non accessible example, for which'texist any road to go near piers

Fig. 2.7 Foundation inspection example
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Because of the difficulties during the documentragaconsidering that for
some viaduct were not found any documentation ojept, and by use of simulating
design, considering difficulties related to the meachability of the entire viaducts,
as well as maintenance and reparation or retradittver time, Normal Knowledge
KL2 is achieved. A Confidence Factor equal to lig@ssociate to such a level of

knowledge.

2.7IN SITU TESTS RESULTS

2.7.1. Geometry and structural details knowledge

Geometrical, structural and mechanical results wesed to examine the
condition of things in relation to the original @gs and analysis of loads. Since the
activity focused on the analysis of seismic vulbéity, attention has been focused
on vertical concrete structures. Generally, deckna$ significantly involved in
seismic response of the structure. So surveys @rbet addressed to the piers,
abutment and foundations, and to the interconnedystems (bearings, seals, etc).
Deck, beams and diaphragms are geometrically irapgrionly as a weight to
estimates seismic mass in the head of the SDOEmY& 5.2.7), who represent the
soil-pier-foundation system. For geometry and detinowledge tests, made by
removal of concrete cover on a depth and areacsuftito evaluate rebars centerline
and diameter, they were used for confirm informatd original design, identify any
subsequent maintenance or assessment, and, fayebrighich it wasn't found
documentations, to calculate seismic mass, andtirgsgi sections and structural
details (Fig. 2.8).
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Fig. 2.8 Comparison between structural detail iginal design and in situ surveys

2.7.2. Material mechanical properties

The most popular methods among destructive tetédconcrete core drilling and
extractions of steel rebars. The drill is the extioan of cylindrical specimens,
performed in crushing tests Laboratory.

Among non destructive test, popular methods areRékound Index IR )
determination by Schmidt hammer. Thus for RebourikX, correlations between
Ultrasonic Pulse Velocity could to be establishedhtave combination method
Sonreb. Non destructive tests are efficient, bexdlis test speed for measurements
perform and limited damage allows you to examindéarge number of points.
However, the result is less reliable, and requicebe calibrated using the results

from concrete core drilled in same element. Dutédower reliability information, a

54



Chapter 2

Structure’s knowledge

higher number of test is required. For concretengfth performance, three Sonreb
test are made for each concrete core substitutesl sfrength of core samples has to
be converted into the corresponding in-situ comcsttength, before to being used in

calculations. To convert cores resistafige; on the corresponding in-situ resistance

f .. » following relation can be used [Masi (2005)]:
fuei = (Chyo >Cuia >Ca>Cy ) Fear (2.2)
where:
C,p coefficient for length to diameter ratdD * 2:
C.,, = 215+ D/h) (2.3)
C,., coefficient for core diameter;

dia
Ca coefficient for rebar presence;

C, coefficient for damage drilling.

For materials material mechanical properties sievéy concrete cores were
drilled out, 74 rebars were extracted, 66 rebousdt t(average of indirect
measurements for a global number of 198 measursjpamd 58 ultrasonic test sites
were defined (average of indirect measurements afoglobal number of 174
measurements).

For each element, where the tests have been caaubere have been three
stations of rebound index and ultrasonic tests, tardaverage values are used for
analysis (Tab.6).

Due to direct contact of RC elements with atmosplfeften near the sea) and
pollution, relevant carbonation effects on concretre expected and controlled by
means of carbonation degree measures.

Before drilling out non destructive tests were iearrout in the test site in the

aim to correlate laboratory to in-situ results.
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Tab. 2.7 Sonreb database for in situ tests

Compressive strength values is principal objectiivénis test series. In order
to carry out each test phase, tests were analyzeOfficial Laboratory expert
technical people was employed and standard provdsioe taken into account: UNI
EN 12504-1:2002 (core driling and testing), UNI EN504-2:2001 (rebound
number), UNI EN 12504-4:2005 (ultrasonic pulse eglg, UNI EN 13295:2005
(resistance to carbonation).

2.7.3. Sonreb tests calibration

Sonreb test are calibrated using following expmssi

R. =a xS” »/¢ (2.4)

where coefficientsa, b and g were calibrated by non linear regression
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models based, using average of rebound in@xand ultrasonic pulse velocity()
of test were sample of concrete cores were drdigd

Sets of correlations (Eq. 2.4) were calibratedteelao family of bridges,
regrouped for geographic position, design and &germstruction.

In the following Table (Tab.2.8) and Figure (Fi@R.are presented one sets of

data for Sonreb tests, and relative strength vailtidse concrete cores drilled.

For each test, in situ strength,, coefficient for length to diameter ratio, core
diameter, and rebar presence (Eq. 2.2).

Effective strengthf .. Cube strengtiR_ is evaluated, and it is checked for a

direct proportionality between the strength valaktined from the core tests and the
corresponding values obtained from aver&geand S of non-destructive testing
(Fig.2.9,a,b).

90 95
! #" $ %' "% " #l "l I #
#! % ' %"" "4 P '$
P ' ' " r " #
( "l %' "%’ "% '$ M
#! %' %" I"'# P '$
$ 1##% %' "$'%" "$ $'% $%'

Tab. 2.8 In situ and laboratory test results fancttiral materials of the study bridges.

In this case, the direct proportionality are colhdi whit goods results, and
parameters to determine the Sonreb expressionaditeated. Coefficienta , Hand
g, are evaluated by non linear regression and theeBaorrelation found is:

R. =0,000104xS>%%7 xy 0779 (2.5)

Expression ofR. cube strength is evaluated for element for whioly @mon

destructive tests are made using the Expression 2.5
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Fig. 2.9Proportionality between the strength values obthiinem the core tests and
the corresponding values obtained from avefdda )andS (b) of non-destructive
testing. Proportionality between the strength in galues and calibrated Sonreb test

2.8 SIMULATED DESIGN DATABASE

Results of analysis of documentation, simulatedeptpand in situ surveys,
are summarized in database who allows two objextiveorder to the management
of the bridge stock, constitute the first step fdes to Bridge Management System
implementation (8 3), to support the knowledge,ntaiance, and whit the database
related to the status of degree, to the intervastanning. For seismic vulnerability
assessment, database contains information of stalictesign and geometry of entire
bridge, of each class of structural elements, médion’s about bearings, isolation
systems, information’s about characteristics uséfulestimate bridge capacity at

different limits states (§ 5).
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Following tables (Tab. 2.9-2.13) present geometniizaabase for input data.
Loads and stress calculation are related to thgnaidi design, and simulated design,
whit aim to identify and complete structural geometnd details by verification rates
in exercise. They reflect consideration explairmethis chapter.

In tables (Tab. 2.14-2.15) are presented an exawipldatabase for loads
analysis and combinations. Calculations are refetoeone viaduct, for which the
geometry is presented in Tab. 2.9-2.13, designddoaiited using Circolare n. 384
del 14/02/1962" To explain what summarized, a brief excursionslaafds and
combinations is following presented.

Dead Load

For dead loads evaluation, structure weight is uatald by computing
elements dimension and applying unit concrete weigh

Live Load

For the overloads, theCircolare n. 384 del 14/02/1962toad bridges divides
into two categories:

Roads for the transit of civil cargoes and militenycks;
Roads subject to the transit of civil cargoes dwmiginal roads of local
interest).

The overloads considered are as follows:

Overload 1: undefined column of military trucks (b2);
Overload 2: isolated steamroller (18 ton);

Overload 3: people compact mass (400 Kjy/m
Overload 4: undefined column of military trucks (B1on);
Overload 5: undefined column of military trucks (82);
Overload 6: isolated military truck (74,5 ton);

Transversal length of pattern of layers n.1 andn200 m. For layers n. 4, 5,
and 6 is 3,50 m.

Viaduct are all in highway so layer consideredti®@ most onerous of the
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overloads 4, 5 and 6, to place side by side whit onmore columns of military
trucks (12 ton), and people compact mass (400 Kg/m2
Wind load
Wind actions are estimated in codes as a pressunerizontal direction, for
the surface normally affected. Pressure is evaduate
250 Kg/m2 for bridge discharged;
100 Kg/m2 for bridge overloaded.
Ina overloaded case, wind in charge is considengdinbreasing with a
continuous strip of 3,00 m, starting over the deaking.
Snow load
With regard to the snow actions, codes indicate rteed to consider load
exclusively for covered structures. Snow load iscansidered in the open decks as
it is impossible to coexist with other high ovedsa

Dynamic allowance

For 0-100 m spans, dynamic actions are introduceplifying variable loads

by following coefficient:

2
100%250- L)
whereL is span length in meter. Fo? 100m, / =1is assumed.

Centrifugal force

In curved bridges, centrifugal force is evaluated a

60
= [om] 2.7)

Where R is radius of traffic lane. This is applied on agm equal to road

F =

pavement.
Brake Action
For road bridges brake action is considered byrazdwtal force equal to 1/10

of the overloads consisting of a single indefimiddumn truck and not less than 0,3 of
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the weight of the heaviest load in the considecdese.

Lateral actions on the barriers

The crowd along the sidewalks holding action on blagriers of 250 kg/m
agents on a height equal to 1,00 m above road pavem

Seismic Action

Seismic actions are introduced by codeegge 25 novembre 1962, n.
1684(Gazzetta Ufficiale 22 dicembre 1962), n. 3e@viPedimenti per I'edilizia, con
particolari prescrizioni per le zone sismichelt required that seismic action is
applied as horizontal force in gravity center ofi@as masses. The ratio of the
horizontal forces and weights corresponding tortasses on which they act must
assume equal to 0.07.

Loads combinations

In the calculation of operational demands the folig load combinations are
considered, in accordance with the codes and cmigin technique of the time. As
example calculation of stresses on a bridge is shadsvadopted for the pier cap
height 1,45 m and for deck height of 3,30 m. Thaes below shows the stress
analysis for different combinations of loads foctegile of the bridge.

Combination 1 — Dead loads + live loads

Combination 2 — Dead loads +half live loads
Combination 3 — Dead loads + discharged bridge wind
Combination 4 — Dead loads + transversal seisntiorac
Combination 5 — Dead loads + longitudinal seisnaithoa

The first two combinations represent, respectivieéymaximum axial load and
the maximum moment bending due to the transversargric loads acting on the
base of the piers. Stresses rate in exercise,egifeed by domains of moment- axial
loads interactions conveniently constructed.

Examples of domains are presented in Fig. 2.10-20@mains are related to

the demands shown in Tab. 2.15.
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Tab. 2.15 Demands at the base of the piers
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Fig. 2.10 Stress levels of piers for longitudir@dd combinations
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Fig. 2.14 a) N-M interaction domains at the bas¢hefpiers; b) longitudinal cracks on the
piers; c) transversal cracks at the piercap.

In most cases checks revealed high operationadsstse even if they often
fulfill the performance requirements of the CodeT{IN (2008)] with a few
exceptions. In Fig. 2.14, a sample case is predemtbere the results of in-situ

investigations are confirmed by analytical chedkse shown pier is characterized by
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a longitudinal cracking all over the height dueeta@essive bending stresses caused
by large load eccentricity. The evolution of thaaking phenomenon can affect the

performance of the structure and speed up the damagution.

2.9CONCLUSIONS

As a first step in seismic vulnerability assessmienthe knowledge of the
structure. If the structure was built before theeBdies original design drawings can
be hardly found. This is even more difficult in ttese of infrastructures managed by
a few administrations at the regional scale, wileecorganization of the archives is
usually very complex. A previously presented, afssitu survey could be difficult,
and in some case not possible.

So, according to the information required by theCDRor the seismic
vulnerability classification and the objectivestbé bridge stock analysis, Adequate
Level of Knowledge achieved, is satisfactory.

In this contest, simulated design can represesw@aile tool to overcome the
issues related to a lack of information. Moreowesults of the simulated design
procedures, validated on the basis of calculatfonad in the archives, showing the
existence of high rates of stress for some viadultich require attention.

The results of inspections of design drawings drainoulated design allow the
development of a rational plan for in-situ inveatigns. The latter provide the
required confirmation of the information reportedthe original design drawing and
those obtained from simulated design. Moreovery tpeovide the mechanical
properties of materials.

However, in some cases the desired level of knaydedould be not
achievable due to economical constraints relatedoddgeting. Collection and
inspection of design documents can be expensivdian@dconsuming in the case of
medium to large structures. In such a case, siedldesign represent a valuable

support to seismic vulnerability analyses. As aseguence, in some cases, due to
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economic constraints, only a LC1 level of knowledga be achieved, and the level
of complexity of the analysis should be calibrataccording to the available

information, with an accurate choice of confidefators.
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3.1 INTRODUCTION AND STATE OF THE ART

In the last decades, attention of relevant Authes|t stakeholders and
professional personnel involved in transportatigisteams management has been
mainly paid to develop rational methods able todguimaintenance and ensure
serviceability both of structural and non-structucmmponents [Godart, Vassie,
(2001)].

Moreover, it is easy to recognize that informatioeeded for seismic
vulnerability evaluation of existing bridges ardtgucomplex and need to be calibrated
depending on the scope of the analysis.

The main problem concerning of a population ofed#ht structures, identified
by a bridge stock, is connected to the generalmzamhtenance and retrofit. A network
of bridges contains a lot of structures, which nheyidentified by the term bridge
stock. For a bridge stock, the issue of retrofiftursually derive from inadequacy whit
respect to structural national standards for nemwcgires or from inadequacy of
maintenance conditions for existing structures. heice of bridges to be retrofitted,
and the retrofitting level, needs a definition dietgoals to be achieved: safety,
minimum cost, minimum travel time for ordinary mi@nance and after an earthquake,
are all reasonable and desirable aims. It is rfbtdit then to imagine how this issue,
is often dependent on Government or Public bodiesis strictly connected to the

issues of resource optimization and costs minirtpatdue to a lack of public
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resources. This context need for development dfefasnd accessible assessment
process, easily to use by public companies (Briddasagement Systems). This tools
aid in the management of bridges stock to deterrtfireintervention on the basis of
criteria related to technical and economic consitiens [Godart et al., (2001)]. The
resources rationalization, need the utilizationdetision makers, to prioritizing and
selecting bridges needing assessment and retngfitti
The same problem is strictly connected to the isguseismic vulnerability of

existing infrastructure. In this case, the decigimakers are connected to the selection
bridges within the inadequate ones, and to theripzation upgrading. The choice of
bridges and of retrofitting level need a definitioh objective to achieve: network
importance, level of safety, retrofit cost. Diffategoals need different works studies
and different kinds of prioritization. The absolutest process don't exist, so a large
number of different systems are present in liteetuseful for the same goal, and for
different goals, choosing by different subjectsaly case, prioritization techniques,
can be of important help to the decision makerjngiva rotational ranking among
bridges, in order to detect the critical ones, Hralbest upgrading levels. These data
should be considered to support choices amongnatiges, usually not depending on
seismic issues only. BMS systems are able to peowahsiderations on the status of
the stock and priorities on interventions quickhan the sophisticated linear and
nonlinear analysis, suitable to study individuakke Therefore the largest approaches
to BMS developed in recent years implies a conallerdegree of subjectivity, based
on visual screening of the structure. This groupmetthods is useful for owner to
general retrofit. At Italian level, actually, awaldle Bridge Management Systems
(BMS) are often well defined [Franchetti et al. @30, Martinello (2005), Montepara et
al. (2008), Campitelli (2004)], but cover basicaljyalitative aspects of the problem,
while quantitative aspects related to structurahponents and detailing is generally
incomplete. Effects of earthquakes occurred in sBom®pean countries and especially

in Italy in the last years modified the perceptadrihe risk, so that a number of actions
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aimed at assessing the structural and seismic rpafece of infrastructure more in
detail [Boni et al. (2009), Bordot et al. (2009)nt® et al. (2009)]. The goal is the
knowledge of status of corrosion and deterioratioh the structure and the
prioritization of the assessment retrofit. This optization, expertly used, are
supporting to decision maker, to investigate ailtiones, non strictly depending by
seismically issues, but dangerous for structuralkimg. The sensitive degree which
are often subjected the infrastructures, due tdiacyoading, alternating whether
agents, currents that feed the piers in bed, s$ogmfly affects the structure
performances, and may still be quantified, provgdiesults in the establishment of
intervention priorities in terms of general mairdeoe and in terms of seismic
upgrading also. Different methods are availablditerature to check the status of
structure preservation. For example in Italian w\av, different implementations for
numerical estimates of the state of degradation alfoavs the prioritization for action
cases more at risk through the use of numericatesdthat allow classification of
structures based on the state of degradation [Fiovet al., (2002), Franchetti et al.
(2003)]. The search for specific indicators constis a methodology was easily
implemented by the owner or the of local managersth® complex issue of the
inspection and maintenance [Campitelli, (2004), t\Wiailo,(2005)]. In order to
prioritization interventions and maintenance ofigas, more approaches including the
importance of the bridge in the network. In thisseathe approach for priority
intervention is not confined only to structural dedption but can understand the need
of network functionality, and the rules of the lgidin the network context is strictly
connected [Montepara et al. (2008)]. The ANAS s.pagarding in particular the
maintenance of own networks, has created SOAWE [BN£009-2010)], a
proceedings who arranges the state of the worlatah relation to the degradation
based on regular inspections.

It will be possible to elaborate decision algorithin order to characterize the

priorities, reduce the costs and limit maintenamperations.
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Possible defects are cataloged based on the handibailable of system
SOAWE. Defect gravity is by a weight (1 to 7) tlexpresses the level of degradation.
The defects handbook contains defects papers, thvithdescription of the damage,
images, causes and the correlations, the struatangle of gravity. The papers will
supply, on the base of the result, a correlatedl fwalue to the total state of
degradation.

Degradation Index will derive from the summary arighe weights attributed
to the single defects, multiplied for of the exiensand intensity coefficients. The
analysis of the result, managed inside SOAWE sydigmumerical, will concur to
program the causes elimination.

In seismic point of view, prioritization methodsseful for seismic vulnerability

studies, based on simplify mechanical models engptay input information: seismic
hazard(F) and bridges fragilities(R). Many different methods exists in literature.
This evaluate structural failure by evaluation lobhse estimation of structure status of
degree, using different criteria multiplied for gadiive weight, and physical simplified
models of possible structure fragility. More fortgathe prioritizationR, can be
expressed:

R, =f(F.R,) (3.1)

with f method dependent function.

Some methods also consider the cost of fai((l})a both as direct costs (costs to

rebuild the bridge, i.e.) and as indirect costss{&oof construction of alternative

networks i.e.), so the previous function became:
R = f(Fb’ Rb’Cb) (3.2)
In international literature in possible to find féifent kind of prioritization

methods, both for subjective judgment of the stdithe structure, and for the choose

of critical models of capacity. Models can be grediby the followings properties:
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model objectiveness in evaluating structural rétdadure via fragility end hazard,
based on engineering judgments or the outcomepbi/sical models, or models based
on consequences of structural failure of bridgemsequences can be computated for
a single bridge, or for the network.

Kawashima and Unjoh (1990) collected the damage adative to 124 bridges
for four Japanese seismic events, and develop hoahét which vulnerability of i-th
bridge depend from hazard and resistance. Propesistance are weighted and
summed up, and the weight depend from the damaajgzal. This method was later
developed introducing consideration of bridge f&ilnosts [Unjoh (2000)].

Other kinds of methods are solely based on bridagility curves. Priority for
the i-th bridge is the median value of the bridgagility curve with respect to a
selected limit state [Nielson (2003)].

Fragility can be studies in BMS systems by impletagon of simplified
mechanical models for simple frame bridges [Dutid 8ander, (1998a)] or multy-
frame bridges [DesRoches and Fenves, (2001)].

At ltalian level some types of BMS may be regardedfirst-level analysis
[Petrini, MP Boni (ANIDIS 2009)], based on the irapientation of Evaluation Papers,
that do not consider geological or structural eletsiebut based on visual surveys and
direct measurements of structure, providing a bass#serability of each type of
structure analyzed, suitably modified by the arialgé the degradation observed and
geometrical irregularities.

Other kind of bridge management system are basédome Carlo simulations,
based on the prediction of future bridge reliapilising a semi-Markov deterioration
model [Bordot et al., (2006)].

The prioritization of the bridges is based on trais§action of several
conflicting objectives simultaneously, including nimum bridge condition ratings,
minimum management and retrofitting costs, and maxri average daily traffic. The

most relevant objectives include the minimizatidrtte management and retrofitting
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costs and maximization of the bridge network réligior condition rating.

For each structural deficiencies, the capacityateined through simplified
models of possible failure mechanisms, and tharseidemand by the site hazard. In
this type of models, although simple in naturepat®ntribute to determining the
fragility of the structures investigated specifiargmeters, such as hazard site,
geometrical and mechanical characteristics of therkw structural details. This
methods, for simple frame bridges is used, for eotamin HAZUS Project, for the
seismic risk mitigation.

Are still not taken into account considerationstlos actual state of preservation
work, assessments which may materially affect g#sessment of vulnerability.

Both to conduct linear and nonlinear structureserdbility studies on a single
bridge, and to implement speedily evaluations basesimplified mechanical models,
is not possible disregard the analysis of presimvattatus of the structure. For their
own exercise, bridge structures are subjectedusttie natural aging, but are exposed
to fatigue due to cyclic loading, the alternatidrabmospheric agents and, if they cross
rivers or canals, static and dynamic actions ofciimeent impact and of solid transport.
For example, for RC bridges, these are subject litathaee possible causes of
degradation: mechanical, chemical and physical.

So is possible to think that the performance ofdtnecture analyzed may be far
from those of the same structure in new constroctidhit same geological conditions
and seismic hazard. A careful analysis of consemvattate of and degradation of the
structure, allows two goals. The first is to enstirat they are not workings special
phenomena that may compromise the structural safetiye work, and for which the
seismic capacity of the structure can be greattydown, the second is related to the
observation of the conservation status structureyd aquantification of
degradation/corrosion due to natural structure workThis phenomena, if located in
particulars elements, or in significant progress) significantly affect the capacity

estimation, and generate crisis for acceleratidneglower than those supported by
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the structure in optimal conditions.

3.2KNOWLEDGE LEVELS IN EXISTING BRIDGES

Assessment of existing structures and their upgiadsignificantly different
from new constructions. According to OPCM 3274 @00r to Eurocode 8 [CEN
(2005)], a knowledge level has to be preliminaelaluated in order to define material
properties for existing buildings and consequetttlgefine a correct structural analysis
and assessment design procedure.

In this context, and both in maintenance and seliyi point of view, the
estimation of degradation level, with indicial paeters summarized in special
Degradation Assessment Papers, allows the knowlefitiee real functionality of the
structure. Those findings meet two objectives: ganmaintenance management and,
if utilized to support fragility construction, agals of real seismic vulnerability.

For seismically vulnerability evaluation, deterntina of structural capacity
values is required. In this context, irrespectivéhe nature and sophistication of the
analytical method used, is necessary to definettal possible mechanisms, to
characterize the evolution of the structure, int @bsstic range, through different limit
states. Not good structure preservation could Bogmtly influence structural
response. In this case, really structural behawzould be different then estimated in
calculation based on original design. Same exampsowed in pictures below, and
briefly discussed.

For example, if bearings are not correctly pos#mor is damaged, the length of
support calculated by original design, could bee@#d by error. In case of
longitudinal and confinement bars not homogeneousdiameter or in distance,
different by original design, or not effective, theould be error in flexural- shear ratio
evaluation. Wrong evaluation of flexural- shearteiaction, cause errors in
classifications in ductile or brittle element.

Furthermore of longitudinal and confinement bars$ effective, could cause
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overestimation in element ultimate strengths assests because don't reflect the real
performance of the element, so may be that theysisak a disadvantage of security.
Same problems in stiffness evaluations could begmtewhen concrete is cracked or

very deteriorated.

Fig. 3.1 Discovered bars in piercap

Fig. 3.2 Defects on bearings.
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Fig. 3.3 Defect of confinement bars, not effective.

2
Fig. 3.4 Diffused and significant longitudinal ckadn pier
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Problem about foundations, could be present whiglybrare located near river
bed, and water transport discover the foot. In thise, load-bearing capacity is lower
than design estimation, and plastic zone can imvalvthe head of piles instead of at

the base of the piers.

Fig. 3.5 Foundation discovered

3.3STRUCTURAL CONDITION ASSESSMENT

The brief discussion of KLs required by seismic e®dor the assessment of
existing bridges points out the relevant role aheaccomponents of the bridge system.
They are actually a sub-set of all components demsd in maintenance and
management of road networks. In fact, bridges dg¢erioration caused by heavy
traffic and critical environment conditions resuita higher frequency of repairs and
can impact a reduced load carrying capacity. Tincumstance leads to take decisions
on maintenance works generally based on inspectiodsengineering judgment, but
also to collect a relevant amount of informationl @lata that need to be integrated in

the seismic vulnerability assessment process.
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Degradation and maintenance process are criticalhi® definition of reliable
tools to support inspections for KL achievementwadl as to support decisions for
seismic upgrading of vulnerable constructions.

As a result, a review of available Bridge Managen&ystems (BMS) appeared
the basic step for the definition of a dataset abldescribe the status of the bridge
from a seismic standpoint and the components tassessed and tracked during the
service life of the structure. In this sense, ailaimprocess seems to fit the
requirements of the design of structural health itbdng systems and perform an
integration between safety demand for users andntegrated sustainability of
constructions.

Table 3.1 represents the basic matrix that linksdtiferent class of elements
that play a role in the development of the seispgdormance of the bridge and the
defects that can be observed. Each defect carsbeiated to a weight W, variable 1 to
5, depending on its impact on seismic and struchedormances [Martinello (2005)].

Some aspects that lead to the definition of theylteiV are here reported:

Defect develops and constitute a risk (risk prgsent

Defect can affect the load capacity (risk potdjtia

Defect can trigger other malfunctions and/or damé&mesurrounding areas

(induced risk);

Defect can trigger relevant economic losses dueepairing and upgrading

(economic risk).

It is worth noting that each defect can have diffiérinfluence for the class of
elements considered, so it's possible that the sdageadation has different weight in

each structural class.
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Component

Defects Deck | Girder| Diaphragm| Pier cag Pier| Abutment

No damage 0 0 0 0 0 0
Damp patch 1 1 1 1 1 1
Deteriorated concrete/crawl 2 2 2 3 4 3
Corroded/deformed longitudinal barns 5 g 4 5 5 5
Longitudinal cracks 2 2 2 2 - 2
Transverse cracks 5 - - - p -
Cracks at the beam to slab connectjon 2 3 - - - -
Transverse/diagonal cracks - 5 5 5 3 5
Confinement bars exposed/corrodef -
Longitudinal/diagonal cracks - - - -
Cracks at the pier cap connection 1 - - 2 -

Cracks at the beam to diaphragm 3 - -
connection

Head beam bars exposed/corroded - 5 - 3 - -
Damage induced by supports defegts - - - K - -
Defects in neoprene supports 1 - - 3 - -
Out of plumb - - - - - 5

OT
'
o1
1
a1

Iz

Tab 3.1 Summary of relevant components and retdééects

Severity Level ID. Short—term consequences S
L Low No 1
M Medium Functional
H High Structural

Diffusion Level ID. Frequency of occurrence F
F1 Limited Minor 1
F2 Medium Moderate 2
F3 Extended Extreme 3

Extension Level ID. Extension of defect E
El Limited Minor 1
E2 Medium Moderate 2
E3 Extended Extreme 3

Tab 3.2 Severity, Diffusion and Extension level

The level of reliability of the data is obviouslkglated to the number of the class
elements directly investigated.

As a consequence, the KL defined according to Qudeisions or according to

the available data can be expressed as the ratweée the number of inspected
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elements, INs, and the total number of elements,Npresent in the bridge:
N

k= —N"‘S" (3.3)

max
Similarly, the severity level of each kind of dedméion, its diffusion along the
bridge and its local extension have to be estimatetia parametric representation is
needed [Montepara et al. (2008)]. Severity Level ba estimated depending on its
short-time consequences. It is high if the damaaye progress in a structural failure,
average if the damage can lead to functional fajllow if the probability of damage is
negligible resulting in no short-term consequencElse Diffusion Level can be
associated to the frequency of occurrence of themaly. If the phenomenon is
limited, confined in a few locations and no morarti25% of the extension of the
damage elements, medium if it affects an area l@tva5% and 75%, widespread
almost the entire class of observed elements d@ghibe degradation of interest. The
Level of Extension refers to the area of each eferaffected by each anomaly. Table
3.2 summarizes the above mentioned levels for tiemaly definition and provide
their quantitative evaluation given by the param&geF, and E. This parameters are
the factors needed for the calculation of the Elgm®tructural Condition Index
(ESCI). It can be defined for each element classtha sum of Level of Severity,

Spread and Extension, increased of the assigneghtyér all the damaged observed:

ESCI=  (W>S X XE) (3.4)

1

The ESCI can be associated only of the elemenetirobserved on site,
whose number can change between a bridge and amothe same stock.

An homogenization of the indexes can be based enirttroduction of the
reliability of the information depending on the é¢wf knowledge KL.

In fact, since a number of elements cannot be @tsdeor their data are not
available at the moment of the assessment, thedrey of observation can be used to
weight the ESCI index based on the inspected elemesing the factor FO given by
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the ratio:
1

FO= E (3.5)

where k depends on between the number of inspected elspidnf, and the
total number of elements, A, and the reliability of information is referred the
minimum requirements for different levels of inspec and testing (8Tab. 2.5).

For each class of elements Global Structural Gmmlindex can be expressed
by the equation:

GSCI=ESChIF sAF3FO (3.6)

It is based on ESCI index, but it is correctedrigkinto account the reliability of
information’s FO, rank of the structural class witthe bridge — via the IF, Importance
Factor, of the structural class — and the age efhttidge using the Age Factor AF
[Franchetti et al. (2005)]. Table 3.3 reports $hkection criteria adopted for AF and IF
factors.

For each class of elements of the viaduct, is eséichboth the ESCI and GSCI.

After the evaluation of the ESCI and GSCI for tliedent classes of elements,

they can be used both for the single structur@@entire stock.

Elements IF Bridge age AF
Deck 0,8 Before 1900 1,05
Beam 1 1900-1940 1,00
Intermediate diaphragm 0,7 1941-1965 0,97
Pier cap 0,9 1965-1980 0,95
Pier 1 1981-2005 0,90
Abutment 0,8 2005 and later 0,85

Tab 3.3Importance Factor and Bridge Age Factor

The indexes calculated, can be normalized usingltiselute maximum value to
facilitate the comparison, as part of the sameaypard other same classes indices the

case of classification of a population of bridgeiserefore, the relevant indexes turn in:
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EsCi=—=> 400 a.7)
ESClya

Gsci=—5C 00 (3.8)
GSClya

If a single structure is concerned, it is posstblassess the maintenance state of
each class of elements and the presence of lodglizdblems. Then, maintenance can
be carried out for selected classes of elementsdamdloping phenomena requiring
restoration interventions can be identified. If thanagement of the road network is of
interest, the approach allows the comparison ofsthées of the different classes of

structures and a global ranking of the structures.

3.4 STRUCTURAL CONDITION INDEXES RELEVANT RANGES

The framework presented in the previous sectionddédo identify the main issues
related to the maintenance level and the structiiratacterization of different bridge
components. It provides a quantitative formulatdrthe observed deterioration states
and is strictly dependent upon reliability of imfmation. Combined evaluation of
number of deterioration, the sum and average oérggvprovide an outlook on the
nature of ESCI and GSCI parameters. Relation betweeabove mentioned estimates
of the bridge condition is able to mark the natofestructural degradation. Moderate
and spread damage, as well as active critical nmeina with short-term effects can
be identified. This information is certainly of emest for effective management of the
infrastructure stock, for management of economid aachnical resources, and
planning of assessment and retrofitting. ESCI Ie &b describe the condition of each
bridge class of components and is related only ngpéctions outcomes. Then,
maintenance can be carried out for selected clasbedlements and developing
phenomena requiring maintenance and upgradingvinéons can be identified as
well. Moreover, ESCI makes possible a direct cotgpar between the maintenance

needs of the elements in the same viaduct. For ed®ments class, ranges of
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intervention priority classification depends of rhen of damage found. ESCI values
greater than 50 are not usual, as shown by a nuofb@mulations carried out on a
relevant number of real cases. In fact, a carefulew of the defects catalog, and the
possibility of high diffusion and extension, ESGgln values correspond to a so level
of deterioration and damage that are not compatifitea safe service of the structure.

Number of damage observed ESCI Consequences

O< ESCI <5 No effects

1-2 5 ESCI <15 Functional

ESCI>15 Structural
0< ESCI<10 No effects

3-4 10 ESCI <25 Functional

ESCI>25 Structural
0< ESCI <15 No effects
>5 15 ESCI <30 Functional

ESCI>30 Structural

Tab 3.4ESCI relevant ranges and performance thresholds

Number of damage observed GSClI Consequences
0< GSClI <3 No effects
1-2 3 GSCI <10 Functional
GSCI>10 Structural
0< GSCI<5 No effects
3-4 5 GSCI <10 Functional
GSCI>10 Structural
0< GSClI <7 No effects
>5 7 GSCI<15 Functional
GSCI>15 Structural

Tab 3.5GSCI relevant ranges and performance thresholds

GSCI can be used to compare at a higher leveltthetsre and take account all
the main features and defects of the bridge withitock. When the single structure is
concerned, it is possible to assess the mainterstate of each class of elements and

the presence of localized problems. If the managémé the road network is of

92



Chapter 3

Bridge management system

interest, the approach allows the comparison ofstages of the different classes of
structures and a global ranking of the structures.

A summary of typical ESCI and GSCI ranges are teggom Table 3.4 and
Table 3.5 depending on the number of relevant ebsgledeterioration phenomena, so

that typical performance thresholds can be derived.

3.5DEGRADATION ASSESSMENT PAPERS FOR AN EXISTING
BRIDGE

In the following tables, there is an examples ogid€eation Assessment Papers
completed for ax existing bridge. The bridge swuetis not uniform. The geographic
bridge position, across the Trigno river valley slo®t allow all parts inspection. The
abutments are not of the all reached.

Having visited 15 spans on 21, is possible to d®rsias the reliability on
information the achievement of KL3 Level [NTC (20P8The bridge is affected by
several damage, at the deck, beams, pier cap anf@iemost lied to the humidity
phenomena, and to the cycling traffic loads.

The water presence, whit cyclic ice phenomenaphaduces discovering of the
bars al beams and pier caps level whit consequeifcears oxidation and size
reduction. Longitudinal and transversal bars, imasaection are not effective.

The spread and extension of degradation phenoncendd reduce mechanical
performance of the complex, and also impact ofdtmactural maintenance and the
progress of the degradation phenomena.

At the base of the pier, diffused phenomena of kskpu of concrete cover are
present. Confinement bars are oxidized and hawgcesdsections, so aren't efficacies.
Consequently, longitudinal bars, are discovered affetted by buckling phenomena.
This kind of damage, probably correlated to theuffiient thickness of concrete
cover, has structural effects on the mechanicalopeances both in static and in
seismic point of view. Abutments are not visiblechuse in not possible to go near

then or in the car or on foot.
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In Table 3.6 numerical index results are show. H&Cl and GSCI indices
allows the knowledge and the prioritization of ntamance in the bridge. Using the

indices, in accordance whit total and average oSy is possible to identify damage
nature, and decide maintenance economic plans.
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Tab 3.6 BMS numerical index results for an existinigige

In this case, considering only one viaduct, ESGelare discussed. For deck
and diaphragms, low Index values reveal diffusedrafdation lied to not good
structural maintenance. For beams high values ofben and average of defects, as

associated with a mean value ESCI, denote a conditi damage who can involve
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whit structural consequences, but localized. I, flac beams, defects are concentrated
at the external bulbs.

For piercaps and piers, ESCI index, significantlygér than the other, show
problem who could have involve whit structural cemsences in short times, so need
urgent restoration.

Moreover, at network level, index could be usedi@asision makers to identify
problems and consequences for same class of elenmendifferent bridges, and
different element class in the same bridge.

The presented Bridge Management System were pieparea population of
existing bridges. Degradation Assessment Paperg wempleted based on visual
inspections and investigations, carried out forhebddge. Degradation Assessment

Papers are omitted, but in the following tabledy @ome index results are shown.
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3.6 CONCLUSIONS

Safety of existing constructions is a very relevarablem, especially in areas
exposed to seismic risk. The present procedureifgpeefers to the structural
characterization in view of quantitative assessneémeal performances. The topic is
well documented as the analysis of single strustulit some issues related to
management of road networks are not well develdpmd a structural and seismic
point of view. A procedure able to provide quanivia comparative data for networks

at regional scale has been presented.
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Outcomes of the work can be used for structuralagament of the network, as
well as a support to the design of inspectionstasts$ for structural characterization of
existing bridges.

The first information required for the objectiveassification of the damaged
state of existing bridges is the reliability of énfmation. It requires accurate
inspections, concerning the whole structure angairticular of each structural class.
This condition cannot be easily obtained for théenent characteristics of the
infrastructures which, outside the urban areas, larated on complex geological
conditions. In this framework and in view of theeus the results for the assessment of
the seismic performance of the structure, the byiifip of information is defined
through the above mentioned intervals/ranges, reeagent with those defined by the
codes for the Level of Knowledge. The Investigai#eiments Index and the Global
Maintenance Index of the investigated class of elgmprovides an information about
their health state according to the results ofittnsgsual inspections.

A careful analysis of conservation state of andraeation of the structure,
allows two goals. The first is to ensure that theg not workings special phenomena
that may compromise the structural safety of thekwand for which the seismic
capacity of the structure can be greatly cut dotine second is related to the
observation of the conservation status structureyd aquantification of
degradation/corrosion due to natural structure mgrk

This phenomena, if located in particulars elemeotsin significant progress,
can significantly affect the capacity estimatiomdagenerate crisis for acceleration

values lower than those supported by the stru@tupgtimal conditions.
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Chapter 4
SOIL STRUCTURE INTERACTION

4.1INTRODUCTION

When subjected to dynamic loads, foundations @deilin a way depending on
the nature and deformability of the supporting gichuon the geometry and inertia of
the foundation and superstructure, and on the @atdirthe dynamic excitation.
Excitation may be in the form of support motion daavave saving thrush the ground
during an earthquake, or it may result from theadyit forces imposed directly or
indirectly on the foundation. The development oélgtical methods for soil structure
interaction evaluation has principally been drivey the demands of offshore oil
production activities and partially embedded nucfgaver. For offshore applications,
where cyclic wave loading applies lateral loadpite-supported marine structures, a
limited series of field and model tests has establil the empirically-based and widely
accepted “p-y” method of laterally loaded pile asé&.

Not only marine structures are subjected on dyndaads, but excitation may
has the wave form of an earthquake, so also foiondatare subjected on cyclic
loading conditions. So this static loading analysisthod has been modified and
extended to cyclic loading conditions, and is alsatinely applied to dynamic or
earthquake loading cases [Meymand et al. (1998)].

Generally for civil structures, design of foundatis conceived as rigid element
embedded in soil. For infrastructural engineeriggotechnical consideration about

construction site could be fundamental in strudtudesign. The foundation
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deformability effect, not important for structungigected to gravity loads only, may be
relevant for structure subjected to seismic loading

For bridge structures, considering particular shapijected to high lateral
loads, the error of neglecting soil-structure iattion in mechanical performances,
may not be totally negligible. Effects of soil daf@bility can have relevant effects on
superstructure ductility evaluation. If consideritvgo SDOF systems of equal mass
and stiffness characteristics, one rigid to theepasd other with a deformable
foundation, the ductility response could be sigaifitly different and rigid system
ductility overestimated (8 5.2). However, if thé@fsess of foundations can lead to an
overestimation of the ductility of the system, la¢ same time an underestimation of
the seismic action from the response spectrum eaadhieved. The change in the
natural period can decrease the expected valueddismic action. This is the reason
why the Code requires, for ordinary structuresylly festrained foundations.

At the Iltalian level, codes suggest that generalypossible to consider
foundation rigid at the base. Soil structure muwstbnsider in the seismic analysis in
case of three conditions occur simultaneously [NZ@8)]:

- Class structure 1l or 1V;

- Class soil D or worse;

- High seismicity,a, 3 015g .

4.2STATE OF THE ART

There are many approaches to approximate soiltateinteractions, and static,
cyclic, and dynamic loading are all considered liee tproblem. The approaches
employed vary widely in complexity and applicalyiliEmpirical methods approximate
the soil and foundation as springs, and there aefulifor approximate solution for
soil-structure interaction in simples configurasonExtrapolation of empirical
solutions for complex foundation systems and pitedifferent layers of soil type are

affected of many complications. A brief review @inwentional methods is showed.
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Beam-on-elastic-foundation solutions in the forntlué governing fourth-order
differential equation is originally presented bytéteyi [Hetenyi (1946)]. As is the case
with the elastic continuum method, analytical Solug are not available for arbitrary
distributions of soil or pile stiffness. This methbas been applied to static lateral pile
loading problems, and is therefore used for therddhation of pile head stiffness
terms.

Matlock and Reese (1960) presented a generaligedtiite solution method for
rigid and flexible laterally loaded piles embeddedsoils with two forms of varying
modulus with depth. Broms (1964a, b) describes thoaefor analyzing lateral pile
response in cohesive and cohesionless soils. Hisaahdor computing ground surface
deflections of rigid and flexible fixed and freedaepiles was based on a modulus of
subgrade reaction using values suggested by Taragb5). Jamilokowski and
Garassino (1977) provided a state-of-the-art dsonson soil modulus and ultimate
soil resistance for laterally loaded piles. Randofimd Houlsby (1984) used classical
plasticity theory to derive lower and upper boualies of the limiting pressure on an
undrained laterally loaded pile.

For the beams Winkler's foundation that each laydr soil responds
independently to adjacent layers, a beam and desspging system may be adopted to
model pile lateral loading. In this method, thel-pde contact is discredized to a
number of points where combinations of springs dashpots represent the soil-pile
stiffness and damping at each particular layer.s&€hsoil-pile springs may be linear
elastic or nonlinear; p-y curves typically usedmodel nonlinear soil-pile stiffness
have been empirically derived from field tests, dnade the advantage of implicitly
including pile installation effects on the surroiny soil, unlike other methods. A
singular disadvantage of a beam-on-Winkler-fourmhatnodel is the two-dimensional
simplification of the soil-pile contact, which igres the radial and three dimensional
components of interaction.

Kagawa and Kraft (1980) developed a nonlinear dyoaffinkler model using
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the equivalent linear method, with input excitati@pplied as lateral ground
displacements at the end of the near-field soinelgs. The pile was modeled by a
continuous beam with near field soil elements casepr of parallel springs and
dashpots, and with superstructure elements thagrgesud the inertial component of
response.

The nonlinear soil model was formulated as an &ffestress model, and cyclic
degradation of soil resistance was governed by poggsure generation in 1981 by
Kagawa and Kraft [Kagawa and Kraft (1981)].

Hybrid near field/far field soil-pile interaction adels for dynamic loading is
developed by Nogami. Solutions for single pile gmté group axial and lateral
response are formulated in both the time and frecuedomains, incorporating
nonlinear soil-pile response, degradation, gapgshpg, radiation damping, and loading
rate effects [Nogami et al., (1991); Nogami et €992)]. In Nogami (1985) and
Nogami and Konagi (1988), the transfer matrix applowas described that was used
to solve the equations of motion for a pile subjertsoil-pile interaction forces,
functions of the near field and far field soil elemh properties.

A so-called macroscopic model based on the Bouc-Wwemel of visco-
plasticity, is introduced by Makris and Badoni, ahiused distributed nonlinear
springs to approximate the soil-pile reaction [Makand Badoni (1995a)]. Limits of
soil resistance were based on the work of Brom®$4)9Randolph and Houlsby
(1984), and Matlock (1970). Radiation damping wasviged by a frequency
dependent viscous dashpot that attenuated at lpiige deflections. The model
accommodated pile head loading, and required thet parameters be fit by
experimental data. Makris (1994) has also preseatednalytical solution for pile
kinematic response due to the passage of Raylemesy applicable to near field
earthquake response.

An elastic continuum analytical method is basedalosed form solution for the

application of point loads to a semi-infinite masgproposed by Mindlin’s [Mindlin’s
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(1936)]. The accuracy of these solutions is diyectllated to the evaluation of the
Young’'s modulus and the other elastic parametetheofoil. This approach is limited

in the sense that nonlinear soil-pile behavioriiicdlt to incorporate, and it is more

appropriately applied for small strain, steady estaibration problems. In addition,

layered soil profiles cannot be accommodated, anyl solutions for constant, linearly

increasing, and parabolically increasing soil madulith depth have been derived.
Poulos has been a major progenitor of elastic isnisitfor soil and rock mechanics,
and has worked extensively on all aspects of pilenflation response to axial and
lateral loads. In Poulos (1971a, b) he first putgi elastic continuum solutions for
laterally loaded single piles and groups undelicstaading. Poulos and Davis (1980)
presented a comprehensive set of analysis andndesgghods for pile foundations
based on elastic continuum theory. Poulos (1982crideed a procedure for
degradation of soil-pile resistance under cyclitera loading and compared it to
several case studies.

Gazetas and Dobry (1984) derived a method for suisting the soil structure
interaction problem into kinematic and inertial guonents from a parametric finite
element study based on the work of Blaney et &76¢) For the inertial interaction
component, they described the pile head dynamitness by a complex valued
impedance function of the form

K=K +inuC (4.1)
whereR is the soil-pile dynamic stiffnessy is the excitation frequencyC is the
coefficient of equivalent viscous damping. Constatinearly varying, and
parabolically varying soil modulus with depth casesre studied for single piles,
surface and embedded foundations and caissons gtonsl subjected to vertically
propagating shear waves. This method, appliedenptiesent study for soil structure
interaction evaluation, is detailed presented wafteds in this chapter. The finite

element method potentially provides the most powenieans for conducting soil-

structure interaction analyses, but is has nobgen fully realized as a practical tool.
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Yegian and Wright (1973) implemented a finite eletrenalysis with a radial soil-pile
interface element that described the nonlineardhfgle response of single piles and
pairs of piles to static loading. Wong et al. (1p8®deled soil-drilled shaft interaction
with a specially developed 3D thin layer interfatement. Bhowmik and Long (1991)
devised 2D and 3D finite element models that usedunding surface plasticity soil

model and provided for soil-pile gapping.

4.3SOIL STRUCTURE INTERACTION: STIFFNESS
EVALUATIONS

For bridge structures, considering particular shapijected to high lateral
loads, the error of neglecting soil-structure iatgion effects in mechanical
performances, may not be totally negligible. Irs thdint of view, the method proposed
by Gazetas (1991) must adequately reflect the dtlg key characteristic of the
foundation-soil system:

The shape of the foundation-soil interface (cirgulectangular, arbitrary);

The amount of embedded (surface, partially or faltypedded foundation);

The nature of the soil profile (deep uniform ordesd deposit, shallow stratum

over bedrock);

The mode of vibration and the frequency of exadtati

The steady state reponse of such systems to arnedwernal forces and

moments can be computed whit well established nalstlod structural dynamics once
the matrix of dynamic impedance foundatioé‘(w) has been determined for the

frequency(ies) of interest.

For each particular harmonic excitation, the dymaimipedance is defined as
the ratio between force (or moment) R and the tiagubteady state displecement (or
rotation) Uat the centroid of the base of the massless foiomat

So, for each impedance component, is possiblefioede
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S, = RO (4.2)
U, (t)

In which R = Re™ andU, =U,e™ are the armonical orizontal force and

displacement of the soil-foundation interface.

Similary, is possible to define the other orizontmponent, S vertical
component § and, for rotational motion,,S rocking impedance for rotational motion
about the long centroid axis (x) of the foundatimsemat, $ rocking impedance for
rotational motion about the long centroid axis (ghd $ torsional impedance for
rotational oscillation about the vertica axis (&jloreover, mainly in embedded
foundation and piles, horizontal forces alon pipatiaxes, induce rotational in addition
ti transational oscillations;hence, two more crossupling horizontalrocking
impedances exist: g and S.x. They are negligibly small in surface and shallow
foundations, but their effects may become appréeif greater depths of embedment
owing to the moments about the base axes produgelobizontal soil reactions
against the sidewalls. In piles, such cross-cogpimpedances are important as the
direct impedances [Gazetas, (1991)].

Because of the presence of the radiation and rahtamping in the system of
all modes of vibration, R is generally out of fagkit U. It has become traditional to
introduce complex notation and to express eachdiapee in the form:

S=K=K+iuC
(4.3)

in which K and C are functions of the frequency of excitatien

The real componenk reflect the stiffness and inertia of the suppgrsoil; its
dependence on frequency is attributed solely tdrtfieence that frequency exerts on

inertia, since soil properties are pratically fregoy independent.

The dynamic stiffnessKk = K(#) can be estimated as a product of static

stiffnessK and the dynamic coefficietk = k(W)
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K = K k() .4

The dashpot coefficierC, in the immaginary component, reflects the radiati
and material damping generated in the system duengygy carried by waves

spreading away from the foundation and energy ma$sd in the soil by hysteretic

action. The coefficient do not include the soil teystic damping,0. To incorporate

this component one simply adds the correspondirtgniahdahspot to th€ value:

totalC=C +%b (4.5)

For each mode of oscillation, model of soil-struetunteraction can be

represented by sistems of springs and dashpotsciviracteristic moduli equal t

and C, respectively.
4.3.1 Shallow and embedded foundations

Expressions to estimate the moduli of springs awhgots, are referred in the in
the following Tables (Tab. 4.1, Tab.4.2) for sudacand embedded foundation in
homogeneous half-space.

—2B—— —2B——

Basemat
Ared By
2L

rigid foundations

Homogeneus Halfspace Homogeneus Halfspace

|
Fig. 4.1 a) Surface foundation of arbitrary shdapezmbedded foundation of arbitrary shape.
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Tab. 4.1 Dynamic stiffnes and dashpot coefficients for arbitrarily shapednfiations ot
surface of homogeneous half-sp@éazetas (1991

Tab. 4.2 Dynamic stiffness and dashpot coefficients for taabily shapd foundations on
surface of homogeneous halface [Gazetas (199

Values of coefficients £ G, Gy, Gy, C, can be found in Fig.4.2 respectively in
diagrams 2c, 2d, 2e, 2f and 2g.
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Fig. 4.2 Dimensionless graphé fagtdrminig dynamic stiffness and damping coefficsewit
surface foundation s

a4

To compute the impedence of the modes of vibratitirhe needs is the valu

of the following:

L; B half width and halfength of the circuncribed rectangle;

d; D effective soilstructure contact, structure height, contact foundation

base area; fsidewall contact area;

lox lbys lozy @rea moments of inertia about th y, and z axes of the actual soil

foundation contact surface;

G, the shear modulus and Poisson’s |;

Vs, Vi shear wave velocity and Lymer’s analog wave vejowitit:
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V=4 y
La p@-u)'s

(4.6)

w circular frequency (radians/second) of the applfecce (one of the

frequencies dominant in case of the seismic exaitat

= (b/—B dimensionless frequency factor 4.7)
:% (4.8)

4.3.2 Foundations on piles

Piles impedance express the harmonic force amplitdtich must be applied at
the top of the pile, to produce unitary amplitu@erhonic motion. The expressions are
valid for flexible piles whose length exceeds aetigngth [Associazione Geotecnica
Italiana, (2005)]. The response of laterally loah@eindipendent by length. Only the

uppermost part of the pile, of length has apprecciable displacement [Gazetas,
(1991)].

It is along this “active” length, that the imposed load is transmitted to the
supporting soill, is typically of the order of 5 to 10 pile diameteand for a given soil

profile |, is a function of the pile with respect to the soil
For three characteristic soil profiles, Tab. 4.3=2gents simple algebraic

expressions for estimatinly of a circular solid pile with diametedl and Young's
modulus E ;. For each profile, the only soil parameter théects . is the reference

Young’s modulusk;,.
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Tab. 4.3Dynamic stiffness and damping coefficients for itda piles (I>Ic) [Gazetas (199:

For the three lateral impedancks,, , Ky, K, . defined in Fig.4.3, Tab.4.3
presentsformulas, which, are valid only for piles with leh | >1_.Such piles are

described as “flexible” piles in the literature.tBwote a that a good majority of r-life
piles, even some with large diameters, would fatbithis categol. Among the
exceptions are short piers and caissons.

From a theoretical point of view, most of the fotawiin Table <3 are
reasonably accurate, as they are basically cutseédirigorous numerical results. T
real difficulty, however, is to select tipeoper profile and modulus for the support
soil. Even with a uniform top layer, the secantl soodulus will change with th
magnitude of induced strains, which decreasesda@fith. Other nonlinear phenome
such as development of a gap between and soil near the ground surface, further
complicate the problem [Gazetas, (1991)].
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Kurig 4,
Khh Z Kivn =
> ot ~
i k%) .
le 1d ot
AL AL
R, R,

Fig. 4.3 Definition of pile head impedances [ Gaze{1991)]

4.3.3 Caisson foundations

The caisson foundations were generally used asiveafssindations for bridge
piers and abutments, offshore structures and t®trecture, when a strong lateral
action was expected on the superstructure.

These elements are very high stiffness, which sincthe ground behave as
squat columns are capable of absorb horizontabratiransmitted by soil layer
mobilized.

These structures are generally considered as iatbate between surfaces and
embedded foundation and foundations on piles, mmdter the superstructure loads to
the deeper soil layers, which are stiffer and tasts For the on ground bridges, this
type of foundation was frequently used when thdd®ipasses through unstable slopes
and in seismic areas; for offshore bridges, it a@dspted when strong actions of wind
and water waves on the structure was expected. aMamtage to use caissons
foundations are:

reaching soil layers with high stiffness
limit the foundation plant dimensions
stabilize the surface layer on the slopes

protect piles from the landslides
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protect the batteries from the static and dynamiioas due to landslides.

The caissons were generally made by masonry oretnavith circular, elliptic
or rectangular sections; the in-plane dimensionthefcaisson are generally larger in
the transverse direction of the bridge alignmangrder to increase the stiffness in that
direction. Generally, they have circular sectiont@k <20 diameter meter.

The design of caissons foundation has many uno&dgsj both for the
complexity of the resistant mechanism (soil-streeiateraction) both for the difficulty
of quantifying of the actions related to the polsitandslide. The stabilizing
component due to the weight, prevails on the etialmaon the ultimate strength,
related to the deep of the caisson.

Caissons foundation go subordinates to verificatimmrotation sliding failure,
and overall stability. The Eurocode and the Italcales relative to the design and
control of geotechnical structures, does not cantdplicit indications for caisson
foundation, but only for shallow and pile foundatio

The lateral and seismic response of bridge fouodativas obtained with a
number of methods of varying degrees of accuraoyéver, few of them concerned
the caissons. The methods of solution developed (figid) surface embedded
foundation and for (flexible) piles have been freqgily adapted to deal with the
caisson problem. The evaluation of the horizontabring capacity of caisson
foundation was usually based on an old formulat@mtered on simplified hypotheses
about geometry and soil/structure interaction.

Gazetas (1991) obtained semi analytical expressamts charts for stiffness and
damping of horizontally and rotationally loaded idyily shaped rigid foundations
embedded in homogeneous soil. Gerolymos et al. 6)2@006cused on caissons,
developing a Winkler model accounting the ultimdterizontal resistance of a
cohesive soil.

For arbitraly shaped embedded foundation, circbhedriby a rectangle of width

B and IengthL(L > B)the impedence, whit respect of the center of thee Imaat, can

122



Chapter 4

Soil- structure interaction

be expressed in the form of equation 4.3:

K amp = K emtKems (W) +1C (1) (4.8)

emb
Gerolymos et al. (2006) focused on rigid caissamsnflation, developing a
generalized Winkler type method described by fquing and associated dashpot, and
calibrated whit the elastodynamic solution propdsgdazetas (1991) for foundations
embedded in homogeneous soil (Tab.4.3). Dynamic kitinfour spring model
incorporate distribuited traslational (lateral) angtational (rocking) springs and
dashpots, and concentrated shear traslationaladational springs and dashpots at the

base of the caissons.

B
/ \ i e
Basemat SR L N e

L Area’

e,

X

Homogeneus Halfspace

Fig. 4.4 Geometry of a rigid foundation arbitrahaped in plan embedded in a homogeneous
elastic-half space

These four types of springs and dashpots are defatthe resisting forces acting

on the caisson shaft and base, as follow:
K, ,c, distributed lateral spring and dashpots, assatiatet the horizontal soil
reaction on the circumference of the caisson;

kq,cq distributed lateral spring and dashpots, assatiat@it the moment

produced by the vertical shear tractions on theuoiference of the caisson;
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Kuy »Chy resultant base shear translational spring andpdésassociated whit

the horizontal shearing force on the base of tiesoa;

Kuv -Cum resultant base rotational spring and dashpot,cegsd whit the

moment produced by normal pressures on the babe chisson.
These coefficients are frequency depended and waretion of both caisson

geometry and soil stiffness.

Homogeneous halfspaTe e

G,v. p

Fig. 4.5 The four types of springs and dashpatdhe analysis of inertially and kinematically
loaded caissons [Gerolymos, Gazetas, (2006)]. IElestponse of a caisson subjected to lateral
dynamic loading MQ, ai its top. Schematic definition of the globalffsiess in lateral
translation §y, rotation v, and cross-coupling of the translation and rotatio

Resultant base shear translational spring, rotltispring and on dashpots, for

orthogonal or cylindrical caisson fully embeddedhimmogeneous half space, can be
expressed as the following expressions (in theilodipally —x axes):
0,4

05
Ky =K oop = K, 1+ 015% 1+ 052 % A k (w) (4.10)

xemb — 2
L

Cus =C,emy =C, +4rV_,Bd +4rVsLd 18
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- d d d *B"®
Kw =K =K, 1+026 — 1+ — — — k., (w) (412
MM rx,emb cr ’2 B B D L rx( ) ( )
2
VLa 2 +
_ _ D B
CMM = rxemb:Crx+|bX = 2 hr 4'13)
+3V_ +V, B D
L B
where:
K,; K, spring translational and rotational stiffness la¢ taisson base on

surface of homogeneous half-space;
C,; C, spring translational and rotational dashpots at ¢hisson base on

surface of homogeneous half-space;
1

h, = 025+ 0653, - (4.14)

The coupled swaying-rocking complex impedance g@dmated by:

(4.15)

1 ~
KH M > 5 dKHH
The complex dynamic impedance matrix of the caissderred to the base can

be calculated as:
(4.16)

HH HM

K =

emb

N A
N

HM MM

To obtain distributed lateral spring and dashpotsitilae, is required to study
the lateral response of caisson (rectangular auleir) embedded in homogeneous

elastic soil over a deformable bedrock, and suegett lateral dynamic excitation at is

top: Q, and M,[Gerolymos (2006)]The fourspring models used to for simulating

the soil-structure interaction.
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Dynamic equilibrium of the shear forces with redpecthe base of the caisson
gives:

Qo - mu, - Px - Qb =0 (4-17)
where:

u, =u, (t) is the dispalcement of the caisson at the ceftiérecgravity;

P = Px(t) is the resultant sidewall horizontal resistance thuthe lateral soil

reaction;
Qb is the shear resistance at the base of the caisson

Dynamic moment equilibrium with respect to the bakthe caisson gives:
D
M,+Q,D- Jg.- mzuc- M,-M,-M,=0 (4.18)

Where M, =M X(Z,t) andM = Mq(z,t) are the sidewall resisteng moments

arising from the orizontal soil reactiop, ahd the vertical shear stresgesor 7,

Equation (4.17) and (4.18) can be wtitten as:

U, U, U,
M, ° +C, ° +K, > =P (4.19)
a, a, a,
where:
m m2
M. = 2 _C:Chh Chr _K:Khh Khr
b 2 1 b L] b
m% ‘]c + m% Chr Crr Khr Krr

are respectively mass, damping and stiffness matna P, the external forces

vector.
In the frequency domain, the complex stiffness xatithe caisson is:
K, = Kb +inC, (4.20)

and this matrix can be written as:
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- - - 2
~ Kh +kxD kx%
Ky= D? - - _ 4.71)
ke— K, - kD+>kD?
2 3

To obtain lateral spring functioni;x,l?l7 the simple way is to equate the

diagonal terms in the matrices (4.16) and (4.Z&¢rplymos (2006)]:

~ . 1> =
Kk =k +inC, :B(KHH -K,) (4.22)
k, =k, +inC, =% K - K, +%D2KX- %IZHHDZ (4.23)

4.4STIFFNESS EVALUATION ANALYSIS

To determine foundations stiffness, is necessargefine geological features,
identifying geological, geomorphological, hydrogegital and geotechnical
characteristics. This characteristics can providermation on the geological model,
the site stratigraphy, and, in the seismically pofrview, potential risk expected. The
geological study was developed in different st&p2.2.2).

Downstream investigation, it was possible to idgnfor each viaduct, soil
features, stratigraphy, and mechanical charadteyisf the various layers. Examples
are shown in following Tables, which were compiledt each viaduct. Identified
geotechnical model, is possible to proceed with ¢kealuation of mechanical and
seismic parameters for each layer. For foundatiompites and caissons, analysis for
the determination of stiffness were carried ouhgsinechanical parameters derived
from the weighted average of the parameters fodiffierent soil layers.

The soil nonlinearity, are considered by reducihg tongitudinal and shear
stiffness moduli, according to the Ramberg & Osg@iatt 3) theories.

A accurate procedure, in order to calculate the imam shear strain, was

proposed in some recently published works of cemfee proceedings [Bilotta et al.
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(2007), Bilotta et al. (2007)]. Thg,,,, values were evaluated as the ratio between the

maximum shear stressés,, and the elastic shear moduli G.

The shear stress profile was computed through tiffereint approaches .The

first approach uses the following expression:

amalxs

! nax(2) =14(2) 5,(2) (4.24)

as used in simplified approaches of the liquefactpmtential [Santucci de
Magistris (2005)]. Beyond the vertical stres,, the other factors are the peak ground
acceleration on surfa@g,.sand reductive coefficient which takes into account the
soil stiffness and can be computed for instancerdaty to the formula [Iwasaki et al.
(2978)]:

rd(z) =1- 001% (zinm) (4.25)

The peak ground acceleration at surfaggscan be simply obtained from the
peak ground acceleration at the bedragk,, multiplied for the site amplification
factor S[EN 1998-1 2003, NTC (2008)].

The shear strain‘max(z) is calculated through the horizontal equilibriufnao

soil column, between the surface and the depdis:

toax(2) = 180, (3dz (4.26)
0

where 7 is the soil density. In the simplest applicatibe profile of maximum
acceleration can be assumed linear frap,, at bedrock t0Sq,,, at surface. Using

the pseudo-static approaches, linear and linedkalgnt analyses were carried out,
adopting a visco-elastic behavior for the invegéidasoil. In the linear analyses, the

shear modulus G was assumed as the small strainlnso@; in the linear equivalent

analyses G was referred to a degradation c@(@)/Go, depending on shear strain
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level. In order to evaluate the maximum strain led soil of the linear equivalent
analyses, the Ramberg & Osgood (1943) model wasidemred, in which the shear
strain was correlated with the maximum shear stressg the expression:

R
max(2) +C max(2) (4.27)
Go Go

In the (4.28), C and R are parameters dependinghenparticular subsoil

max(Z) =

considered, which can be calculated by fitting degradation curveG(g)/Go. The

second addend of the equation (4.27) represengthtihement of shear stain due to

non-linearity of the soils.

10%._ 6%

84% FOUNDATIONS ON PILES
10% SHALLOW FOUNDATIONS
6% CAISSONS FOUNDATIONS

84%
Fig. 4.6 Pier foundations distributions

The stock analyzed for seismic vulnerability, prese great heterogeneity with
regard to the piers and abutments. In particulesehare shallow foundations, on pile
foundation and caissons Totally 244 foundationsevearalyzed. Generally foundations
are homogeneous for each viaduct. However, in stawe of very long viaduct, whose
piers insist on different geological sites, thesehie coexistence of different kind of
foundations.

Shallow foundations consist of isolated footingsre€tangular section. The
foundations on piles, which make up the most pathe stock, consist of groups of
piles in number, length and diameter variable ddpgnon the characteristics of the

ground, and on the horizontal and vertical loadsgmitted from the superstructure.
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For caisson foundations, only one of the viaduetgehthis type of foundation on all
piers, probably due to the landslides presenceerGthissons are present below some
piers in other viaducts.

In the following paragraphs, details of the anayserformed for each of the
three foundations types is described. For expositatabase implemented after
analysis of the documentation available and in teisits analysis, are shown. Database
are used for collection and management of mechlaraca seismically sites
characteristics resulting from analysis of existibgcumentation and on-site tests.
Tables are reported in following paragraphs, as example of existing viaduct
existing for each type of foundations represevganf the work done. The same tables
were implemented for the entire sample of viaduéts. each type of foundation were
also performed parametric sensitivity analysist th@valuation of the influence of the
foundations deformability on the period of SDOFtews representing the piers, for
shallow foundations and foundations on piles. Faissons, parametric analysis are
made to the evaluation of the horizontal ultimaizd capacity in order to the different

caissons slenderness.
4.4.1. Shallow foundations

In the bridge’s stock analyzed, there are a famflywo structures, and some
other pier in other bridges, whit shallow foundatiqFig.4.7). By analysis of existing
documentation and in situ tests, for each of the, @s well as for all other bridges,
database of parameter necessary for seismicallye,issnd characteristic of site and

mechanical soil model are filled (Tab. 4.4;Tab.4.5)

N Layers from-to < ff J -
(m) 9) |9/ 9:) ) 9l)

& Overburden 0m-2m 2 200 29 66 6958

' Sand/silt 2m-5m 3 2425 32 223 2365

( Marl/sandst. | 5m-16m 11 475

) Marl/sandst. | 16m-30n| 14 655

Tab. 4.4 Geotechnical parameters of soil layers

130



Chapter -

Soil- structure interactio

b)
' . ’ A ~.‘—
}_
¢ § co | £ 0w $
1
- ] |
3 £ = - — —
~ 1
¥
g e = —
3 ) : ) .
el .'; | ! X
t -
L * g — o =l
e
'I.!-* 8 _p S iV,
v
- C)

Fig. 4.7Examples of viaduct whit shallow foundations. angitudinal pier sectiol b) Picture
of foundation; c) Foundation dimensions in plaigw of the foundations. The dimension are in

meter.

At Italian Level, Public Works Ministry, providessgismic map, based on d
from INGV [Group of work (2004)] depending of site geographic coordinaln
each node a different value for peak groandeleration (g), local amplification factor
(Fg) and control period (), upper limit of the period of the constant spai

acceleration branch is defined.
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Pier X z i Cat. |Solil clasq
Aboutment (m) (m) ) Top.
Ab. A 0,00 390,640 4,270 B T1
Pier 1 33,20 388,161 3,770 B T1
Pier 2 67,60 386,190 0,180 B T1
Pier 3 102,00 387,947 4,530 B T1
Pier 4 136,40 391,642 6,300 B T1
Pier 5 170,80 395,548 3,680 B T1
Pier 6 205,20 396,069 0,450 B T1
Pier 7 239,60 396,089 0,270 B T1
Pier 8 274,00 396,398 2,100 B T1
Ab. B 307,20 398,564 3,730 B T1

Tab.4.5 Soils and topography categories for each pier

Due the limited spatial variability of hazard pasters and the limited viaduct

extension, to Limit States of interest (8§ 2.2.3) aonsidering:
nominal life V, =100;
use class IV;
coefficient of us€, = 20 ,

At Italian level current code indicate that theesimplification factorSfor is

obtained as:
S= Ss :Sr .28)
Where S; is a coefficient depending on the soil class Snds dependent on
topographic category.
Data obtained, and the amplified accelera#on the surface with reference to

the beginning of viaduct are shown in Tab 4.6.

As previously explained, the effects of non-lingagre considered through the
reduction of longitudinal and shear stiffness modul this case, for sand solil, the
parameters @nd R [Ramberg & Osgood (1943)] are:
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R=2,63
C=800000
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Degradation curvés /G, are shown in Tab. 4.7.

Tr START VIADUCT END VIADUCT

(years) a Fo Tc* &g Fo Tc*
(9) 9)

30 : T ! !

50 # 1% ! 4 1$ e

72 "l IR " AN

101 4% L
140 '$ 11 11

201 "l 1% ! 1%
475 "% ' ! % L 11
975 I ' g U
2475 $ 1$ %) $

Tab. 4.6 Peak ground acceleration, local amplificafactor, and upper limit of the period of

the constant spectral acceleration for beginnirgeard of viaduct.

BEGINNING VIADUCT
LIMIT Tr ay Fo Tc* S S
STATE 9)
SLO 120 0,108 2,506 0,321 1,20 1,00
SLD 201 0,135 2,518 0,329 1,20 1,00
SLV 1898 0,327 2,444 0,358 1,08 1,00
SLC 2475 0,360 2,441 0,362 1,05 1,00
LIMIT S a max max G GIG,
STATE ) (kPa) (kPa)
SLO 1,20 0,130 8,575 2,04E-06  4,21E+(5 0,99
SLD 1,20 0,162 10,686 | 256E-06 4,18E+(5 0,99
SLV 1,08 0,354 23,351 5,94E-0p 3,93E+(5 0,94
SLC 1,05 0,378 24,935 6,40E-0p  3,90E+(5 0,91

Tab. 4.7 Seismically parameters and a degradatiore G/G

Stiffness results for [Gazetas (1991)] a shallownftation of geometric

133




Structural performance assessment of existing Ri@ges in seismic prone areas

characteristics shown in Tab. 4.8, are presentdhin 4.9, referred to the Prevention
of Collapse Limit State.

The seismic vulnerability analysis are conducted dlb viaducts considering
soil-structure interaction effects. In addition,nsévity analysis is conducted to
evaluate the effects of the rate of deformation uundations deformability on the
fundamental period of the simply oscillator simpipresentative of the on degree
system (8 5.2).

< $2=775 G 1% #
2552 12 '
9 4<129 7%$5 B= 14 L $
9B529 7$5 B= 14 B !
4<]1 D !
99 1352 :51 717 211 a
2 =516 r % |7
< K33216 Vs #
5< $2=775 Go ng
4=12 73 G/Gqy %
Tab. 4.8 Geometrical foundations and mechanicékbairacteristics
Vertical (2) K, "%%' <# F/
Horizontal (y) Ky(ong) $li<# =)
Horizontal (x) ) 1% <# =
Rocking (rx) K i ong) meg < =
Rocking (ry) K ry(ransv) Y # <" =
Swaying (X-ry) ey #$%$'<$ |-
Swaying (X-ry) K "<$ =
Torsional K, "< $ =

Tab. 4.9 Static foundation stiffness.

The Tab. 4.10 lists the values of the natural peoifthe system to one degree of
freedom, representative for each pier of viadudts shallow foundations.

For each pier, height, the mass at the top (8§ b.aRear waves velocity
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observed in situ, rotational and translational galstiffness of the foundation, yield
stress moment at the base of the pier, and parenetestiffness and fundamental
period of SDOF systems are shown. The latter ire aafsrigid and deformable
foundation. Is possible to see how the rate of medtion due to the foundation

becomes more important with decreasing heightepibrs.

Fig. 4.8 Soil foundations effects for shallow foatidn.

In fact, foundations designed to actions of talf@ets are repeated for all piers,
as usual in the design practice, with the same gagnand reinforcement details. For
piers lowest, the contribution of the foundationfodmability, becomes more
comparable to the flexural deformation of the piar so less negligible in view of the
total deformation evaluation.

Analyses were conducted for the piers, as a fumaifcsoil class, maintaining a

speed of shear waves comparable with the condifishallow foundations.
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Tab. 4.10 Variance of period for rigid and defobheafoundations
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The influence of the deformability of foundationstiwrespect to the flexural

deformation of the piers does not exceed percertbfg-16%.
4.4.2. Foundations on piles

The foundation on piles are the most in the viaglstbck analyzed. As well as
for shallow foundations, tables for geotechnicadl aeismic classification of the site
have been compiled. For example, analysis conduoted viaduct who is part of a
family of six viaducts with the same project, aleown. In the same method for
shallow foundations, tables and graphs for semsitimnalysis conducted for the
foundation on piles, in relation to stratigraphyuadly present on site, are presented.

The stiffness, calculated according to the GazZetasulations [Gazetas (1991)],
are referred to the single pile. In order to obtaimnique value of horizontal and
rotational stiffness, representative of the engreup of piles, stiffness of individual
piles has to be combined according to the arrangeafahe piles in the plant.

Total horizontal stiffness can be calculated asstina of the singles piles less
than a coefficient E of efficiency of the groupfi&ency generally depends on the
number and on interaction between piles. Poulostads (1985) suggest E=0,25 for
groups of piles of number of piles major or equaldt and centerline distance -
diameter ratio equal to 3.

K= Ex K| (4.29)

i=1

This condition occurs in most cases for the fouiodat examined. For global
rotational stiffness should be taken into accouathbthe rotational stiffness of
individual piles, and vertical stiffness. The exggien used in this case is:

n n

K = xﬁx KldZ+ K| (4.30)

v
i=1 i=1

Where L, is the shear span addis the center to center piles distance.

Efficiency is nearly uniform, and was put E=0,9.
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b)

P

a)

Fig. 4.9Examples of viaduct whit on piles foundations. apgitudinal pier section; b) Pictu
of foundation; ¢) Foundation dimensions in pldditnensions are in meters.

N Layers | from-to < ff J -
m) 9) 9/) 9:) 9:)  9.)

& > 1% " I$"

. o ' o

( ? " $! "$

Tab. 4.11 Geotechnical parameters of soil layers
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Pier X z i Cat. | Soil class
Aboutment (m) (m) °) Top.
Ab. A 0,00 242 5,110 B T1
Pier 1 33,55 239 5,110 B T1
Pier 2 67,05 236 0,000 B T1
Pier 3 100,65 239 3,840 B T1
Pier 4 134,15 241 3,410 B T1
Pier 5 167,70 243 3,840 B T1
Ab. B 201,21 245 3,420 B T1
Tab. 4.12 Soils and topography categories for @amh
Tr BEGINNING VIADUCT END VIADUCT
(anni) 3 Fo Tc* 8 Fo Tc*
(9) (9)

30 ' "po ' "%

50 ‘g '$ 'l g " 'l

72 . 1'% " 1%
101 "% " # 'l Do 1S
140 '$ 1% '$$ 1$
201 " % ' %% 'l 'l
475 8% g 1$$
975 I " I$ "
2475 1 % 'H#$ H#

Tab. 4.13 Peak ground, acceleration, local amalifim factor, and upper limit of the period of

the constant spectral acceleration for beginnirgeard of viaduct

As presented for shallow foundations, the Fig. 4show the difference of
natural period of SDOF for rigid and deformablerfdations. For each pier, height, the
mass at the top (8 5.2.7), shear waves velocityerobdg in situ, rotational and
translational values stiffness of the foundatide]d/stress moment at the base of the

pier, and parameters of stiffness and fundamemdbg of the simply oscillator are

evaluated in case of rigid and deformable foundatio
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Tr START VIADUCT END VIADUCT
(anni) 3 Fo Tc* 8y Fo Tc*
(9) (9)

30 ' o ' %

50 g '$ 'l "¢ ' H 1

72 1% " 1%
101 "% ' # 'l ‘P $
140 '$ 13 '$% $
201 "% ' %% 'l ' dl
475 '" 5% " # 1$$
975 g N I$ 1
2475 1% '#$ 4

Tab. 4.14 Seismic parameters and a degradatioe €&i@

< K33216 5 # /
2552 12 n '
2 =516 e '% /A
=$1 = '
41< !
5 = 55 = %' $$$#
27 4 $2=775 A r<# |
7$B 29 A $
1 427A=51 d I'$
274 $2=775 ] < |
5< $2=775 '$" < ;
4=12 73 } #
< $2=775 '<

Tab. 4.15 Geometrical foundations and mechanidbtbaracteristics

Analyses were conducted for the piers, as a fumaifcsoil class, maintaining a
speed of shear waves comparable with the condiifofoundations on piles. The

influence of the deformability of foundations witespect to the flexural deformation
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of the piers does not exceed percentage of 15-b8%oft soil, and about 5-6% for the

real soil for foundations analyzed.

Z ' - %

S ‘ S #> $% # <$
#> $% ' <$ D#> % T <$
_( m . )
= ; #> $% % <$

s % # $% %' I<#
#> $% g <$ : #> $% "%<$

Tab. 4.16 Static foundations stiffness

Fig. 4.10 Soil foundations effects for shallow fdation.

4.4.3. Caissons foundations

Assessments carried out for the viaduct with thendgenous caissons
foundations in shown in tables below. The caissamdations as well as ensure a high

to lateral loads, restrict the movement of the idé slopes, as in the case of these
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viaducts, for which the piers are attested neaskbge. Some geometric characteristic

is shown in Tab. 4.17 wherg, and R, are the radius at the base and at the trunk of the

caissons is the cross section thickness, dds the foundering.

) )
Fig. 4.11 Examples of viaduct whit caissons fouimhast a) Longitudinal pier section; b)
Picture of viaduct; c) Transversal section of aais®imensions are in meters
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N°Pier |Shape sectio Rp R: s H D
(m) (m) (m) (m) (m)
1 Circular 7,00 6,20 0,70 16 ~20
2 Circular 7,00 6,20 0,70 16 ~20
3 Circular 7,00 6,20 0,70 16 ~20
4 Circular 7,00 6,20 0,70 23 ~27
5 Circular 7,00 6,20 0,70 23 ~27
6 Circular 7,00 6,20 0,70 23 ~27
7 Circular 7,00 6,20 0,70 14 ~18
8 Circular 7,00 6,20 0,70 14 ~18
Tab. 4.17 Geometric characteristic of caisson fatinds
Pier X Z i Cat. Soil class
Aboutment (m) (m) (°) Top.
Ab. A 0,00 660 14,26 C T1
Pier 1 59,00 645 14,26 C T1
Pier 2 118,00 630 13,34 C T1
Pier 3 177,10 617 5,80 C T1
Pier 4 236,15 618 2,91 C T1
Pier 5 295,25 623 531 C T1
Pier 6 354,43 629 6,75 C T1
Pier 7 413,48 637 8,16 C T1
Pier 8 472,93 646 7,93 C T1
Ab. B 531,93 654 7,24 C T1

Tab. 4.18 Soils and topography categories for paah
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TR BEGINNING VIADUCT END VIADUCT
(anni) ay F To* ag Fo Tc*
@ @

30 0,061 2,424 0,286 0,061 2,427 0,286
50 0,079 2,393 0,311 0,079 2,395 0,311
72 0,095 2,394 0,323 0,094 2,398 0,314
101 0,111 2,414 0,330 0,110 2,417 0,330
140 0,129 2,434 0,338 0,128 2,435 0,339
201 0,153 2,413 0,346 0,152 2,411 0,346
475 0,225 2,404 0,366 0,223 2,405 0,397
975 0,302 2,395 0,386 0,299 2,395 0,386
2475 0,428 2,390 0,428 0,425 2,384 0,429

Tab. 4.19 Peak ground, acceleration, local amalifim factor, and upper limit of the period of

the constant spectral acceleration for beginnirgeard of viaduct.

LIMIT | Tgr ay Fo | Te* S5 S S a max | max [ G | GIGO
STATE () @ | kPa) (kPa)
SLO | 120 | 0,12 2425 0,334 150 1,00 150 0,18 24]65 1,85E-04 329972
SLD | 201 | 0,154| 2,413 0,346 143 100 148 0,227 3154 2,7(E-0848]6 0,63
SLv | 1898 | 0,388 2,392 0416 1,14 1,00 1,14 0443 6§29 1,12E-0BLIBP 0,33
SLC | 2475 | 0,428| 2,390 0428 1,00 1,00 1,09 0465 7329 1,31E-QBLAE 0,30
Tab. 4.20 Seismic parameters and a degradatioe €@,
< $2=775 $ ;
27 4 $2=775 "%$ |
2552 12 n 'l
1=1<29 7%$5 B= 14 '
4<129 7%$5 B= 14 '
99 1352 :51 717 211
4<1
2 =516 " ‘% |7
< K33216 5 s/
5< $2=775 / "%
4 =12 73 / 'l

Tab. 4.21 Geometrical foundations and mechanidbtbaracteristics

144



Chapter 4
Soil- structure interaction

; ‘HE<# 3/
; $e$<" 3/
= " < =/
; 'S <# =/

Tab. 4.22 Static foundations stiffness

The basic and most common seismic analysis of geoieal systems consists in
pseudo-static calculations, in which the soil/die seismic interaction is studied
modeling the dynamic action as an equivalent state.

In the following part, numerical analyses were désd, in which the ultimate
horizontal capacity of the caisson was evaluatedroter to obtain the maximum
horizontal force which could be applied to the sarsas pseudo-static action.

The caisson model was created using Plaxis 8.0kBreve, R.B.J, Plaxis 2D
(2002)], a FEM code optimized for geotechnical peais. The model was built in
plane strain conditions, differently from the 30haeior of the caisson foundation. The
caisson has cylindrical shape with a base dianwétBg=14 m and a trunk diameter of
Di=12,4m. The height of the foundation structure #lBim. The superstructure was
constituted by a 30 m high pier.

The soil and caissons materials properties usethéoanalyses were showed in
Tab. 4.23. The soil was considered as a pureliidrial material (loose sand).

A Mohr-Coulomb model was adopted to control thel $ailure due to the
horizontal force. No water table was considereth@analyses; therefore the analyses

were carried out in total/effective stresses. ka Tlab. 4.23 g is the unit weight,Eis
the Young modulusy is the Poisson ratio anflis the friction angle of the soil. At

first, in the numerical analyses the ratio betwienfriction at soil/caisson interfac2

and the friction of the sofi was set ag?/f = 0]1.
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Parameter Soll Foundation material
g (KN/mY) 19 19,11
E (KN /m2) 14600 30000000
n ) 0,3 0,3
ff ©) 31,5 -

Tab. 4.23 Material properties for the numericallygses.

From this assumption a strong reduction of therfiate friction angle@ was
adopted, which was 10% of the soil friction angle.

In the Tab. 4.23, the mechanical properties otcdisson itself were showed: the
parameters were chosen considering the caisson Inyactencrete. The material model
for the structure was linear elastic. Concerning thalue of unit weight of the

foundationg, , the original value for the concrete was modifiedrder to account for

the differences between the 2D model and the 3Cfeaadation.

The caisson model were submitted on the top ta afseads: a vertical force
No, which was derived by the superstructure loader(meight, beam load and
overload); a horizontal load Hwhich represented the horizontal bearing capauity
the caisson; a bending momeng,M/hich was given by the product of the horizontal
force H) and the arm between the point of application ghkd the top of the caisson
(height of the pier).

The horizontal and vertical forces were appliedpast loads, instead the
bending moment was applied as a linear distribubbrioads. The results of the
analyses were showed in terms of normal stressdbeotateral walls of the caisson
(Fig. 4. 2). The horizontal stresses were compuaiiitthe theoretical values obtained
from the Rankine’s theory (in the hypothesis of sail/structure friction). The
horizontal stresses followed the closed-form Ragkirdistribution in the top part of
the caisson. The change occurred because theorotantre is inside the caisson: the

counter-rotation caused in the bottom part of thisson (from the rotation centre to

146



Chapter 4
Soil- structure interaction

the bottom side) an increment of horizontal stressethe left side, and a reduction in
the right side. Net graphs of the normal horizostedsses, difference between left and
right components, were also plotted in Fig. 4.1%ether with the analytical
distribution. The numerical and analytical resytsse a good agreement: the graph
inversion point was similar between the two disttibns, which determined a very
similar kinematics (same height of the rotatiomp)i

A set of parametric analyses were performed, starfrom the initial one,
varying the geometry of the caisson and the interfaoperties.

Seven different geometries were prepared, congsiglexiconstant value of the
base of the caisson and changing its height, ierora obtain different slenderness
ratios (/ =H/D=0,5; 0,75; 1; 1,25; 1,5; 2; 3).

s$o&( # s$r&( # s$0&( #

Fig. 4.12 Distribution of horizontal pressure aldhg caisson: left, right and net diagram.

This ratio values were organized to cover possiblestruction ranges of these

structures, from the squat caisson (Idvy to the slender caisson (high). Therefore
this type of structures is an ideal hyphen betwten shallow foundations (squat
caisson) to single large diameter pile (slendesszai).

For each geometry three different interface fricti@tios were considered (
alf=01;0,5; 1). Totally 21 models were analyzededch analysis the vertical force

value N was obtained as the summation of the imiiawhich was kept constant in all
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the analyses, and the weight of the caisW, which was variable depending on the
caisson geometry. Also the bending monM, was evaluated considering a constant
value for the force arm.

In Fig. 4.13 the dimensionless ratiy/N, between ultimate horizontal load and

total vertical force were displayed against thedérness rat H/D. Three curves were

plotted for the three values of the interface ivistratio @'/ f .

The trend of the KN, curves was clearly linear with the value /. Same

increments were observed together with the incrt of friction ratio &'/ f .

0,8 -
——5/¢=0,1

-B-5/9=0,5
/0=1

0,7 -
0,6 -
0,5 -
Hu/N 04 -
0,3
0,2
0,1 -

0

0 1 2 3 4
A(H/D)
Fig. 4.13 Dimensionless ratig# against slenderness raH/D

In order to plot the net diagrams of the normaiuntal stresses ., for all the
models, these pressure were reported against ansiioméess height of the caissz/H
in Fig.4.14 for two values of friction ratid’/ f (0,1 and 0,5).

The maximum values of the net horizontal stressa® wcreasd with the value

of the slenderness ratio, because of the incremgintie horizontal ultimate loe
capacity. The rotation centre varied with, observing a downward shift with the
increment of the slenderness ratio. For thef =0,1, the rotation centre were located
in a range between 70+80% of the total height;tfer d/f =0,5, the range was
between 86+93% oH .
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Fig. 4.14 Horizontal net pressure against z/H
4.5CONCLUSIONS

In the case of distributed infrastructures, suchrédges, both in design of ne
structures and assessment of existing one the pssamof rigid foundations is
sometimes impossible or even wgy and the stiffness of the «structure system has
to be evaluatedAn equivalent stiffness to take into account thel-structure
interaction has to be properly defined, since & &a influence of the natural period
the structure. In fact, rigitbundations lead to an overestimation of global ductility
of the system. After the in-situ geologi@add geophysical investigations, a databas
information required for the mechaal characterization of soils athe development
of geotechnical mdels and the seismic chariization of the sites have been set. A
population of 244foundations has been analy, classified in three different types:
shallow, foundationson piles, and caissons. For each bridge, the elguitvstatic
stiffness to take into account the ssiitucture interaction has been evaluated foi
above mentioned three type of foundations, in ages with the level of analysis (8§
and the methodologiedeveloped by Gazeti The obtained values for stiffness have
been used fothe seismic vulnerability assessment of the bridgesthe computatic

of the displacement on top of the structures taking account the contribution of ti
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deformable foundation.

For each structural typology sensitivity analysesehbeen carried out. For
shallow and on pile foundations they allowed thaleation of the deformability of
foundations on the natural period of the SDOF sydt@ the soils in the database and
even for additional soils compatible with the stunal typologies.

For shallow foundations, the influence on the raltperiod can be quantified in
a variation of about 4-6% according to the charéttes of the soil. The difference is
higher for short piers, with a variation up to 8%r the low shear wave velocities such
a difference with respect to the case of rigid ftatrons can be up to 15-16%. For on
piles foundations, same results are checked.

For caissons numerical analysis have been carugdio which the ultimate
horizontal capacity was evacuate in order to obtha maximum horizontal force
which could be applied to the caisson as pseudis-stetion.

The analyses showed a good agreement with thetaadlformulation despite
of the model simplification (2D instead of 3D). Ttelowing research step will be the
execution of 3D pseudo-static analyses, and dynamatyses in order to account the

effect of kinematic soil/structure interaction ¢ tresponse of the caisson
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Chapter 5
SEISMIC VULNERABILITY ASSESSMENT

5.1INTRODUCTION

The most common analysis method for bridges is megactral analysis. A
common design consideration in Europe and U.Sasthe superstructure must resist
the seismic elastically. The deck is capacity desibto remain elastic when the ductile
behavior of a bridge is chosen. Bridges that eambdeled as SDOF oscillators, such
as single span bridges, multi span bridges congisti simply supported span, or multi
span bridges in general can be analyzed usingitingadent static method.

For populations of bridges and viaducts, advancethatus for studying the
vulnerability through BMS systems, is the implenagioin of simplified mechanical
models (HAZUS), where the seismic demand is cheraed by the use of response
spectra, while the capacity is determined througtpkfied models of possible failure
mechanisms. The objective of HAZUS project is téraea bridge classification that
can utilize the available data and can provide dmmand repair cost estimates
comparable with the damage data observed in the gaathquakes. The following
tasks are performed as part of this project:

Review available bridge classifications
Develop an improved bridge classification
Generate damage functions for the new classificatio
Refine available damage state-repair cost ratatiogiship.
The ATC-13 [1985] study and HAZUS [1997] includeethhree bridge
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classifications, multiple simple spans, continuomsnolithic included simple spans
and greater than 500 ft span, which are currerggduor vulnerability assessment of
bridges. This is a very broad classification andglees various structural
characteristics that affect the seismic performaofca bridge, such as structure type
and material, pier bearing types. The bridge diassion in HAZUS does not address
the effect of the structural material and type ssulzture type, and design details, such
as column reinforcement and/or seat width. Basdzkdremidjian (1996) developed a
more detailed classification in which bridges ie #ame sub-category are expected to
experience similar damage under a given seismidinga In their classification,
bridges are grouped according to number of spamsgrstructure type, substructure
type and material, abutment type, and span comyintinen, these bridges were further
classified into sub-categories based on other tstraiccharacteristics, such as number
of spans, abutment type, column bent type and spatinuity. Empirical damage
probability matrices and fragility curves were deped for each of these bridge sub-
categories using the damage data from the Nortaradgd Loma Prieta earthquakes
[BasOz and Kiremidjian, (1997)]. As part of thioct, a new bridge classification is
developed to be used in HAZUS. The new bridge dleaton is based on the
following structural characteristics of bridges:

Number of spans: single vs. multiple span bridges

Structure type: concrete, steel, others

Pier type: multiple column bents, single columntbeand pier walls

Abutment type and bearing type: monolithic vs. meorolithic; high rocker

bearings, low steel bearings and neoprene rublzeinigs

Span continuity: continuous, discontinuous (in-spexges), simply supported.

The seismic design of a bridge is taken into actaurterms of the spectrum

modification factor, strength reduction factor dwwecyclic motion, drift limits, and
longitudinal reinforcement ratio. The proposed gectlassification is an improvement

over the one currently used in HAZUS, as it is mgeneral. Furthermore, it
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incorporates various structural characteristics dffect damage into fragility analysis
and provides a means to obtain better fragilitweamwhen data become available.

An overview of Italian literature, existent Guideds for Evaluation of seismic
safety for existing bridges works [Pinto et al.0@2)] useful for single structure and

for population’s analysis.

5.2SEISMICALLY PERFORMANCES EVALUATIONS

Structural model must reflect state of the struegurnt is defined in order to
adequately describe the relevant degrees of freatdamncharacterize the structural
response under seismic actions.

For bridges and viaducts, generally, the desk issigmificantly involved in the
seismic response of the structure. It follows #tegntion has to be sent so prevalent in
substructures (piers and abutments) and founda@mmsopriate restraint systems, and
interconnection between structural elements (bgarigouplings, etc.) [DPC-Reluis
2005-2008 Linea 3]. Considerations about limitsestachievement is referred at piers,
abutments, bearings, and foundations. The use=dfearings provide choice as to how
and where seismic forces has to be resisted. Pnshiath attracting excessive force to
short stiff piers can be solved placing bearingsvben columns and superstructures.
When elastomeric bearings are utilized, it is gaesto compensate for different
stiffness of different piers by adjusting the begsi stiffness at the top of the piers.

The most of the viaducts under study, belong to t¢htegory of simply
supported bridges, which are a widespread typ&udtsire in the country.

The bridges studied belong to this category, onpkntolumns. In these
conditions, is possible to define, accurate anslgsthods characterized by a level of
complexity consistent with the purpose of the saswalnerability and easily useful
also for other structural types, as multi columesitb Tridimensional multi column
bent in plant are not present in the stock.

When the support system consist of single colummtsdheresponse in
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longitudinal and transversal directions considbasdic vertical cantilever behavior.

If the superstructures is bearing supported, aad grbss section is symmetric,
response characteristic can be made equally tresavend longitudinal, optimizing
the seismic design. However, if shear keys are uBedrestraint transverse
displacement, transverse and longitudinal period hance seismic force can be
different. Since there will be only plastic hingecation, the behavior is easy to
determine, whit a high degree to accuracy. Usindtiomlumn design the behavior
evaluation is a little more complicated, but momeéntuced at the base and

displacement at the top will be lower.

s Ny e e

L | | Fixed

Column
a) SINGLE COLUMN Moments  b) MULTIPLE COLUMNS Basé

Fig. 5.1Different bent configurations

The procedure presented should in general be apjolieery simple bridges and
to a preliminary design phase of bridges for whtad coupling effects of the deck can
be neglected, in which case each pier is conside®DOF system. The seismic force
is represented by an acceleration/displacementtrsp@c The bridge model results
from the appropriate combination of stiffness, massd damping of the structural
elements. The period of vibration and damping ef shbstitute structure will allow
acceleration and displacement to the read dirdaity the spectra. The characteristics
of the substitute structure are mass, effectiveballostiffness, and damping.

Geometrical considerations, including the effedtdomndation flexibility, influence
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the relationship between structural displacemeuatility factor and member ductility
factor, which may be expressed in curvature, ratatbr displacement units. Using the
displacement-based design procedure, it is thetiplastation of potential plastic

hinges that is of greatest interest.
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Fig. 5.2 Assessment of structural displacementsérisolated piers

From this, the displacements at the top of SDOFesyss calculated, and hence
the basic force requirements established.
Analysis are conducted by a model of non-lineaticstmnalysis on displacement
based design procedure who take into account :
Lumped plastic hinges model mechanisms;
Mechanical non linear effects due to materials;
Geometrical non linear effects due to the elemiemidgrness;
Longitudinal and rocking foundations deformability.
If considering two SDOF systems of equal mass difthesss characteristics,
one of which whit rigid foundation and the otheithna deformable foundation, the

response in terms of column displacement ducféityor could be different.
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Available ductility is given by:

m=1+% (5.1)

where:

Dp is system’s ductility ;

Ly is yield ductility.

Value of yield ductility of the rigid system is Eghan of the system with

deformable foundation, so, with the same deforntglmf the systemDp, it result:

m > n? (5.2)
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Fig. 5.3 Behavior of system whit interaction sédundation: A. System model whit rigid
foundation; B. System model whit deformable fouratat

The approach presented, is detailed in followinggeaphs.

In the transversal direction piers, or multicoluntirents are considered
independent, defining a set of simple SDOF systéfts 5.2). With respect to the
longitudinal direction two assumptions are madee Tinst assume that the entire
bridge is single oscillator for which mass is thensof the masses of the individual
piers and stiffness is obtained by the compositibtine force-displacement parameters
of single systems. This assumption is correct éndise of regular structure and when

displacements of single span deck respect to theqgaip is very smalls very small.
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This requires the presence of seismic restraintsheé second case, in the absence of
the validity of the first hypothesis, the modellimgitudinal direction is the same of
the transversal direction. In this case, singleitwls bents and on frame systems are

considered individually, each as a simple oscitlatoline with what is shown in Fig.

5.4.
1 1
Hl 2
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Fig. 5.4 Longitudinal evaluation of structural seis response, assembly of the response of
individual piers the longitudinal direction

5.2.1. Stress-strain relationship for existing structures

For the implementation of a nonlinear analysis edute, it is necessary to
define appropriate stress-strain relationship ablerepresent the behavior of the
materials, concrete and steel.

Confinement of the concrete is improved if transeereinforcement layers are
placed relatively close together along the longitataxis. There will be some critical
spacing of transverse reinforcement layers aboviehate section midway between
the transverse sets will be ineffectively confinéidis generally found that a more
significant limitation on longitudinal spacing ofrmfinement reinforcements is
imposed by need to avoid buckling of longitudin@inforcement under compression
load. This condition is not often encountered ctodiin existing bridges. So, due to

the lack of reinforcement details, compressiorsstsrain relationships for unconfined
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concrete are used.
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Fig. 5.5 Unconfined concrete stress-strain relatiqus and elastic-perfectly plastic stress-strain
low for steel.

For unconfined concrete stress-strain relationshims referred to the Italian
codes [NTC (2008)]for classes of concrete lowent6d5/55.

Parabolic-rectangulass - € is used, based on design compression strength and

f.4 ultimate strairg,:

ecy = 2%0 (53)
€., = 35%0 (.4

The values employed, although conservative, argfiges by the very modest
level of structural details of the longitudinal marcement and transversal
confinement, and the reduced thickness of concmter subject to cyclic loads during
the structures exercises. With regard to steektielgerfectly plastic stress-strain
relationships undefined in used. As required itidtacodes [Circolare 617 (2009)] in

absence of information in assumed that the ultiratigen of steel is equal to 4%.
5.2.2. Stiffness and moment rotation relationship

The restoring force term in general equation ofiomst
mug +cug +kug =- mu, (5.5)
depend on the stiffness body system. The transkitistiffness for slender

bridge can be expressed as:
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k=a % (5.6)

where E is the modulus of elasticityi, in the effective moment of inertia of the
cross sectionH is the effective column height, and the coefficientepresent the
boundary conditions.

In the transversal direction, the bridge piers defas cantilever, and stiffness

can expressed as (Fig. 5.6.a):

El
In longitudinal direction, assuming a stiff of idgsuperstructure, the stiffness
term in double curvature bending whit both endl/fabnstrained against rotation can

be expressed (Fig. 5.6.b):

k=12 (59

a)

Fig. 5.6 Bridge stiffness terms for lateral disjglaent.

For squat bridge piers, where the clear column Hteilg is no longer
significantly than larger than the column depth dbear deformation can become
significant in comparison whit the flexural defortioa. The shear deformation for a

unit load or the shear flexibility, can be exprekas (Fig. 5.6.c):
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fo H
AG

where A, represent the effective shear area &the shear modulus of the

(5.9)

pier cross section. As a general rule shear detosmaan become significant when
the significant when the shear span M/V of the j@eless than three times the pier
depth D [Priestley et al. (1996)]:
f :L
AG

In displacement-based design, the elastic stiffiessquired at the start of the

5.10)

design, in order that the elastic periods of thecstire can be defined, and also, at a
later stage of the design to distribute the totaftia force to members in proportion to
their initial stiffness. To reflect the crackedtst@f a concrete bridge column in the
seismic response analysis, and to take in accbernietel of cracking in the elements
and the deformation materials level, in nonlineksficity concentrated analysis an

effective or cracked- section moment of inertig, is used. The effective stiffness

E.l

o« does not reflects only the effect of cracking, blso the state of the bridge
column determined at first theoretical yield of teenforcement. Different relationship

are available in literature to define the effectatédfnessE_ | . [Pinto et al.(2009),

c’ eff
Priestley et al. (1996); Less loss].
More realistically, stiffness can be assessed frtra moment-curvature
relationship. The reduction of the flexural stiffisds determined by an ad-hoc moment
curvature relationship, constructed by a matherabpoogram, which is also used to

estimate the yield moments and curvature.

The value of ultimate moment, along whit the cqomexling value offy is

determined from analysis of the cross-sectionherbiasis of:
Plane section hypothesis;

Elastic perfectly plastis - € low for steel,
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A parabolics - € low for concrete up to the compressive strenfthat a

strain €., = 2%, , followed by a rectangular branch upég = 35%,

PIER CROSS SECTION MOMENT ROTATION RELATIONSHIP
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o
=
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0 0000001 0000002 0,000003 0,000004 0,000005 0,0000060000 0,000008

Rotation(1/mm)
Fig. 5.7 Moment rotation relationship for a tygicacular column
A yield criterion consisting of the following, whiever occurs first:
Yielding of the reinforcement over one-third of thart of the perimeter that
falls within the tension zone (for circular secdioor yielding of the tension
reinforcement (for hollow rectangular piers);

Attainment of €, = 2%, at the extreme compression fibers.

5.2.3. Geometrical non linear effects

The effects of geometric nonlinearity are includedhe analysis through the
column model analysis approach. This method isiegdge to isostatic systems, whit
constant geometry and reinforcement cross secftiba.axial force must be constant

along the longitudinal axis. However there arelimitation, for transversal loads.

The curvaturef of the section at the bottom of the structure khdwe

considered as a parameter model. To connect thizohtal displacemenff and the

curvaturef sinusoidal deformation is assumed:
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=" 1- cod® (5.11)
2L
that satisfies the boundary conditions:
v(z=0)=0 ; Vg=0)=0 ; vk=L)=f1

The bottom curvature is given b)y (z=0),so

2 2

g P P2 oy P
v(z)=f cos— [F=v(z=0)=f 5.12
(2 (2L)2 2L ( ) (2L)2 ( )
Since unsupported length of the element it is etpudl, can be written:
L2 L2
f =fx—2 x—2 5.13
it @ 10 (5.13)
The second order moment is equal to:
L2
M, =Pxf @Pxfx—> (5.14)
10
And the total moment is equal to:
P 2
M|+M”:M|+f><1—|(']0 (5.15)

The moment — rotation at the base of the elemdatigaship can be represented
by linear equation, whit inclination equal I%LfJ /10 dependent by the applied axial

load [Cosenza et a. (2008)], as shown in Fig. 5.8.

Fig. 5.9 show some compress element whit diffecnistraints at the ends.
[CEN (2004)].

Bridge structures in this study, are present ireads=ig.5.9.9, in which in case
of framed piers is further introduced bending séfis for taking to account for the
bending stiffness.

The unsupported length of column, be used to define stress-strain

relationships of the cross sections, after detigctecond order effects, is given by:
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L, = Lxmax [1+20%Ke. 14 K gy K (5.16)
k+k, T k +1 K, +1

The relationship depends on the deformability afistmints at the end of the
element.

H
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Fig. 5.8 Moment-rotation relationship: | and Ilder effects
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Fig. 5.9 Deformed and corresponding unsupportegtieof column.

For each of the deformation constraint the follayyorarameter is introduced:

J, El
K = ——x—o 17
M, L G

The equation (5.17), represent the relationshipvéetn rotation of the end

sections { = 1,2) and moment at the same section, appropriatelynalazed by the
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flexural stiffnessgl and the distance between the ends of constraints.
The procedure for purifying the critical sectiontbé second order effects and
assess only the effects of lateral bending induiegdthe seismic action is well

summarized in Fig. 5.8, where we observe the totament-rotation relationship
(M - f), the contribute of second order effects evaluat#dg the method described
in the column model, and the resulting elementtimiahip characterized by a

descending branch.

5.2.4. Bi- linear moment rotation relationship for degradg

performance of pier

A bilinear approximations to the moment curvatuedationship for critical
section is required. In cases where the responfeeddDOF system is degrading, for
the evaluation of the seismic force-displacemelaticnship a bi-linear response that

is able to reproduce the degrading elements respgemequired.

First yelding M if>0.85 M o

6000

Moment (kNm)

4000

2000

0

0 0,000001 0,000002 0,000003 0,000004 0,000005 0,0000060@0 0,000008

Rotation (1/mm)
Fig. 5.10 Piecewise linear of moment rotation iefahip for degrading performance of pier
Elements necessary to determine the piecewise rlimeament rotation
relationship are the first yielding moment and deeay of the bearing capacity due to

non linear geometric phenomena.
The first order moment-rotation relationship, thaximum resisting moment of
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the structure M.y and the yielding moment Mare computed. The ultimate moment
M, and rotation/, are computed by considering a reference valueleiqui, if

M >0,85M,,0r 0,85 My Otherwise. The elastic branch is obtained fromyiileé&ding

point and the yielding moment is obtained by impgsihat the bilinear and the real
curves have the same underlying area, with thenaté rotation/,, corresponding to

the above mentioned value for,M

The plastic curvature capacity is the differencéwben ultimate curvature,
corresponding to the limit compression strajr and the yield curvature:

fo=f,-f, (518

This plastic curvature is assumed to be constaet e equivalent plastic hinge
length |, which is calibrated to give the same the sametiplastation as occurs in

real structures. Plastic hinge length is estimatiCacolare 617 (2009)]:
d, > f,
V fC

where L, =M /V is the ratio moment/shear at the end section @ds the

|, = 01X, + O17xH + 024 5.19)

diameter of longitudinal reinforcement.
5.2.5. Effective seismic mass and control point height

The mass of a bridge system, which contribute & gismic response in the
form of inertia forces, cab be characterized byweeht if the moving portion of the
bridge divide by the gravitational constagt

The simplest case of mass model used in bridgguessume that the entire
mass is concentrated in superstructure, and the aidke pier is negligible. However,
the mass of the pier is large, so a percentageas§af the pier heighttdan be added

to superstructure mass at the height H.

Assumed uniformly distributed massn, along the column height, the
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generalized mas$n* which characterizes contributions from the distritgl column
mass to generalize displacemenrt can be expressed for the mass componengs
[Priestley, M.J.N. et al. (1996)]:

o = MeHe
3

So, mass has to be considered at the head of éscis pnass of the deck, pier

(520

cap, and 30% of the pier mass.

O,a/\/ + W + Vvdeck
m=

pier piercap

(5.21)
g
) ml* . ml*
| | m3
1 | H x
| | e “u50
| I
i ! m3
me i H. H me i Hc/3 Hu’é(t)
| (R
| | mj
i i H 2 Su*
| | e 130
a) Monolithic connection a) Higher modes in pier
Fig. 5.11 Idealized inelastic column response model
The height at which this mass is located is giwen b
H = (mpiercap + O’?’rnpier)H p + mdeckH deck (5 22)
m .
where:

H p 1S the mass center of the pier cap from the estrad the foundation;

H 4. is the mass center of the deck from the extrafitisecfoundation.

In Fig. 5.12 the distribution of the first ordemuktng moment along the shaft of
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the pile in shown.

Fig. 5.12 Geometry of the SDOF system

5.2.6. Determination of the idealized force — displacemeelationship

To obtain force-displacement diagram, required vi@inerability analysis, the
model used is shown in Fig.5.13.
Considering pier-foundation system, modeling by degree of freedom system,

whit mass and stiffness definite values, for eaohizbntal force F assigned, total
displacementdis given by four components:
a=a

ta; +ag o, (5.23)

h

where:

f

Oh rigid displacement due to the foundation transtel deformation,
represented by the sprid@h;

0/. displacement due to the foundation rotational ae&tion by the

rigid rotation, represented by the sprih’9. ;
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af displacement due to the bending pier deformation;

a, displacement due to the shear pier deformation.

0

>

V Oh (Sga Of+0v

$v
I s==1 — 0O ®

F

Kh Kh

Kh
2

Ky K
Fig. 5.13 Pier isolated model

Assuming for piers a moment of inertia, we can eatd the displacement of the

effective mass due to the reaching of yield stiergthe base by the expressions:

a, =q,H .28)
where:

Hf
g, = my 5.25)

and? =12 is a factor which takes into account the increastéfthess of the
part the pier who is not cracked.
dy =a, +(f, - fy)lp(H - Ip 12) (5.26)

About the foundations deformation contribute, thespkhcement due to

horizontal stiffness of is equal to:
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F M
a’y‘h =_Y = _yi (5.27)
h H kHH
F, M
g, =—2t="tu 1 (5.28)
ki, H k.,
The displacement due to the roking stiffness efgsal to:
M. >H
_ ytot
dy,/ —k— (5.29)
MM
M o >H
%,:—ﬁfL—— (5.30)
MM

WhereM: €d My, are total and yielding and ultimate moment comensive
of the second order effects.

The displacement due to the shear stiffness isl égua

v = M, (5)3
"~ GA,

By combinations of the bi-linear diagrams, the mis force-displacement

relationship obtained is also bilinear.
5.2.7. Cyclic shear resistance after flexural yielding

Before the individuation of characteristics of sengegree of freedom systems,
it is required to control the possibility of shemminated failure after flexural yielding,
owing to reduction of the shear resistantg,, of the plastic hinge zone due to
inelastic cyclic deformations. In design of newustures, a shear failure after flexural
yielding, though if it is no so brittle as a shé&iture before flexural yielding, is still to
be avoided because, if it happens, it take placa pter deformation less than the
flexure- controlled ultimate deformation and hefiogts the deformation capacity of
the pier.

In the plastic hinge zone the shear resistancelecrease after flexural yielding
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whit increasing cyclic inelastic deformation

ng =m-1 (5132
For this purposmg' may be calculated as the ratio the plastic pathefchord

rotation g, normalized to the chord rotation at yieldigg.

Shear strength is also calculated for each coluawmcording to the model
proposed by Biskinis [(Biskinis et al., 2004)]saladopted in EC8 [CEN 2005
(A.15)]. In this model, a degradation of the sh&taength with the ductility demand is

modeled (units in MN and meters) as the following:

%min(N 055, )+ (L- 005min(s; /7)) x
Vi -1 (5.33)
e 016max(05100r,, )X1- o;L6mincs;%))JTcAt nvs

where:
9, in equal to 1,15 for primary seismic elements ar@l for secondary
seismic elements ;
h depth cross section (D for circular section);

X compression zone depth;

N compressive axial force;

A, is the cross-section area, taken as being equaldofor a cross-section
with a rectangular web of width (thickneds) and structural depthl, or to

pZ 14 (where D,=D- 2c- 2d,,, is the diameter of the concrete core to

bw
the inside of the hoops ardj,, the diameter of the transverse reinforcement)

for circular sections;

f_ is the concrete compressive strength;

C

/' Is the total longitudinal reinforcement ratio;
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V,, is the contribution of transverse reinforcemerghear resistance.
The contribution of transverse reinforcement toashesistance for circular cross

section is equal to:

V,, =%&f (D - 20) (5.34)

where:

D is the diameter of the section;

A, s the cross-sectional area of a circular stirrup;

s is the centerline spacing for stirrups;
C is the concrete cover;
For cross sections whit rectangular web of widtiickness)b,, the contribution
of transverse reinforcement to shear resistanequal to:
Viv = 1zt (5.35)
where:
r,, is the transverse reinforcement ratio;
Zis the length of the internal level arm.
For a concrete wall, the shear strean, may not be taken greater than the
value corresponding to failure by web crushing,, .., which under cyclic loading

may be calculated from the following expressiontigwinits: MN and meters) [CEN

2005 (A.15)]
H . |
VR,max = 0.841- 0.06mln(5’ ,Tg )) 1+ 1.8min (:):].5,l X ..
% ¢ (5.36)
{1+ 025max 1.75100r,,,)) 1- 02min 2;% J[Thz

Where g,,is equal to 1,15 for primary seismic elements ajdfér secondary

176



Chapter 5
Seismic vulnerability assessment

seismic onesf.is in MPa,b, and z are in meters an¥, ., in MN, and all other

max
variables are as previously defined.

The proposed formulations, relate the shear stnewndtreinforced concrete
elements to the ductility request. This circumséaatiows to define the curve who
represents the shear strength of the element ansctidn of the displacement of the
control point. It can make a direct verificationtbe brittle mechanisms by graphical.
Is possible to compare the force-displacement ioglship with the shear strength
under cyclic action loads. This comparison allowes identify the real ductility

available. Fig. 5.14 shows the three possible nmashes of failure:

V

1 Shear failure

2

3\‘\ D.uctile failure

Brittle failure

0

Fig. 5.14 Ductility at failure of columns whit diffent longitudinal reinforcement ratio

The form of Eq. 5.33 -5.36 are suitable for incogbion in a plastic collapse
analysis, since the total shear strength may beeeged in terms of displacement, and
compared with the flexural strength-displacemetati@nship. Fig. 5.14 shows this
comparison, the three shear strength-displacenedatianship are compared with
flexural strength-displacement relationship. Fonwamnience, the flexural moment-
curvature relationship are expressed as equivalexdr force-curvature relationship.

Relationship 1, develops a maximum shear forceesponding to full ductile

response that is inside the shear strength envetopk hence shear failure does not
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occur, and the column fails when the flexural ditgtcapacity.

Relationship 2, has a shear force correspondiriget@ flexural strength lower
than the shear strength envelope. Limited duchitas failure thus occurs less than the
limit to flexural ductility.

Relationship 3 develops a shear force less thdlexatral strength and hence a

brittle shear failure results
5.2.8. SDOF system characteristics

After control of premature brittle failure, the Ibtear force-displacement
relationship obtained is used to estimate singégeteof freedom characteristics.

The fundamental mode of vibration characteristian be found for a simple
system SDOF after lumped mass and stiffness anerkno

In order to take into account different levels ahthge related to different limit
states, and the resulting difference in terms e$igative capacity of the structure of
the value of the conventional viscous damping suased to be equal to 2% for the
SLD and 5% for the SLV and the SLC.

Stiffness system can be defined as:

Vy
k=— (5.37)
dy
The results of motion equation (Eq. 5.5) reprefiamtircular frequency:
w= 5 (5.38)
- :

and the fundamental period of vibration of SDOBtesn can be expressed as:

T =2p % (539

As already described above for the longitudinagetion two structural models

are considered The first consider each pier aspintient single simple oscillator as
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for the transverse direction. The second considerentire viaduct with mass as the
sum of the masses related to the individual pierd stiffness as the sum of the
stiffness.

As several times earlier mentioned, in the firdecthe piers are considered as
independent SDOF, so the procedure is completeljogous to that described for the
transverse direction.

In the second case, before the bi-linear forcelaigment diagram construction,
is required to calculate the overall force-disptaeat relationship. That is the sum of
the individual piers force displacement piers.

The bond strength thus obtained is then bi-linsadescribed in Circolare 617
(2009).

Fig. 5.15 Force displacement bi-linear relationgtigplacement relative to the longitudinal
direction in the overall model

Is possible to characterize oscillator represergatf the viaduct in the

longitudinal direction.
V

kto = _yot .46)
t dytot
T =2p [Tt (5.41)

kIOt
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5.3CAPACITY AND LIMIT STATES

Limit states were introduced in paragraph 2.2.3ewewas suggested that four
limit states could be considered for new constoanstidesign. For existing bridges,
Limit State on Collapse Prevention, Ultimate StateJ Damage are evaluated.

First step in individuation of critical mechanismstructure seismic evolution, is
the check to define if structure achieves collapd@t elastic failure, or evolve in
plastic range. For Limit state on Collapse Prewenéind Limit State of Ultimate State,
capacities shall be based on appropriately defilechate deformations for ductile
elements and on ultimate strengths for brittle orfésr Limit State of Damage,
capacity shall be based on yield strengths. Thedganlimit state and are calculated
only for piers do not exhibit brittle failure indlelastic range. To these piers only limit
state of collapse is considered, since a britgefiyacture.

In this phase of work, the seismic vulnerabilitabsis capacity thresholds were
evaluated locating the plastic hinges at the baskeopiers and considering abutment
as vertical supports, consistent with the desigtre of the time.

The piers have considered as moving independedtthendeck, considered to
remain elastic, could move rigidly sliding in thpass. The deck could move in
longitudinal direction between physically limitsrtituted by slab and piercaps. In the
transversal direction, deck could move until thapstf same dispositive exists, or until
the loss of support.

All information required to vulnerability check, tieduced by original design, if
present, or on results of simulated design. In loate, there are integrated whit Bridge
management System results, who can confirm thesteadtural conditions.

For each Limit State, capacity levels is determibgdhe characteristics of the

SDOF system to vary if the return period of seisaution. It characterizes the seismic

input in terms of return period, and peak ground acceleratiar ,which determines

the achievement of the limit state considered.
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Defined T, the return period for which the displacementtie tead of the

oscillator has to be calculated, is immediatelysfide to define the parameters of the
seismic characteristics for the site in questiothweference to the specific return
period who determine the capacity threshold acmere.

Displacement at the head of the oscillator evabuatd vary the return period of
the seismic action is performed in accordance witlat is specified in codes [CEN
(2005); Circolare 617 (2009)].

Defined T, m andV, period, mass and yielding strength of the SDQftesy,
the inelastic displacement demadg,,; related to the return periof] ; is calculated
by different expressions for structures in shoriqeeand in the medium-long period
ranges. The corner period between short and mediognlong period isT.. The

expression should be used are indicated below [(ZBR5)]:

for T >T_; the inelastic displacement demadg,,; is equal to the demand of
elastic system of equal period:

G = Qenary = Soe (T) (5.42)
for T <T., the inelastic displacement demaukl,;is greater than to the

demand of elastic system of equal period and mutated as:

d ) T..
g == 1+(a - 725 2 dop, 5.43)
q=S.(T)m /v (5.44)

In case wherg] £1 also in this case, the system inelastic demaadsamed to

be equal to that of an elastic system of the sasmieg

The assessment of piers capacity thresholds isnpegfl as previously described
for transversal direction for longitudinal direatioin both modeling assumptions. A
third case for evaluation of the threshold piengacity assumed is described above. It

performs capacity by combining the both displacememponents as follows:
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> 2
s 1 Osiy
where:

O | (Tr) is the transversal displacement of SDOF systemreseptative of the

behavior of the i-th pier in the transverse dimtto vary the return period of
seismic;
a ; (Tr) is the longitudinal displacement of SDOF systepresentative of the

behavior of the i-th pier in the transverse dimtto vary the return period of
seismic;
Og 1 ; is the limit displacement for the particular Lin8tate in the transversal

direction;

O, | ; is the limit displacement for the particular LinState in the longitudinal

direction;

So, thresholds capacity are evacuate in followimgfigurations:
Transversal independent SDOF systems;
Longitudinal independent SDOF systems;
Longitudinal total viaduct;

Longitudinal and transversal combination.
By varying the return period, possible to derive demand curves in terms of

inelastic displacement of the head of the pierghla curve, as showed in Fig. 5.16
thresholds capacity for a SDOF system are indicéttmtk line for damping equal to
5%, black dashed line for damping equal to 2%)

The results thus obtained are summarized in taklesh shows the minimum
capacity for each configuration analyzed. For eifichshold capacity performance is
reported the structural element identification ¥amich the threshold is first and the

relatives seismic input parameters for which thgacity is achieved.
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Following are presented and discussed, all thessteand deformation mechanisms

associated with thresholds capacity studied, retat¢he Limit States considered.

INELASTIC DISPLACEMENT DEMAND

>
-~
-
»

0.1

- d(Tr) 206
~~
e e I(TT) 5%
N
© @® sD
0.05
B s
@s.c

0 500 1000 1500

Tr (years)

Fig. 5.16 Displacement demand and thresholds dgdac a SDOF system at vary of return
period.

5.3.1. Limit state of prompt use or Damage (SLD)

For response to this limit state, the bridge wdubdexpected to be serviceable
immediately following an earthquake and should need repair. Member flexural
strengths could be achieved, and some limited ldyctieveloped, provided that
concrete spalling in plastic hinges did not ocaud ¢ghat residual crack widths remain
sufficiently small so that remedial activity, peplsain the form of epoxy injection of

cracks, was not needed.

Deck performance capacity about the sliding

With reference to the single deck , capacity wadwated about the sliding. This
evaluation was performed both transversal directiorongitudinal direction, and in
longitudinal-transversal combinations. Each evatumatvas done by identifying the
seismic input, that would result sufficient to cx@me the frictional force on the

bearings.
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|:fric :WdeckA bearingsm (546)
Sa (T) > Ffric (547)
where F.. W, is the weight of deck, beams, and diaphragms,, ;.. iS

the surface contact area between bearings and sbeand s7is the frictional
coefficient depending of the kind of bearings.

The achievement of this threshold capacity couldabsociated whit a Operability
Limit State (SLO): after an earthquake, it is nobjsct to significant interruptions in

functioning.

Deck performance capacity about the hammering

With reference to the single-deck, capacity waduatad about the hammering.
This evaluation was performed in longitudinal difee. Each evaluation was done by
identifying the seismic input, that would resultffslient to produce a elastic

displacement who can overcome the distance bete@esecutive slabs .

Sp(T) > Dyap (5.48)

Achievement of vielding displaceme);t

With reference to the piers, capacity was evaludigdthe achievement of
yielding displacement at the top of the piers. Thisluation was performed in
longitudinal direction in both cases, in transverd@ection, and in longitudinal-
transversal combination. Each evaluation was dgnaléntifying the seismic input,
that would result sufficient to produce a displaeatrwho can overcome the yielding

displacement at the head of the piers.
Sp(T)>a, (5)49

5.3.2. Limit State for safeguard of human life (SLV)

The Limit State For Safeguard of Human Life repnéseéhe extreme level of
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seismic response, beyond which it would not be ecocally and technically feasible
to repair the bridge. It is probably the most intpot in terms of seismic assessment.
It is taken to be the limit state beyond which fakeesistance decrease with increasing
displacement. in assessing existing bridges, areased probability of attaining the
Limit State for Safeguard of human life, compardthwhat for new bridges, may be

acceptable.

Achievement of displacemefit

With reference to the piers, capacity was evaludgdhe achievement of a
fixed displacement at the top of the piers. Thisaleation was performed in
longitudinal direction in both cases, in transverd@ection, and in longitudinal-
transversal combination. Each evaluation was dgnaléntifying the seismic input,

that would result sufficient to produce a rotatisho can overcome a 3/4 of ultimate

rotationJ,, [Circolare 617 (2009)]

d=d, +§(du - d,) (5.50)
(M) >d ED

5.3.3. Survival Limit State for Collapse Prevention (SLC)

Response to the survival limit state collapse egmes the extreme level of
seismic response, beyond which collapse would o&chigher probability of collapse
under extreme earthquake intensity should not bmemed for existing bridges

compared with new bridges.

Achievement of ultimate displacement

With reference to the piers, capacity was evaludigdthe achievement of
ultimate displacement at the top of the piers. Téngluation was performed in

longitudinal direction in both cases, in transverdmection, and in longitudinal-
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transversal combination. Each evaluation was dgnaléntifying the seismic input,
that would result sufficient to produce a displaeatrwho can overcome the ultimate

displacement at the head of the piers.

S, (T) >a, (5)52

Deck performance capacity about the loss of suppgst

With reference to the individual support, the caiyaaf the loss of support has
been evaluated. This evaluation was performedngitodinal direction in both cases,
in transversal direction, and in longitudinal-tre@ssal combination. The evaluation of
the threshold performance was carried out by ifiéng the seismic input in terms of
return period, result sufficient to produce a dispiment who can overcome the
available length of support.

Sp(T) > Ly (5.53)

Assigned a return period of, the maximum displacemendergone by the
support was assessed as follows:

AT, )= G (T, )+ 2 (T,) (5.54)

r

arel,s(Tr) is the displacement (transversal/longitudinalatieé to each adjacent

vertical elements considered to vary the returmogeof seismic action, evaluated as

follows:

Ay =+ - & (5.55)

rels — I ]
where:

a is the displacement(transversal/longitudinal) elément vertical at the head
ais the displacement (transversal/longitudinal) ptament vertically adjacent

at the element j-th.

Orer g (Tr) is the displacement (transversal/longitudinal)graund adjacent to

the base of the vertical element considered to theyeturn period of seismic action.
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This component of displacement is measured in decae with the code [NTC
(2008)]:
drel,g (Tr) = du (X) = dijO + (dlj max dijO)l_l- e lqu/VS) | (556)

g, and g,

i ij max

are the relative displacement between two points &mall

distance (less than 20 m) and maximum displacedisplacement between two points

iand | characterized by the properties of the respestinaigraphic layers, equal to:

0o = 1280, - d,| (5.57)

0} nax = 1250 - df, (5.58)

and @ (x) and g (x) are referred at the local characteristics of thié s

calculated in accordance at;
dg = O.OOZEaQSSSTTCTD (5.59)

Capacity about foundations

Collapse of foundation is evaluated with referetcethe single piers. This
evaluation is performed in the transverse directiorthe longitudinal direction and in
longitudinal and transversal combination.

Each evaluation was done by identifying the seismput in terms of return
period, that achieve the exceeding of the maximoad Icapacity of the foundation.
The assessment of capacity of the foundation wasedaout by assuming two
different models of on degree oscillator for piers:

Elastic SDOF system
Elasto-plastic SDOF system

In the first case force-displacement relationshiylefinitely elastic, whit
stiffness equal to the elastic stiffness of thénbdr relationship, is assumed for the
piers.

In the second case, however, elastic-perfectly tiplaforce-displacement
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relationship is assumed. For the calculation &f miglices, both in terms of PGA and
in terms of T, we used the elastic-plastic oscillator model,egelty consistent with

the crisis of the system. The introduction of thestc model was designed to evaluate
thresholds performances of the foundations, whétdim of increase the yield point
whiteout changes stiffness, for piers whit collapsst shear failure. The results of the
model whit elastic SDOF, are useful, in seismicoféting point of view.

The ultimate capacity of foundation was evaluatdtémdntly for shallow and
deep foundation. The horizontal capacity of surfemendation was considered as a
limit force due to the friction between soil andifaation. According with the Mohr-

Coulomb description, the limit shear strength wgwessed as (Viggiani, 1999):
T =Wtand (5.60)

lim
in which N was the total value of the vertical ferand @ is the soil/foundation

friction; for the concrete the value @ was considered equal to the friction angle of

the soil £ . Due to the massive shape of the bridge foundaitiothe evaluation of the

lateral resistance the passive earth pressureavassdered as not negligible.

For the pile foundation, the horizontal bearingamaty was evaluated using the
Broms formulation [Broms (1996a,b)] for a singléepn the hypothesis of piles rigidly
jointed in the foundation block. In most of the essthe horizontal capacity was
evaluated for the case of long piles, considetimdailure condition, the formation of
two plastic hinges along the pile. The horizontapacity of the piles group was
accounted from the sum of the bearing capacity adhepile, multiplied for an
efficiency coefficient of the groufg <1.

For the caisson foundation, the horizontal bearagacity was evaluated
similarly to the shallow foundation, accounting lbdtorizontal base resistance and
lateral passive resistance.

Each check was done by identifying the seismic tnghat would result

sufficient to overcome the horizontal capacity, édaample:
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S.(T)>Ty, ($)6

5.4RISK INDICATOR EVALUATION

As previously explained the risk indicators haverbevaluated in relation of the
following limits:

Limit state of prompt use or Damade? SLD);
Limit State for safeguard of human Iiﬁe SLV);

Survival Limit State for Collapse Preventi(mSLC) :

The indices are evaluated by following expressions:

PG
g = & (5.62)
PGA_‘,L
T a
ag = RCL (5.63)
TR,DL
where:

PGA,, is the peak ground acceleration at the site @tigel to the action
who achieve the Limit State;

PGA, is the peak ground acceleration expected in teeirsirelation to
the Limit State;

TR, is the return time at the site in relation to #ation who achieve the

Limit State;

TR,, is the return time expected in the site in retatmthe Limit State.

The relationship relative to the return period (Bd3) returns a scale of risk
different to the scale due to the (Eq. 5.64). Thfemnce is due to the shape of the
hazard curves. In order to obtain similar scalesi, we computed return period ratio

to the powera high for a coefficient alpha, obtained from statet hazard curves
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analysis at the national level.

a= 1 =04115 (5.64)
243

5.5 CASE OF STUDY

An example of a seismically vulnerability analysienducted for one of the
viaduct of the stock, is following presented. Hus tviaduct, tables of the database for
knowledge structure, as presented in Chapter Zyraitted to ensure the anonymity of
the viaduct. However, all the features necessaryfirk methodology understanding
and for performing of final results are summariaed showed in Tab. 5.1. As regards
information relative to the mechanical and seisiyigdassification of site, refer to the
table showed in paragraph 4.4.2.

Below are listed the summary tables for both thezbatal site acceleration that
determine the achievement of the Limit States amaly and the indices of risk as
defined in Eq. 5.63 and 5.64. They reflect thenggiin the context of this document
and they are a guide for the analysis of vulneitstof the stock.

They are presented in order to provide a guidé®frork performed and results
obtained, and to complete the exposition of theddsi Management System
implemented for this work, regarding sections iemerthe vulnerability assessment.
For this aims a simple geometry viaduct is choasghkit circular hollow section.
Because simple circular sections are used, responserm of force- resisting
characteristic is independent of the direction abdained results are the same in
longitudinal and transversal direction.

Results of the entire stock are only briefly disadin the conclusions, in terms
of Risk Index. Single structure are not detailedspnted, because they belong to the
networks owner [StreGa (2011)].
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5.5.1. Description of sample: geometry, structural detadnd
mechanical properties of materials

The structural type is beams simply supported dadBeams are simply
supported on cast—in situ R.C. piercap. The dedkiigforced concrete on pre-cast
slab. The viaduct, 204 m long and 11.60 m widtdnsists of three longitudinal pre-
cast | beams whit asymmetric current section wadymmetric bulbs. In each of the 6
bays are 4 RC diaphragms, two at the head andrtvioei span, placed at a constant
distance. Piers are single columns whit hollowutac cross section. All bearings are
in neoprene pads. Pier cap is devoid of seismicedigtraint. Foundations are
homogeneous, consisting in on piles foundationgaRkng the geometry information,

it can be considered complete because originajdesere founded.

REINFORCEMENT CROSS SECTION

CONFINEMENT @ 10

N
T LONGITUDINAL REBAR @ 20

Fig. 5.17 Cross section and structural detail #sdopiers. Dimensions are in centimeter and
millimeter

However, confirm of geometry and construction detahown in the drawings
are made in piers where, concrete cores drilling extraction of rebars are made.
After original documentations analysis, simulatesign were made to support the in
situ surveys planning. The on situ surveys cardet] have confirmed as detailed in
the original design, both in terms of longitudibaks then of the stirrups. Diameter and

centerline spacing of bars are confirmed.
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REINFORCEMENT CROSS SECTION

CONFINEMENT & 10

5
| LONGITUDINAL REBAR @ 20

Fig. 5.18 Cross section and structural detail fiaiiver bed piers. Dimensions are in centimeter
and millimeter

Having found during the investigation phase the giete reliability of original
drawings, it was decided to use information aba@taits for piers in the river bed, not

investigable. Structural details are shown in big.7 and 5.18.
5.5.2. Material’'s mechanical properties.

Regarding materials originals test certificates fiasiterials are not available.
This circumstance require number of concrete aeel ssamples compatible whit
extended in-situ tests. Results of compressios @stconcrete specimens and tensile

tests on steel bars are shown in Table 5.3 and 5.3.
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HEIGHT Hop Haeok R s c 9 f, BEARING
m m m m m m Mpa Mpa
Ab 1 NEOP
Pier 1 995 09 185 15 04 0,05 30 416 NEOP
Pier 2 12,74 09 1,85 15 04 0,05 35 396 NEOH
Pier 3 953 09 185 15 04 0,05 30 488 NEOP
Pier 4 782 09 185 15 04 005 30 400 NEOP
Pier 5 511 09 185 15 04 0,05 30 400 NEOP
Ab 2 NEOP
EXT. REINF. INT. REINF. CONFINEMENT SEISMICALLY LOADS
n * n * * Nbasepier Ndeck Npiercap
mm mm mm m Kn Kn Kn
Pier 1 46 20 36 16 10 03 7414 5201 1067
Pier 2 46 20 36 16 10 03 7642 5291 1067
Pier 3 46 20 36 16 10 03 7380 5291 1067
Pier 4 46 20 36 16 10 03 7240 5201 1067
Pier 5 46 20 36 16 10 03 7019 5201 1067
BEARINGS
T o x A SPANS LENGHT
m m mg mq m
Ab 1 08 071 0675 0675 33
Pier 1 08 071 0,675 0675 34
Pier 2 08 071 0,675 0675 34
Pier 3 08 071 0675 0675 34
Pier 4 08 071 0,675 0675 34
Pier 5 08 071 0,675 0675 34
Ab 2 08 071 0675 0675 33
Tab. 5.1 Information’s required for seismically neiability analysis.
9 9 < - - 9
/ /
@A ' ‘# ! ! %
& & #$ ' ' r
. [}

Tab. 5.2 Compressive strength values for concetes drilled

96 97

N/ / /
@A 'l %! %% $'%

| R | R
©“
©“
©“

! ' '$ '$ # %

Tab. 5.3 Tensile strength values for steel rebar

5.5.3. Moment rotation relationships

For each pier moment-rotation relationship is pneee: In this case, diagrams is

the same for both direction, because of the synyradtthe section. Diagrams show
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the moment-curvature relationships for the secdfine line), the second order effects
(green line), the moment-curvature relationshiprexted for the effects of second-

order (red line) and bi-linear moment-curvaturatiehship (black dashed liy&2

Fig. 5.19 Moment rotation relationship for the Igedpiers for longitudinal and transversal
directions

5.5.4. Force-displacement relationships

For each pier force-displacement relationship igresented. For following
pictures, referred to both directions the diagranows the force displacement

relationship for the section (black line) and thear strength under cyclic action loads
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expressed in terms of displacement relationshige(bhe). In Fig. 5.21 relationship for

entire bridge in longitudinal direction is shown.

2 #%
2 #%

5A $ 1#%% 5A $ 1#8%

( )

2 H%
2 #H%

5A $ 1#%% 5A $ 1#%%

2 #%

5A $ 1#%%

Fig. 5.20 Force displacement relationship for thdde piers for longitudinal and transversal
directions
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#

5A $ 1#%%

Fig. 5.21 Force displacement relationship for thigre bridge in longitudinal direction

5.5.5. Capacity threshold

Following table (Tab. 5.4) show the analysis redalt each mechanism of
failure analyzed, for all limit states. Values eturn time for which the limit state is
achieved are associated to each pier. The minimaluey who correspond at the
achievement of the limit state for entire bridgehighlighted by exposition of the peak
ground acceleration {a local amplification factor (§f and control period ).
Curves of capacities are shown in Fig. 5.22-5.23. hest comprehensions, capacity

results are summarized in Tables 5.5-5.6.
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3*>8BE& @3 @;@ &BF = 3&&>
BC BC 7 B D
0? 1 0? 1 071 01
@
: $ $
! 1% 1%
: $ $
; ! ! % " %"
@ .

Tab. 5.4 Return period values for threshold cdpaalated to the deck sliding failure in
longitudinal directions

535 = 12H *

=#$%

#6 5%

Fig. 5.22 Displacement demand and thresholds dgpfacilongitudinal direction for entire
bridge.
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2417= = 12H & 2417= = 12H '
<
3 2
4 i
i
#6 5% #6 5%
2417= = 12H ( 2417= = 12H )
S
o 2
2 4
@ [l
2
"
#6 5% #6 5%

2417= = 12H *

= #$%

#6 5%

Fig. 5.23 Displacement demand and thresholds dgpfacia each piers, in longitudinal

direction.
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535 = 12H &
535 = 12H
= 8
2 4
I I
#6 5% #6 5%
535 = 12H ( 535 = 12H )
<
EY 2
4 "
I
#6 5% #6 5%
2417= = 12H21 B =4
<
@
*
I
#6 5%

Fig. 5.24 Displacement demand and thresholds cgpfacia each piers, in transversal
directions.
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Tab. 5.6 Capacities for longitudinal-transversahbination direction

5.5.6. Index risk

Following tables presents the final results, im®of Index Risk, expresses for

return period and PGA.
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5.6 CONCLUSIONS

Surveys and assessments carried out in seismipguree have outlined a
setting of significant seismic vulnerability of emwaate infrastructures. A large
number of shear failure is founded, who don't alltve evolution of plastic hinge.
Considering the Index Risk in terms of PGA (Eq.3),Gabout the premature shear
failures, Collapse Prevention Limit State is achkvapproximately in the range
between 0,1 and 0,3. Always in relation to the &udke Prevention Limit State, lower
Index Risk are referred to the foundations, inregeabetween 0,15 and 0,4, while the
indices due to the cord rotation, related to thepldicement ductility, are significantly
higher, between 0,5 and 0,7. Only one viaduct aehibe collapse for the loss of
support (Fig. 5.25).

Similar results are founded with regard to therodtie Limit State.

12 A&BB3 6 @ (@&3E

"2 (*E @B&* (@&3E
- . 2 &:3@ ,,B (@&3E
‘ 2 3* E;*B(@&3E

Fig. 5.25 Index risk results for Limit State of Gaqise prevention

For Damage Limit State, threshold capacities atéeaed, equal both for the
deck hammering, and for the yielding displacemBrgk indices, expressed in terms of
PGA, are amounted to 0,5 and 0,6. For exceptioa f&w cases, for which, because
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wrong technological details, Damage Limit Stateesches by the deck hammering for
which Index Risk attested between 0,1 and 0,3.

This scenario of results is due to the codes aofimal design of structure,
obsolete or in complete absence of specific seiseguirements. The lack of attention
to construction details, the absence of the pedoogea based design indications,
inadequate ductility capacity of columns, outlirsmgnarios of performance lower that
required by current regulations. They also highkgh significant deficiencies in
mechanical materials properties, in particular $oength concrete, and in structural
details, as concrete cover and centerline spaeibgrs. Deficiencies are amplified by
the state of preservation of the structures, whads optimal for many structural
elements, as piercaps, bearings, beams heads, Brttsular attention deserves the
mechanisms of brittle failures, which are certaislyhanced by spread of poor or
incorrect construction details.

This conditions, together with the level of seisrhi@zard of the territory on
which the infrastructural assets are located, ceulybests the opportunity to modulate
the increase of the resistance and ductility of ¢hecal components also by using

external dampers.
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The work carried out has shown the complexity artdrdisciplinary related to
the analysis of seismic vulnerability of distribdtefrastructures. The interconnection
between different topics, such as geology, seisgyoémgineering, emerges in the first
stage of work, the knowledge. The level of knowkedgot only closely related to the
structure features, [NTC (2008)], but also to thie €haracteristics, for viaducts
located outside the Urban Areas in complex geodgimonditions, and to the
conditions of maintenance due to the continuou®gikpns at atmospheric agents and
cyclic loading is the base for the choice of mautgli

The accuracy of analysis is closely related to khewledge background.
Complex mathematically models, could be invaliddig unknown boundary
conditions, geometric data and material propettias can only be roughly estimated,
as well as seismic forces are not known with pregidn reality, the unknown nature
of the seismic event, uncertainties in materialppries, and unknown boundary
conditions, among other imponderables, do not stpuah an approach but suggest
instead that a design process which deals itebativith all these uncertainties rather
than deterministic mathematical models and analyeeds to be the driver.

Assessment the knowledge of the structure is redquif the structure was built
before the Seventies original design drawings @ahdrdly found. This is even more
difficult in the case of infrastructures managedafgw administrations at the regional
scale, where the organization of the archives isllys very complex. A previously

presented, also in-situ survey could be difficafig in some case not possible.



Structural performance assessment of existing Ri@ges in seismic prone areas

Moreover structural characterization in view of miitative assessment of real
performances has be known. A careful analysis afisewvation state of and
degradation of the structure, allows two goals. Titst is to ensure that they are not
workings special phenomena that may compromisestituetural safety of the work,
and for which the seismic capacity of the structtam be greatly cut down, the second
is related to the observation of the conservattatus structure, and quantification of
degradation/corrosion due to natural structure mork

A procedure able to provide quantitative compaeatdata for networks at
regional scale has been presented.

The result of the work, is the implementation oblgil Bridge Management
System, useful for global assessment at singletsiei level, and sufficiently detailed
for administration of medium-sized populations,istar example a regional scale. The
different sections of BMS, allows the collectiondagataloguing of background data
and knowledge data, and constitute, the baseeidoqmance evaluations in structural
perspective, linked to the road network exercisej & seismic perspective, for
seismic vulnerability assessment. A guide for theintenance program and seismic
retrofit is provided, useful for by responsible ages.

In seismic perspective, the analysis used is puwshawmalysis, carried out on
independent stand-alone frames considered to beletety separated from adjacent
frames at the movement joints. In these analysesuperstructures is considered to be
effectively rigid in the horizontal plane.

The force-based design approach, is used, considghe plastic hinges
localized at the base of the piers, and the abutaewertical supports. For each pier,
modeling as a SDOF system, the displacement d@bfhis calculated. Displacement is
incremented, tracking the formation of plastic leag materials non linearity, and
deformation of foundations. As explained, geomatriconsiderations, including the
effects of foundation flexibility, influence the lagionship between structural

displacement ductility factor and member ductiféigtor, which may be expressed in
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curvature, rotation, or displacement units.

Serviceability and ultimate limit states are retate inelastic rotations of plastic
hinges, and other resistance criteria.

Different threshold criteria for reaching Limit $a, at single structure level, are
the expression of the vulnerability of the systel.the network level, however,
provide a guide for maintenance, structural recdgarent, and seismic retrofitting
planning. In terms of road network, the first gadido as to be achieved is the overall
improvement of the road performances, by the lagedif Index Risk for each viaduct,

at the average of the Indices of the entire network
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Fig. 6.1 Index risk results for Prevention Collapsmit State for bridges in one network
analyzed. Red index are referred to brittle shaiure, yellow index to a collapse of
foundations, green index to a achievement of ttimate displacement, violet index to a loss of
support.
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In terms of road network, the first goal who asb® achieved is the overall
improvement of the road performances, by the lagetif Index Risk for each viaduct,

at the average of the Indices of the entire netwilids 6.1).
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In this regard, knowledge of performance for eacliufe mechanisms,
supported by results of surveys for the statusre$grvation assessment, allowing a
detailed and rational planning of preventions messuThe controlled increasing of
the threshold level of capacities, possible by Keoge of each failure level, allow the
management on time, the delay of economical ressuiand the knowledge continue
of the status of degree as well as the staticsammically performance conditions.
Results about the entire stock are not detailesgmted, because they are resumed in a

private communication. [StreGa (2011)].
6.1.1. Perspectives

As future perspective two objective could be ingpess pursuit. At single
structure level, model of complete bridge systears be performed, and analyze the
dynamic time- history response to incoherent irgrotind motions along the length of
the bridge, considering both material and geomeinidinear effects. In fact, for long
bridges with several movement joints, for whichrmaee located in different ground
conditions, it is improbable that the excitationalitsoil-structure boundaries will be
coherent and synchronous [loannis F. et al. (201BR)ypblems still needs best
investigated in non linear time histories analyais, among others: movement joint
characterization, dynamic allowance for soil stouet interactions, fully cyclic
(hysteretic) characteristics and damping, deforonatin joints and connection regions.

Sensitivity analysis for estimate the influencev@chanical materials properties
in fragility curves [Pinto et al. (2004)], partieuly referred to the concrete strength
could be useful, for in situ survey planning, foetefminations of percentage of
element to be checked.

At network level, catalogue of possible retrofiginspecifics for controlled
increasing threshold capacities, could be provigied, whit the aim to intersection of
structural conditions and seismic performance dediition of decision makers useful

to reduce performance levels of the structure,tedlaof the effective status of
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preservation, could be obtained.
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