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Abstract

Recent studies showed that Hungary can be characterized by moderate seismicity. In the
pre-Eurocode era, most bridges were built without seismic design; their seismic behavior is
not known. Bridges are key elements of the transportation network, therefore it is an
important issue to evaluate their seismic performance to estimate the economic and financial
consequences due to the developing damages caused by a seismic event.

State of the art vulnerability assessment methods are based on fragility analysis. The
fragility curves of the structure are conditional probability functions which give the
probability of a bridge attaining or exceeding a particular damage level for an earthquake of a
given intensity level. Fragility curves are useful tools in both pre- and post-earthquake
situations to work out retrofit strategies and to plan emergency routes. They can also be used
to calculate the probability of failure if the hazard of the design site is known.

The long-term goal of the research is to carry out a nationwide seismic performance
evaluation of road bridges in Hungary. For this reason, an automatic performance evaluation
framework is worked out. Unfortunately, the existing bridge database does not provide
sufficient information for reliable numerical modeling of each structure. Thus, bridges are
grouped into 8 bridge classes based on their contribution to the whole inventory and on their
various structural attributes; then a portfolio of 30 structures representing typical bridge types
in Hungary is created for further analysis.

Before the fragility analyses, a preliminary study is carried out to understand the seismic
behavior, and to highlight critical configurations and bridge components. The fragility
evaluation is conducted with detailed 3-D numerical models subjected to hazard consistent
earthquake ground motions with various intensity levels using non-linear time-history
analysis. The results show that the insufficient pier shear resistance is a typical problem
considering all bridge types, and that the monolithic joints are highly vulnerable in case of
precast multi-girder and slab bridges. Comparing the reliability of the structures, it is also
shown that precast multi-girder bridges and bridges with conventional bearings perform
better, while slab bridges and precast multi-girder bridges with elastomeric bearings have
worse behavior. In certain cases, the improperly chosen structural configuration and the lack
of seismic design lead to an unacceptable low reliability level.

As a last step, different possible retrofit strategies are evaluated and proposed for
vulnerable bridge configurations. Based on the results of the research, seismic design

concepts for new bridges are also provided.



Osszefoglalds

A legljabb kutatdsok szerint Magyarorszdg mérsékelt szeizmicitissal jellemezhetd. Az
Eurocode bevezetése eldtt a hidak tobbsége szeizmikus tervezés nélkiil épiilt, szeizmikus
viselkedésiik nem ismert. A hidak az infrastruktura kulcsfontossagu elemei, igy szeizmikus
teljesitoképességlik kiértékelése elsddleges feladat, hogy becsiilni lehessen egy esetleges
foldrengés soran kialakulo kéarok pénziigyi és gazdasagi kdvetkezményeit.

A korszerii kdrosodaselemzési eljarasok torékenységi vizsgalaton alapulnak. A szerkezet
torékenységi gorbéi feltételes valosziniiséget reprezentdlnak, megadjak egy adott karosodasi
hatarallapot tullépésének valoszinliségét a foldrengés intenzitasanak fiiggvényében. A
torékenységi gorbék hatékonyan alkalmazhatéak mind foldrengés el6tti, mind utani
helyzetekben megerdsitési tervek vagy elérhetdségi titvonalak kidolgozasadhoz. Segitségiikkel
szamithatd a szerkezet tonkremeneteli valoszinlisége is, amennyiben rendelkezésre all a
tervezési helyszinre vonatkozé szeizmikus veszélyeztetettség.

A kutatas hosszu tava célja a kozati hidak szeizmikus teljesitoképességének kiértékelése az
egész orszag teriiletén. Ennek érdekében egy automatizalt kiértékeld keretrendszert dolgoztam
ki. A meglévé adatbazisban 1évé adatok nem elégségesek a hidak megbizhato
modellezéséhez, igy a hidakat 8 osztalyba soroltam fontossaguk és szerkezeti jellemzoik
szerint, majd egy 30 reprezentativ hidbdl all6 portfoliot hoztam 1étre tovabbi vizsgalatokra.

A torékenységi vizsgalatok eldtt egy kozelitd eldzetes vizsgalatot végeztem, hogy
megismerjem a hidak szeizmikus viselkedését és a kritikus komponensek, kialakitasok korét.
A torékenységi vizsgalatot fejlett 3 dimenzids numerikus modelleken nemlineéris id6torténeti
analizissel hajtottam végre, melyhez a veszélyeztetettséggel konzisztens, tobbféle
intenzitasszintli foldrengésrekordokat alkalmaztam. Az eredmények szerint a pillérek
elégtelen nyirasi teherbirdsa altalanos probléma, mig a monolit kapcsolat nagyon kritikus
strtibordas és lemezhidak esetén. A hidak megbizhatosagat 6sszehasonlitva kimondhato, hogy
a strtibordas és hagyomdnyos sarus hidak jobban, mig a lemezhidak ¢és elasztomer sarus
stiribordés hidak rosszabbul viselkednek. Egyes esetekben a nem megfeleld szerkezeti
kialakitas és a szeizmikus tervezés hidnya miatt a megbizhatosagi szint elfogadhatatlanul
alacsony.

Utols6 Iépésként kiilonb6zo lehetséges megerdsitési modokat hasonlitottam Ossze és
elemeztem azok hatékonysagéat a kritikus hidszerkezetek esetén. A kutatis eredményei alapjan
szeizmikus tervezési koncepcidkat fogalmaztam meg 1) hidak gazdasidgos és megfeleld

biztonsagu tervezéséhez.
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Chapter 1
Introduction

1.1 Problem description

Bridges are key elements of the infrastructure. Damages induced by severe seismic events
(San Fernando 1971; Northridge 1971 and 1994; Kobe 1995; Chi-Chi 1999; Haiti 2010)
showed that bridges are the most vulnerable components of the transportation system. Their
failure causes significant economic consequences: disruption to the traffic, transportation and
emergency routes as well as economic loss and repair costs. In high seismicity regions (such
as the West Coast of the US, Japan, the Mediterranean region of Europe etc.), people are
aware of significant earthquakes, lessons learnt from previous devastating seismic events
induced the improvement of seismic design and also the application and evaluation of retrofit
strategies. In moderate or low seismic areas (e.g. eastern part of the US, northern parts of
Europe etc.), seismic risk mitigation efforts have lagged, because in these regions large
earthquakes are infrequent and may not have been experienced for over a century while
modern design methodologies and codes have been developed (Elnashai and Di Sarno 2008).
Most bridges were designed with no seismic consideration; and due to inadequate detailing,
even moderate earthquakes might cause severe damage (Nielson 2005). For this reason, the
uniform European standard (CEN 2008a,b) prescribes the seismic design of new and
retrofitted structures even in moderate and low seismic regions.

Hungary had been considered a region of low seismicity throughout the past century. Per
the formal Hungarian road bridge standard (UT 2004), only bridges with spans over 50 m had
to be designed for seismic actions regardless of their other (often more relevant) parameters.
Moreover, the standard did not propose any particular seismic design methodology, it only
stated that the design shall be carried out “based on acknowledged earthquake engineering
principles”, but did not specify further details. Unfortunately, this resulted in inadequate
seismic detailing of several road bridges. Along with the replacement of the national seismic
regulations with the European standard, the seismic hazard of Hungary was revised by the
Georisk Earthquake Research Institute releasing a new peak ground acceleration (PGA) map
(Toth et al. 2006). The region is characterized with moderate seismicity with 0.08-0.15g PGA
values (for the seismic hazard associated with 10% probability of exceedance in 50 years).

The moderate seismicity and the lack of seismic design raise the question whether

Hungarian road bridges are able to retain their structural integrity after a design seismic event



or may suffer significant damage. Experience with existing and new structures in the last
decade (Vigh et al. 2006, Simon and Vigh 2012), and parametric study on continuous girder
bridges (Zsarnoczay et al. 2014) showed that a large portion of road bridges may be
vulnerable to earthquake loads. Therefore, it is an urgent and important issue to evaluate the

seismic performance and vulnerability of conventional road bridges in Hungary.

1.2 State of the art seismic vulnerability assessment

State of the art seismic vulnerability assessment is based on analytical fragility curves
(Billah and Alam 2015) created with non-linear time-history analysis (NLTHA). Fragility
curves are conditional probability statements giving the probability of reaching a particular
limit state (LS) for a given intensity measure (IM) level (Fig. 1.1). For the unconditional
probability of failure, the IM exceedance rate for the reference period is needed, which is
provided by the seismic hazard curve of the site (Vigh et al. 2016). Note that failure does not
necessary mean collapse, it only shows that the structure reached a predefined LS. Fragility
analysis is a useful tool, since it enables retrofit decisions regarding economical and financial
aspects. Besides, fragility curves can be used for other pre- and post-earthquake situations.
Comparing the seismic performance via fragility curves, vulnerable bridge types and
configurations can also be highlighted, retrofit prioritization can be made. They can also be
used to assign a level of functionality to each bridge after a seismic event that is essential for

the determination of emergency routes and recovery planning (Basoz and Kiremidjian 1996).
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Fig. 1.1 Illustration of the probability of failure.

Comprehensive seismic fragility evaluation of road bridges has been carried out in Central
and Southeastern US (CSUS) (Nielson 2005), Italy (Borzi et al. 2015), Greece (Moschonas et
al. 2009), Turkey (Avsar et al. 2011) and Algeria (Kibboua et al. 2014), but to the best of my
knowledge, there is no such regional study on road bridges in a moderate seismic zone in
Europe. The mentioned studies can be used to presume the seismic behavior of Hungarian

bridges, however, there are several reasons why they cannot be adapted directly: 1) the higher



seismicity of the mentioned countries in Europe results in different design traditions, the
structural characteristics and details may be different; 2) Hungarian multi-span bridges are
dominantly continuous, while simply supported versions are equally preferred in other
countries; 3) the vulnerability is dependent on the seismic action determined in accordance
with the seismic characteristics of the site, thus results are expected to differ in Hungary.

In recent studies, investigation of the seismic performance of road bridges was carried out
applying two different approaches: 1) bridge classification and the analysis of archetype
bridges; 2) individual bridge analysis. In the CSUS (Nielson 2005) typical bridge types were
chosen with the statistical evaluation of the National Bridge Inventory database (FHWA
2002). The classification was in line with the proposal of HAZUS (NIBS 1999). Evaluation of
the seismic performance was carried out by creating analytical fragility curves of the chosen
bridge types with sophisticated numerical models and NLTHA. A more complex
classification method was applied in Greece (Moschonas et al. 2009) and Turkey (Avsar et al.
2011). In the first case, static pushover, while in the second study NLTHA is used for fragility
analysis. In a recent study in Italy (Borzi et al. 2015), prior to the nationwide seismic
performance evaluation, an extensive data collection (e.g. geometry, material of each bridge)
was performed providing a solid basis for standalone bridge fragility evaluation. The bridge-
by-bridge analysis showed great variance of fragilities even for bridges in the same
typological class, questioning the validity of typological classification for fragility derivation.

In conclusion, it is recognized that reliable fragility curves are required to obtain a realistic
picture about the seismic performance of the whole transportation network in case of both
pre- and post-earthquake situations. This is feasible through the analysis of individual bridges
using NLTHA with highly detailed nonlinear numerical models.

1.3 Methodology and primary tasks

The main goal of the research is to determine the probability of failure of conventional
road bridges in Hungary based on analytically derived fragility curves. The assessment of the
whole bridge inventory requires an evaluation framework where automatization is of great
importance due to the large number of structures. The proposed framework is presented in
Fig. 1.2. Individual bridge analysis demands a database of all the essential data for reliable
numerical modeling. Probabilistic Seismic Hazard Analysis (PSHA) is used to obtain hazard
curves and to predict the expected spectral and other IMs for a site. An artificial record
generation and a record selection module are needed to provide either artificial or recorded

real ground motions for NLTHA. The modeling of thousands of bridges is not feasible by



manual numerical model building, therefore, an automatic model generation is required that
communicates with the database and inquires data for the model. Using the automatically
created numerical models, the fragility analysis along with the post-processing are also
automatized. The fragility curves can be applied to evaluate retrofit strategies, to plan post-

earthquake actions and to calculate the probability of failure related to pre-defined limit states.
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Fig. 1.2. Framework for automatic seismic performance evaluation.

The existing bridge database (Integrated Bridge Database; IBD) operated by the Hungarian
Transport Administration (HTA 2015) is created for road management and maintenance
purposes. It is not sufficient for a detailed description of the structures, thus individual
analysis is not a feasible option. Despite the lack of data, the framework is established in a
way that after an extensive data collection phase, the evaluation could be carried out
automatically for the whole road network. Meanwhile, the research is started with typical
bridge configurations to provide insight about the seismic performance of typical road
bridges.

Before carrying out fragility analysis, preliminary analysis is needed to understand the
seismic behavior of the most common bridge types with a wide range of different layouts. A
simplified parametric study was carried out for continuous girder bridges with conventional
bearings in (Zsarnoczay et al. 2014). However, there is a need for the analysis of concrete
bridge types with monolithic joints (e.g. precast multi-girder and slab bridges), the seismic
behavior of which may be significantly different. Precast multi-girder and slab bridges are

extremely popular on primary roads. Their main parameters (e.g. number of spans, pier cross-



section etc.) can be described with a compact parametric field, while the diversity of the

structural attributes of other bridge classes makes a parametric analysis impractical.

The following primary tasks are set out considering the observations above:

e Review the seismicity and seismic design in Hungary. Characterize the seismic hazard
and employ an artificial record generation and a record selection algorithm for Hungarian
circumstances.

e Examine the structure of the existing bridge database; determine the missing data
required for reliable seismic analysis, then work out the possible extension. Choose
typical bridge classes for further analysis and determine their most important structural
attributes. Compile a portfolio of representative bridges for further analysis.

e C(Create an automatic numerical model generation module. Review the numerical modeling
of bridge components and work out non-linear numerical models for each bridge class.

e Conduct a preliminary seismic analysis to reveal critical components and layouts of
typical road bridges in Hungary. Estimate the number of critical bridges in the bridge
stock considering the most typical bridge classes.

e Carry out fragility analysis; highlight the most critical bridge components and
configurations; determine the probability of failure.

e Propose concepts for new bridge design. Review and suggest possible retrofit methods
for vulnerable bridges. Evaluate retrofit strategies with fragility analysis of the retrofitted

configurations. Provide a simplified analysis for conceptual retrofit design.

1.4 Organization of the thesis

The dissertation consists of eight chapters as follows. Characterization of the seismic
hazard in Hungary along with the artificial record generation module and the implemented
record selection method are presented in Chapter 2. Chapter 3 illustrates the evaluation of the
existing road bridge database. Proposal is given for the extension. Bridge classification and
statistical analysis of the database are also presented in this chapter. This is followed by the
presentation of the detailed 3 dimensional numerical models in Chapter 4. Chapter 5 and 6
provide detailed description and results of the preliminary and the fragility analysis,
respectively. Design concepts and the evaluation of retrofit strategies are presented in Chapter
7, where a proposal for a simplified analysis method for conceptual seismic retrofit design can

also be found. Summary, conclusions and future recommendations are given in Chapter 8.



Chapter 2
Seismic Hazard in Hungary

2.1 Seismicity of Hungary

Hungary lies in the Pannonian Basin and as part of the Pannonian region, it is situated
between the Mediterranean area and the Eastern European platform. The former is one of the
most seismically active regions in the world, while the latter is practically an aseismic area.
The tectonics of the region is rather complex, caused by the collision of the Eurasian and
African plates (Horvath 1988). Deformations are caused by the movements of the Adria
microplate relative to the European plate (Bada et al. 1999).

One of the key steps of the seismic characterization in Hungary was the compilation of a
comprehensive earthquake catalogue of the Pannonian region containing more than 20.000
events from 456 to 1995 (Zsiros 2000). Despite the fact that devastating earthquakes are
extremely rare, there are some information available about past damaging earthquakes. The
oldest known severe earthquake is from the Roman times in 456, which ruined the city of
Savaria. The first event documented with more details is the Komarom earthquake in 1763
(Szeidovitz 1990). Table 2.1 shows historical Hungarian earthquakes with higher magnitudes.

Table 2.1. Historical earthquakes with higher magnitudes in Hungary.

Area Szombathely ~ Komarom Mor Ermellék Eger Dunaharaszti Berhida Oroszlany
Year 456 1763 1810 1834 1925 1956 1985 2011
Magnitude 6.1 6.3 5.4 6.2 5 5.6 4.9 4.7

Annual rate of exceedance

4 5 Ms 6 7 8
e Hungary = =Pannonian Region ----- Eastern US
----- Western US Japan ++=++United Kingdom

Fig. 2.1 a) Distribution of earthquake epicenters with different magnitudes in the Pannonian region. b) Annual
rate of magnitude exceedance in various regions of the world (normalized to 10° km?) (Téth et al. 2006).

Based on the catalogue, spatial distribution of the epicenters of different magnitudes in the
Pannonian region is presented in Fig. 2.1a (T6th et al. 2006). The region is a typical example
of distributed seismicity. Most earthquakes are hard to associate with a certain fault due to the
lack of accurate seismic and geological information especially in case of events with

magnitudes lower than 4. The spatial distribution of epicenters is diffused, however, there are



some areas where the occurrences show higher proneness (e.g. Komarom, Mér, Kecskemét,
Dunaharaszti, Nagykanizsa). In such areas (e.g. Hungary), where the proper characterization
of underlying faults is not feasible, Poisson process is used per current practice to represent
the temporal occurrence of seismic events. The annual rate of exceedance (4,,) of different
magnitudes (m) can be characterized by an exponential distribution as suggested by
Gutenberg and Richter (1944) with a and b constants:
logi0dm = a — bm, 2.1
Fig. 2.1b shows the seismic activity rate of Hungary and some other regions for
comparison. The seismicity of Hungary is similar to that of the Eastern part of the United
States. Both the Pannonian Basin and the whole region are between the high (e.g. Japan,
Western part of the United States) and low (e.g. United Kingdom) seismic areas, it can be
characterized with moderate seismicity. Return periods of magnitude 6 and 5 earthquakes in
Hungary are around 100 and 20 years, respectively. Based on high sensitivity monitoring
data, Téth et al. (2004) concluded that the average number of magnitude 4 earthquakes is
around 4 per year; while the annual number of magnitude 2 earthquakes is about 30. The
expected highest magnitude is approximately 6.5 in Hungary. The hypocentral depths are in

the range of 6-15 km; thus this region can be characterized with shallow crustal seismicity.

2.2 Seismic design in Hungary

The first Technical Specification ME-95-72 related to seismic design was published in
1972 (EVM 1972) dealing with the design of block houses with precast elements. The rules
were based on rough estimations, the seismic load was determined using the Mercalli-
Sieberg-Cancani (MSC) intensity scale. The specification did not explain how to define this
intensity at the design site. In 1978, a Technical Guideline (TG) MI-04.133 (ETK 1978) was
released still using the MSC scale, however an intensity map was given to help the designers.
The application of the TG was not obligatory, it was meant to be a design aid for engineers. In
the following decades, Hungarian building (HSI 1986a) and road bridge design codes (HSI
1986b) mentioned earthquakes as extreme loads but did not give any instructions only
referred to the MI-04.133 TG. Other codes such as foundation design (HSI 1987) or railway
bridge design (HSI 1990) regulations did not mention seismic effects at all.

In 1998, a new Building Act came into force prescribing the seismic design as an
obligatory task in case of new or retrofitted structures in accordance with EC8. The intensity
based approach of EC8-1 and EC8-2 prescribe no-collapse and damage limitation criteria at

the hazard level of 10% probability of exceedance in 50 and 10 years, respectively. The
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hazard is described with the PGA on rock sites. The standard response spectrum (Fig. 2.2)
considers the dominant magnitude, soil condition and the damping or energy dissipation of
the structure. Afterwards, the MSZ-ENV 1998-1-1 (HSI 1998a) was released. The MSC
intensity based calculation was replaced by a PGA hazard map with three zones (Fig. 2.3a)
with 0.06-0.10 g PGA values. In 2006, a new seismic hazard map (Fig. 2.3b) was created by
Toth et al. (2006) based on a state-of-the-art PSHA showing increased hazard (PGA of 0.08-

0.15 g) in some areas compared to previous values.

—Soil type A > —Soil type A
—Soil type B 4 — Soil type B
—Soil type C <3 —Soil type C
—Soil type D R —Soil type D
—Soil type E 2 —Soil type E
4 'I L 4
1 2 3 4 O0 T 2
Vibration period [s] b) Vibration period [s]

Fig. 2.2. Standard elastic response spectra (EC8-1) for different soil types (A,B,C,D,E). a) Type 1 spectra for
dominant magnitudes over 5.5; b) Type 2 spectra for M < 5.5.

PGA (g)
0.15

a) B o003
Fig. 2.3. Seismic zone map of Hungary (10% probability of exceedance in 50 years for PGA) per: a) MSZ-ENV

1998-1-1; b) National Annex to MSZ-EN 1998-1-1 (HSI 2008; Toth et al. 2006).

2.3 Probabilistic seismic hazard analysis

2.3.1 Introduction

PSHA is a tool to quantify uncertainty about the location, size, and resulting shaking
intensity of future earthquakes (Cornell 1968). It aims to consider all possible earthquake
events and resulting ground motions, along with their associated probabilities of occurrence.
PSHA is carried out in five steps (see Fig. 2.4; Baker 2008): 1) identify all earthquake sources
capable of producing damaging ground motions; 2) characterize the distribution of earthquake
magnitudes for each source: f3,(m); 3) characterize the distribution of source-to-site distances
associated with potential earthquakes: fz(r); 4) estimate the resulting distribution of ground
motion intensity as a function of earthquake magnitude (M), distance (R) and other rupture
characteristics (e.g. faulting style, soil conditions etc.; ©); 5) combine the uncertainties using

the total probability theorem to calculate the probability of an IM exceeding a given level (x):
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P(IM > x) = frmix fr’;";" P(IM > x|m,1,0) fy,(m) fr(r) dr dm. (2.2)

The discrete form of Eq. (2.2) can be efficiently used for numerical calculation:
P(IM > x) = Y12 38, P(IM > x|my,1i,,0) P(M = m;) P(R = 13), (2.3)
The first term in Eq. (2.2) can be determined as follows. The ground motion prediction (or
attenuation) equation (GMPE) provides the mean (In(IM)) and standard deviation (gy,,3,) of
the lognormally distributed IM at the site for a seismic event with a specific magnitude (m;),

distance (7;) and other characteristics (0). The exceedance probability is then given as:

In(x)~In(IM)
P(IM > x|m;,7,6) = 1— (M) (2.4)
OlnIM
‘ Step 1: Source identification ‘ ‘Step 2: Magnitude distributior{ ‘ Step 4: Calculation of IM distribution at the site

source #1

v N
| source #1 P(M:mj) __________________
m1 mj mnM g
‘ Step 3: Distancedistribution‘ Q| GMPEf(MR, ©) ™

E (e.g.AB2010)

G t(R:r ) [sourcet]
k
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I the site
Step 5: See Eq. (2.3) ‘ r1-.r.kl I.r-R log(R)

n

Fig. 2.4 Five steps of the PSHA procedure.
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Fig. 2.5 Hazard curves for 1 year and 50 years. Dissagregation for a specific hazard level.
2.3.2 Hazard curve and disaggregation
The seismic hazard at the site can be characterized by the seismic hazard curve. It can also
be used to calculate the probability of failure of the examined structure if the corresponding
fragility curve is available. Eq.(2.3) gives the probability of IM > x, however no information
is provided on the annual exceedance rate. The annual rate of IM > x can be calculated as:
LUM > x) = FE9C 1 (M > M) X5 378, P(IM > x|my, 1, 0) P(M; = m;) P(R; = 13), (2.5)
where the first term is the annual occurrence rate of earthquakes greater than m,,;, (applied
due to the lack of engineering importance of lower magnitudes; and the lack of available data)
for the source (see Eq.(2.1)); and 7. 1S the number of relevant sources considered. The

ground motion intensity against the annual rate of exceedance can be determined using
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Eq.(2.5) at several x values (Fig. 2.5); the obtained curve is the seismic hazard curve. A can be
calculated for other reference periods (7;) by applying a Poisson model:
Apy=1—e ™ML, (2.6)
The hazard curve is aggregated from the hazards of multiple possible earthquakes. Seismic
hazard disaggregation shows which values of earthquake properties (typically magnitude and
distance) contribute most to a specific hazard level (see Fig. 2.5)

2.3.3  Uniform Hazard Spectrum

The typical representation of the seismic action is the acceleration response spectrum
showing the spectral accelerations of a single degree of freedom (SDOF) system at various
fundamental periods. Different earthquakes have different frequency contents, therefore the
calculated response spectra may vary as well. To account for this variance, structural design is
usually conducted with an envelope spectrum of all possible earthquakes at the site. The
determination of such spectrum can be carried out as follows (see Fig. 2.6): 1) determine the
hazard curve for spectral acceleration values at several fundamental periods; 2) obtain the

spectral acceleration values corresponding to the same hazard level of Ay, for all fundamental
periods (e.g. design Ay, per EC8-1 is 10% for T =50 years); 3) plot the spectral acceleration

values against the corresponding fundamental periods. This spectrum is called the Uniform
Hazard Spectrum (UHS), for all spectral values belong to the same hazard level. The standard

spectrum is a conservative estimation of the UHS in many design codes (e.g. in EC8).

UHS
(10% exceedance in 50 yrs)
=10
[ A N VAR N WS IS SRS
1071 : I | 1 i ;
N 2 05 1 1.5 2 25 3
10 10 .
log(h_) Fundamental period [s]

50

Fig. 2.6 Determination of the Uniform Hazard Spectrum.

2.4 Application of PSHA for Hungarian sites
2.4.1 Introduction

There is a European project (Seismic Hazard Harmonization in Europe; SHARE;
http://www.share-eu.org/) aiming to establish seismic hazard harmonization between counties
in the European Union by a close cooperation of leading European geologists, seismologists
and engineers. In the European Facility for Earthquake Hazard and Risk website

(http://www.efehr.org/) (EFEHR 2015), it is possible to inquire data about hazard curves and
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UHS for European sites. However, it provides information only on PGA and spectral
acceleration (Sa) values, and the soil condition is restricted to rock. Besides, disaggregation is
not included yet, which would provide the basic information for modern record selection
methods. Therefore, the discrete form of the PSHA is implemented in the seismic
performance evaluation framework to: 1) create hazard curves at a site for different soil
conditions and intensity measures; 2) create site-specific spectra; 3) provide information (e.g.
disaggregation) for record selection. The procedure is applicable for all sites where the
seismicity can be characterized well with area sources (typical moderate seismic regions).
2.4.2 Description of the implemented procedure
2.4.2.1 Identification of all earthquake sources

In Hungary, proper characterization of underlying faults is not feasible; area sources are
used for earthquakes that are not associated with any specific fault. The earthquake area
sources (Fig. 2.7a) are obtained from the EFEHR website.
2.4.2.2 Characterization of earthquake magnitude distributions

The constants for the Gutenberg-Richter recurrence law (see Eq. (2.1)) are also obtained
from the EFEHR website. The recurrence law can be used to construct the distribution of
earthquake magnitudes for each source (Baker 2008). The distribution is discretized between
Muin (taken as 3.0 for all sites) and m,,,. (provided estimation by the EFEHR website for the
largest expected magnitude of the source) with 0.2 magnitude steps.
2.4.2.3 Characterization of source-to-site distance distributions

The discretization of source-to-site distances is carried out with Delaunay triangulation
(see Fig. 2.4, Step 1) with a 5 km mesh size. An area source is assumed to produce
earthquakes randomly and with equal likelihood anywhere inside the area, therefore, the
probability of each distance is weighted with the ratio of the triangle area to the total area.
2.4.2.4 Prediction of the resulting distribution of ground motion intensity at the site

The probability of IM>x for an earthquake with a specific magnitude and distance (and
other characteristics) can be calculated with GMPEs. The calculated probability may be
highly dependent on the applied GMPE; it should represent well the seismic and tectonic
characteristics of the area. Hungary is an active region of shallow crustal seismicity; the
EFEHR website applies a logic tree with four different GMPEs for these regions to consider
epistemic uncertainty. In the implemented PSHA procedure, only the GMPE with the highest
weight (Akkar and Bommer 2010) (AB2010) is incorporated. There are three reasons for this:
1) the GMPE with the highest weight is assumed to describe the hazard well; 2) the AB2010
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GMPE gives conservative results in the examined Hungarian sites (10 different sites were
investigated, some examples are shown in Fig. 2.7b-c); 3) including a logic tree with multiple
GMPEs in the ground motion selection procedure is a complex and time-consuming task,

therefore it is out of scope in this study.
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Fig. 2.7 a) Area sources considered in the study. b-c) Comparison of hazard curves calculated with AB2010
GMPE or determined with multiple GMPEs applying the logic tree of the EFEHR website.

2.4.3 Comparison of UHS and standard spectra

An example application of the PSHA is presented for Komarom (area of highest seismicity
in Hungary). Fig. 2.8a shows the hazard curves (T =50 years) for PGA and Sa(T=0.5s)
considering soil type C (average shear wave velocity vg30<360 m/s per ECS-1).
Disaggregation for PGA is also shown in Fig. 2.8b. It can be concluded that relatively small
source to site distances (<10 km) and moderate magnitudes (<5.5) contribute most to the
hazard at the observed return period (design PGA level). According to ECS8-1, if the
earthquakes that contribute most to the seismic hazard have a surface-wave magnitude not

greater than 5.5, it is recommended that the Type 2 spectrum is adopted.
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Fig. 2.8 PSHA results for Komarom: a) hazard curves; b) disaggregation of the PGA hazard (10% in 50 years);
c¢) UHS and standard spectra (hazard level: 10% in 50 years).

The above statement is valid for the site of Komarom which is confirmed by Fig. 2.8c
showing the UHS and standard spectra (Type 1 and 2 per EC8-1) for comparison. The UHS
can be estimated better with the Type 2 than with the Type 1 spectrum (note also that the

standard spectrum gives conservative Sa values compared to the UHS).
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Fig. 2.9a presents UHS (normalized to PGA) near the bigger cities of Hungary validating
the appropriateness of the Type 2 spectrum'. Even so, Type 1 spectral shape is proposed by
the Hungarian National Annex to EC8, thus its modification is suggested. To illustrate the
influence of the replacement of the Type 1 with the Type 2 spectrum, the ratios of Type 2 to
Type 1 spectral values are shown in Fig. 2.9b. An increase of ~15% or ~35% in the Sa values
can be observed at lower (<0.5 s) fundamental periods depending on the soil type, while a

high reduction of ~40-60% can be obtained at high vibration periods.
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Fig. 2.9 a) Comparison of UHS and standard spectra for various Hungarian sites normalized to PGA. b) Ratio of
Type 2 and Type 1 standard spectral values.

2.5 Determination of the seismic load

To create the fragility function of a structure, advanced modeling and NLTHA using either
artificial or recorded and selected ground motions (GM) are required.
2.5.1 Artificial record generation

Artificial ground motions are usually generated to match a target response spectrum
(typically the UHS or the standard spectrum) and they are obtained as the output from filters
and the evaluation of an SDOF system response from a white noise input. Artificial records
generally have an excessive number of cycles of strong motion and unrealistically high energy
content. To account for other characteristics (such as duration) of an artificial spectrum-
compatible record, it is necessary to obtain supplementary information about the expected
earthquake motion besides the acceleration response spectrum. In spite of these facts, these
records can be easily applied for linear time-history analysis, where the unrealistic
characteristics do not have significant influence on the response. There are also several
examples where fragility analysis is carried out with artificial records (e.g. Borzi et al. 2014).
Numerous software exist which provide artificial ground motion generation tools, however
the implemented algorithms in these programs are rather complex. For instance, SIMQKE-II

(Vanmarcke et al. 1999) generates the power spectral density function from the input response

! UHS for the presented areas are also inquired from the EFEHR website for validation. The results confirmed
the conclusions drawn from the results of this research.
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spectrum and uses this to derive the amplitudes of sinusoidal waves with random phase angles
which build up the artificial ground motion. The TARSCTHS (Papageorgiou et al. 2000) uses
non-stationary stochastic vector processes and iteration in frequency domain.

An artificial record generation software is created as part of the research for 3 reasons: 1)
the automatic performance evaluation framework requires a built-in record generation
module; 2) there is a need for a fast and easily programmable algorithm; 3) there is no free
software available for practicing engineers (the mentioned software are not free to use).
Although common methods are based on minimizing the differences between the artificial
motions and the target spectrum in a least-square sense, the idea of the developed algorithm is
based on the work of Gasparini and Vanmarcke (1979) to define the amplitude vector (A4)
with an iteration procedure. The ground acceleration is assumed to be the sum of independent

cosine waves with different frequency, amplitude and random period shift:

a(®) = 1(0) Xk Ascos (5t + ;). @.7)
where A4; is the amplitude of the i" cosine wave (initially 1.0 for each member), 7; is the
natural period defined in advance; ¢; is the random period shift (0- 2=m), /(?) describes the
intensity change of the ground motion during the seismic event. Once the a(?) function is
created, the acceleration response (S; Mf ) at different natural periods (i) in the &” iteration can
be calculated with Newmark-f method. The values are compared to the target values

(STargeti,( ) and the A4 vector is corrected as follows:

Ai'ﬁl = Aéc [STarget?/SGMf} (2.8)
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Fig. 2.10 Artificial record generation: a) iteration procedure; b) a generated record before (red) and after (blue)
using the high pass filter.

The iteration is continued until the ratios of the compared Sa values are close to 1 with a
predefined tolerance. At the end of the iteration process, adjustments have to be made to the

a(t) artificial record to ensure that the residual velocity and displacement are zero.
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The corrected acceleration record (Z(t)) is obtained as the solution of the differential equation
describing a high-pass filter based on the corner frequency (w.) related to the geometry of the
seismic source and the shear-wave velocity (Rezaeian and Der Kiureghian 2010):

Z(t) + 2w,z (t) + w?z(t) = a(t). 2.9

The iteration steps can be seen in Fig. 2.10a; while Fig. 2.10b shows the final fitted
artificial record with or without the correction per Eq.(2.9). The algorithm is efficient, 3
iteration steps are sufficient to achieve results with negligible error. The developed artificial
record generation program is freely available upon request.

2.5.2 State of the art record selection method

Selection of appropriate ground motions is crucial for the reliability of the fragility curves.
Recorded accelerograms should be selected from the earthquake ground motions specific to
the respective region. However, this is not always feasible (especially in moderate seismic
regions); in several cases record-to-record variability cannot be represented with the limited
available data. To bridge over this problem, selection is typically carried out using strong
motion databases which contain recorded GMs from all over the world.

Simple selection approaches consider only the basic earthquake characteristics at the site.
For example in (Avsar et al. 2011) the selection is arbitrary, but it is restricted to earthquakes
with magnitudes, source-to-site distances and other characteristics (e.g. faulting style, soil
condition) representative to the site. More advanced approaches explicitly account for a target
response spectrum; selecting GMs the mean spectrum of which represent well the UHS (or
the standard spectrum) is the most common method (e.g. Moschonas et al. 2009).

The UHS conservatively implies that large-amplitude spectral values will occur at all
periods within a single ground motion (Baker 2011) and provides the envelope spectrum for
all possible earthquakes at the site. The correlation of spectral ordinates at different vibration
periods were acknowledged by Baker and Cornell (2006). They proposed the Conditional
Spectrum (CS) approach where the effect of this correlation is taken into account. It is
validated by Jayaram and Baker (2008) that spectral accelerations at multiple vibration
periods have a multivariate lognormal (MLN) distribution. The CS approach provides the
conditional distribution of spectral acceleration ordinates conditioned commonly on the
occurrence of a specific value of a single spectral period, the record selection is therefore
directly linked to the PSHA. Jayaram et al. (2011) and Wang (2011) propose the following
selection method using the CS approach. Firstly, random realizations from the multivariate
distribution of spectral accelerations are obtained for a given seismic event, then ground

motions with the best match for each realization are selected.
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The primary limitation of the CS is that only spectral accelerations are considered, while
other important ground motion characteristics influencing the seismic response (e.g.
frequency content and duration) are not accounted for. Bradley (2010a and 2012a) extended
the idea of the CS. The General Conditional Intensity Measure (GCIM) record selection
procedure is similar to that presented in (Baker 2011), deriving the distribution of a vector of
IMs conditional on the main IM from their joint distribution. The novelty of the GCIM
method is that the IM vector can consist of not only Sa values but also other IMs (such as
energy content or duration measures). The conditional distribution provides the theoretical
distribution of potential ground motions which may be observed at the site, therefore ground
motion selection can be carried out fully consistently with the hazard. The limitation of the
GCIM approach is that the GMPEs for all the IMs and the empirical correlation functions
between the conditioning IM and the other selected IMs should exist. Bradley (2012a)
proposed a selection procedure similar to that of Jayaram et al. (2011): a number of random
realizations are generated from the theoretical distribution, then GMs with the smallest
residual for each realization are selected. Additionally, Bradley (2012a) suggested that
multiple realization sets should be generated, and finally the ground motion pack with the
smallest Kolmogorov-Smirnov (KS) test statistic (which defines the difference between the
target distribution and the empirical distribution of the GM set) should be selected.

The GCIM approach is a state of the art record selection method; fragility curves and the
probability of failure can be determined with high reliability using hazard compatible
recorded ground motions. For this reason, this method is chosen to be incorporated in the
performance evaluation framework as part of this research. The steps of the record selection:
1) select the conditioning IM (fragility curve will be created as the function of this IM); 2)
select other IMs on which the selection is based; 3) determine the conditional MLN
distribution of the IMs using the corresponding GMPEs and empirical correlation equations;
4) sample random realization sets from the MLN distribution to create multiple vectors of
random IM values; 5) select records for each realization with the smallest residual; 6)

calculate the KS test statistics for the selected GM sets and choose the most appropriate one.
2.5.3 Generated and selected records for further analysis

Ground motions are generated and selected prior to the analyses accelerating the fragility
evaluation. Two soil categories A and C (most common in Hungary) and three areas are
considered: Komérom (highest seismicity), Debrecen (lowest seismicity) and Budapest

(capital of Hungary). The standard Type 1 and Type 2 spectra and the site-specific UHS are
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used for the generation, while selection is carried out with the GCIM method. The PGA range
is 0.25:0.25:10.00 m/s” and 50 ground motions are generated and selected at each PGA level.

As noted by Bradley (2012d), consistent ground motion selection with the GCIM method
ensures that the demand hazard will be statistically independent of the conditioning IM (note
that the conditional probability, therefore the fragility curves may differ). The conditioning
IM is the PGA in this study, since it is the most widely used IM, thus interpretation of the
results is convenient. The main aim of the study is to create the analytical fragility curves of
typical road bridges in Hungary. To obtain reliable results, all relevant IMs should be
incorporated in the record selection. The bridge inventory is diverse, therefore it is most
advantageous to select a vector of IMs that measure different properties of the GM and
correlate well with the seismic response of a wide range of different bridge configurations.
PGA and Sa at T0={0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 1.0, 2.0, 3.0, 4.0} s) are considered to
account for ground motion intensity over a wide range of vibration periods; and additionally,
acceleration spectrum intensity (ASI), peak ground velocity (PGV) as well as velocity
spectrum intensity (VSI), and displacement spectrum intensity (DSI) are included for
acceleration, velocity and displacement sensitive structures, respectively. These parameters
represent peak responses, however, to describe cumulative phenomena, absolute velocity
(CAV) — which accounts for the amplitude, frequency content and duration of ground motion
in a cumulative manner (Campbell and Bozorgnia 2010) — and significant duration (Dss7s and
Dssgs) — which approximately indicate durations of body, and body + surface waves,
respectively (Bommer and Martinez-Pereira 1999) — are also incorporated. Therefore the IM
vector consists of 20 elements: {PGA, Sa(T0), PGV, ASI, VSI, DSI, CAV, Dss7s, D5595}2.
According to Bradley (2012a), the importance of different IMs should be taken into account
by assigning different weights to them. The weights are set equally, thus the total weight of
the most important IMs related to peak responses is 0.7, while a total weight of 0.3 is assigned
to the other IMs associated with cumulative behavior.

An example record selection is presented for Komarom: the theoretical distributions
(conditioned on the design PGA level: 10% probability of exceedance in 50 years) of some
selected IMs and the empirical CDF (ECDF) of the selected 50 GMs are shown in Fig. 2.11a,
and Fig. 2.11b presents the spectrum of the selected records. The selected records represent
well the theoretical distributions, ECDFs are always inside the 0.1 confidence interval of the

KS test (proposed by Bradley 2012a).

* References to the GMPEs and correlation equations, and the IM definitions are presented in Appendix A.
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Fig. 2.11 a) Theoretical distribution of some IM conditioned on PGA (solid red line). Red dashed line: KS
bounds (0.1 confidence level); solid blue line: empirical distribution of the selected GMs. b) Acceleration
response spectra of the selected records.

The theoretical distributions are also useful to analyze the expected earthquake
characteristics. For instance, the median significant duration is only ~7 s. The distribution is
consistent with the disaggregation results (see Fig. 2.8b) showing that earthquakes with short
distance have the highest contribution to the hazard at the design PGA level, and the duration
is proportional with distance (Kempton and Stewart 2006). Several other areas are
investigated and it can be concluded that earthquakes in Hungary can be characterized with
short duration. Per EC8-1, the minimum duration of the stationary part of the artificial records
should be at least 10 s. Considering the expected characteristics of possible earthquakes leads
to a decreased duration of the seismic load (P[Dgs95<10 s] = ~75%) and less conservative
seismic demands, especially in the case of structures with rapid rates of cyclic deterioration

and accumulating plastic deformations (Chandramohan et al. 2015).

2.6 Summary

In this chapter, the seismic design and the seismicity in Hungary are reviewed. A PSHA,
an artificial record generation and a state of the art record selection procedure are
implemented in the developed seismic performance evaluation framework. It is shown, that
the standard Type 2 spectrum describes well the UHS in Hungarian sites. Besides, the
expected characteristics of possible earthquakes in Hungary are also investigated. As the last
step, a database of selected and generated ground motions is created for the fragility analyses.
I summarized the conclusions of this chapter in my Thesis I.

The next step of the research is to characterize the road bridge inventory of Hungary. The
following chapter presents this characterization conducting statistical analysis of the available

bridge data.
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Chapter 3
Bridge Inventory of Hungary

3.1 Database of existing bridges

The IBD existing bridge database is created for road management purposes; therefore it
contains only limited information. The database stores basic data (location, main dimensions,
structural system, construction materials, road category, designer); geometric and technical
parameters (number of spans, span lengths, surface area of the deck, deck width); and bridge
condition ratings (year of inspection, current condition). It also provides additional technical
data compared to other conventional road management databases (such as the National Bridge
Inventory; FHWA 2002). Information is stored about each span and each support meaning
that the spans (system, material, length, structural height), abutments and piers (type of
support: single, multi column or wall type; bearing type: conventional or monolithic;
dilatations and foundations) can be characterized individually. Note that the pier height is not
stored directly, the vertical underclearance (which is not even provided for all bridges) can be

used to assume this parameter. More details about the database can be found in Appendix B.

3.2 Aspects of regional damage evaluation

The IBD has been already used in a previous study by Vigh and Kollar (2006) who worked
out an approximate analysis method for permitting procedures of overweight vehicles.
Although only the superstructure was included in the structural model and analysis,
shortcomings were revealed in some cases (e.g. arch bridges) due to the lack of essential data.
Assumptions were needed to carry out the analysis. The seismic response is highly dependent
on the actual layout and type of the substructure, the foundation system and soil
characteristics. The reliability of the results is significantly influenced by the Knowledge
Level (KL) (e.g. more alternatives should be studied when several assumptions are made).
Regarding the global geometry and the material properties, three KLs are determined in

accordance with EC8-3 (CEN 2011a).
3.2.1 Knowledge Levels

In case of KL-1, the minimum required data should be sufficient to estimate the real
geometry and possible cross sections based on typical configurations and considering the
construction year and the official code used for the design. The required data describes the
global geometry (mechanical system, number of spans, span lengths and construction

material); the abutment and pier type, height, size; the foundation system. In this level, it is
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sufficient to determine the bearing type (e.g. monolithic or conventional). The size of the
dilatation can be estimated by simplified calculations. Material properties (e.g. concrete and
steel grade) can be assumed based on the construction year. Due to the lack of data, the soil-
structure interaction should be estimated in a conservative way (for each bridge component).

In KL-2, the global geometry should be refined. The skew angle and the alignment of the
bearings are known; the global sizes of the structural elements (pier height, abutment height
and type, foundation type) are known and the cross-sections can be characterized with an
average cross-section. The bearing type and size; layout of the monolithic joints and the
material properties are known from plans. The soil classification is available for the seismic
analysis.

In KL-3, the exact geometry (with even horizontal curvature) of the superstructure is
known, the structural elements are divided into segments with individual cross-sections.
Material properties and soil conditions are determined via in-situ testing.

3.2.2  Evaluation of the whole inventory

Reliable fragility analysis requires detailed numerical models with high fidelity to the real
structure. In current state, the IBD provides only KL-1 or lower knowledge level (since pier
height is missing for several bridges). Accordingly, it is not conducive to carry out individual
bridge analysis due to the necessity of several assumptions. Bridge classes should be
determined to represent typical bridge types and configurations. The seismic performance and
failure probabilities can be estimated with the seismic analysis of these typical bridges. The
results also provide guidance on which configurations are critical and need further
investigation; which parameters influence most the seismic performance of typical bridges
and which data should be collected for more sophisticated analyses. Dealing with only one
specific bridge, the highest knowledge level can be attained with little effort (e.g. data
collection from drawings, measuring real geometry and material properties), but for a bridge
stock of thousands of structures, this can be accomplished only through a relative costly data
collecting project. The structure of the extended database for higher level analysis is designed,

while the research is started with typical configurations to evaluate their seismic performance.

3.3 Extension of the database

Due to the high expenditure of the data collection, a three-phase extension is suggested in
accordance with the KLs presented earlier (Simon and Vigh 2015a). The data required for
each extension phase and the plan of extension is presented in Appendix B. Most of the data

can be obtained from drawings, thus the KL can be increased easily with an organized data
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collection without any work or in-situ tests at the site. The extension phases are determined in
a way to include as many bridges as possible in the automatized evaluation framework. The
statistical analysis of the database shows that most of the bridges are straight in plan girder
bridges; while the number of curved and special bridges (e.g. arches, suspension or cable
stayed bridges) is negligible compared to the whole inventory. The extended database and the
automatic numerical model generation should be consistent, therefore, special structures are
excluded from the framework for simplification. The new database structure is defined in a
way that new tables and attributes can be attached easily to the existing ones at each extension

phase.

3.4 Statistical evaluation of the database

3.4.1 Bridge classification

The raw data of the IBD was provided by the Hungarian Transport Administration. A

database is created in SQLite (http://www.sqglite.org/) for the seismic performance evaluation

framework as part of the research. Although the information provided in the IBD is not
sufficient for a detailed description of each bridge, general classification can be made with the
following benefits: 1) it can be observed which types have dominant presence in the
inventory; 2) a parametric field can be determined to describe bridges in each class; 3) bridges
are expected to follow the same behavior in the same class having the same significant
attributes, i.e. interpolation and extrapolation of analysis results may provide approximate
results. The main aim of the classification is to choose representative structural types to cover
as many bridges as possible in Hungary.

The aspects of the classification are as follows: 1) road category; 2) structural and material
type; 3) relative number; 4) relative value. There are about 12 000 bridges in the database (see
Fig. 3.1a), the relative contribution to the total number of single and multi-span bridges on
primary and secondary roads are shown in Table 3.1. Most of the bridges are on secondary
roads (roads between small towns or villages) with less frequent traffic, while the number of
bridges on primary roads (highways and autoroutes) is only about one third of the total
amount. The majority of the bridges on secondary roads are single span bridges (~7700)
which usually show low vulnerability against seismic loads. If bridges with shorter spans (<10
m) are excluded due to their low vulnerability, the relative number of primary road bridges
increases to 54% (see Fig. 3.1b). Table 3.1 also shows the relative value of existing structures,
confirming the importance of primary roads. 80-85% of the total bridge value is associated

with primary road bridges; where the contribution of longer multi-span bridges is dominant
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(73%). Besides, primary roads are essential elements of the transportation system to reach
regions of interest as fast as possible. Accordingly, in the rest of the study only primary road

bridges (~3200) are investigated, secondary road bridges are excluded from the evaluation.

Table 3.1 Relative number and value in % of single and multi-span bridges on primary and secondary roads.

All bridges Span length > 5 m Span length > 10 m
Road category Primary Secondary Primary Secondary Primary Secondary
Rel. number  Single span 16 64 17 51 18 26
[%] Multi span 11 9 18 14 36 20
Sum 27 73 35 65 54 46
Rel. value Single span 8 6 7 5 6 3
[%] Multi span 73 13 75 13 78 13
Sum 81 19 82 18 84 16
Total number 11949 6912 3270

Fig. 3.1 Existing bridges in Hungary (red — simple span; black — multi-span bridges). a) All the bridges; b)
bridges with maximum span length over 10 m.

Table. 3.2 Classification of primary road bridges based on structural type, relative number and value.

Structural type Number (%) Value (%)
Reinforced concrete 83.1 44.4
Precast multi-girder 49.9 32.6
Monolithic slab 24.1 5.5
Monolithic frame 7.6 0.8
Prestressed box girder 0.7 4.2
One or two-box girder 0.7 1.3
Steel 1.0 12.4
Riveted steel truss 0.4 4.7
Welded girder 0.4 3.5
Welded box with orthotropic deck 0.2 4.2
Composite 1.3 5.7
Composite girder 1.0 1.7
Composite box girder 0.3 4.0
Concrete or stone arch - tubosiders 9.0 1.2
Tubosider 5 0.9
Concrete, RC pipe 3 0.2
Stone or masonry arch 1 0.1
Special bridges (e.g. Duna bridges) 2.3 33.9

The next step is to classify the bridges based on their construction material and structural
type. The relative number and relative value are calculated for each bridge class; and bridge
classes with a contribution of at least 1% to the relative number or value are presented in
Table 3.2. The majority (>83%) of the selected bridges are reinforced concrete bridge,
moreover the approximate value of RC bridges is more than 40% of the total value. Steel and
composite girders and also special bridges (such as large span river bridges; e.g. over the

Danube river) have significant contribution to the overall value, however their number is not
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considerable (<5%). Although, the number of masonry and stone arches, RC pipes and
tubosiders is high, they cannot be regarded as conventional bridges, therefore they are left out
from the analysis. Special bridges are also excluded from the evaluation despite their
significant value (over 33%) for the following reasons: 1) the database does not store
sufficient information, also the structural type is marked as various (mostly because long span
river bridges typically consist of flood and river bridge parts); 2) each special bridge should
be modeled with high fidelity and rigorous seismic analysis method should be applied
because of their importance; 3) these bridges are too specific, general results cannot be drawn.

The most commonly used structural type is the precast multi-girder bridge with a number
of about 1600 bridges (~50%) followed by slab bridges (~24%), while typically the others are
single span or multi-span continuous girders. The inclusion of only conventional girders in the
framework is proven to be correct, other structural types are far less common or represent low

relative value of the whole inventory. The selected bridges are illustrated in Fig. 3.2a.

—Concrete bridges
— Steel bridges

— Composite bridges
---Concrete PMG

----- Concrete slab
--'Concrete frame

150
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Fig. 3.2 a) Bridge classes on primary roads. Black — precast multi-girder bridges; green — other concrete bridges;
blue — composite bridges; red — steel bridges. b) ECDFs for the maximum span lengths.

3.4.2 Statistical analysis of the bridge classes

To obtain general idea of the typical configurations, statistical analysis of each bridge class
is made. Note that only precast multi-girder, slab and RC frame bridges have a relatively high
number to regard the sample size as representative. To increase the number of data, other
bridges are grouped based on material type only: concrete, composite and steel.
3.4.2.1 Number of spans

Histograms showing the relative frequency of the number of spans are presented in Fig.
3.3. RC bridges are built typically with single span and more than 95% of the RC bridges
have 4 or less spans, while the most common is the 3 span bridge among multiple-span
versions. If we observe separately the three most common RC classes, it can be concluded
that RC frames are dominantly single span constructions, the popularity of multi-span
versions are increased for slab and precast multi-girder classes. The dominance of the 3 span
layout can also be observed for composite and steel bridges, however, the distribution is more

scattered; note the relatively high contribution of bridges with more spans.
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Fig. 3.3 Histograms for the number of spans, pier height and deck width.

3.4.2.2 Maximum span length

Besides the number of spans, the global geometry can be characterized well with the
maximum span length illustrated with the help of ECDF in Fig. 3.2b. The maximum span
length of RC frames is dominantly (>90%) around 5-8 m, while nearly half of the slab bridges
have a maximum span length under 5 m then nearly equally distributed up to 25 m. The
versatile applicability of precast multi-girder bridges is implied by the nearly uniform
distribution of maximum span lengths up to 30 m. Composite and steel bridges are applied for
longer spans. The majority of bridges have maximum span lengths between 20 m and 60 m;
and between 40 m and 120 m for composite and steel bridges, respectively. The ECDFs show
that the distributions are neither uniform nor unimodal; there are typical span lengths for both
composite (around 20 m and 45 m) and steel (around 45 m and 100 m) bridges.
3.4.2.3 Deck width

The deck width is also an important parameter of the global geometry, since it is heavily
correlated with the number of lanes; the total weight of the superstructure; the number of piers
in the transverse direction; the lateral bending stiffness of the superstructure etc. It is assumed
that the deck width is independent of the structural type and it is more related to the road
category. Therefore, the histogram with the relative frequency of the deck width is calculated
and shown in Fig. 3.3 for all the bridges. The deck width is at least 8 m which presumably
belongs to overpass bridges of less significant roads crossing the highways, but generally the
deck width is between 8 and 20 m, while 11-15 m is the most commonly used value for
typical highway bridges with 2+1 lanes.
3.4.2.4 Pier height

The pier height is one of the most important structural parameter with respect to the

seismic behavior of the bridge. Unfortunately, the IBD does not store the pier height directly;
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it contains only the vertical underclearance of certain bridges. Besides, most of the cases this
information is simply left out during the input phase and it is set to zero in the database. The
vertical underclearance is known only for a limited number of multi-span bridges;
representative results can be obtained only for precast multi-girder and RC slab classes (see
Fig. 3.3). The most common value in both cases is ~5 m belonging to typical overpass bridges
on highways. Lower vertical underclearance (mostly present in case of slab bridges) is
possibly related to bridges crossing other obstacles (e.g. brooks).
3.4.2.5 Skew angle

The skew angle may significantly influence the seismic behavior as it is acknowledged by
Avsar et al. (2011). The skewness limit to specify whether the skewness has significant
influence varies per different codes (e.g. Caltrans 2013 or AASTHO 2012). The limit is
usually between 20° and 30°. Bridges are not typical to be built with high skew angles. More
than ~80% and 95% of the bridges are constructed with a skew angle under the 20° and 30°
limit, respectively. Therefore skew angle is not regarded as a primary structural attribute here.
3.4.2.6 Year of construction and condition ratings

The construction year can give an insight into typical structural layouts; relevant design
codes; the consideration of seismic loads. However this data alone is not sufficient to make
general inferences about the structural condition. The IBD stores the condition ratings (5 level
scale with 1 being excellent condition and 5 being extensive damages) of the bridge
superstructure, substructure and pavement (Fig. 3.4). This information is updated on a yearly

basis providing solid a basis for condition evaluation.
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Fig. 3.4 Histograms, mode and median values for the year of construction and condition ratings. SS —
superstructure; SBS — substructure.

Among the three RC bridge classes, PMG bridges are the newest with a median

construction year of 1998, while slab bridges seem to be the oldest structures. The average
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age of the structures is reflected in the condition ratings. Most of the PMG bridges have a
superstructure and substructure rating of 1 representing excellent condition, while the worst
condition can be associated with slab bridges. Note that the deterioration rate of the deck and
pavement is higher than that of the main structural elements due to the shorter design working
life and planned reconstructions. If bridges are grouped based on construction material, steel
bridges are the oldest, composite bridges are the newest per the median value.

According to the condition ratings, the median values show good condition for structural
elements without significant deterioration in strength or stiffness. This is an expected
condition of the structures, since they are on primary roads, where maintenance and planned
recovery are of high priority and a basic requirement.

3.4.3 Representative structural types

The bridge classification is carried out taking into account only the significance of the
bridge and the type and material of the superstructure. However representative structural types
should be selected considering other structural attributes. To focus on the most important and
possibly critical structures, some bridge classes are excluded from the analysis, while some of
them are integrated into one class. RC frames are concluded to be dominantly single span
bridges with short span lengths (<10 m), thus such configurations are unlikely to be critical.
Riveted steel truss is one of the oldest structural type with great uncertainty associated with
their actual condition, stiffness of the members, pier construction etc. Therefore, this type is
not included either. Additionally, prestressed and normal RC box girder bridges are integrated
into one class. Finally, seven bridge classes are used to formulate representative bridges.

Besides the type of superstructure, usually other parameters are used to distinguish bridge
types with possibly different seismic behavior. HAZUS (NIBS 1999) classifies bridges
according to: seismic design, number of spans (single vs multiple span bridges),
superstructure type (concrete, steel, others), pier type (multiple column bents, single column
bents and pier walls), abutment type, bearing type (monolithic vs non-monolithic; high rocker
bearings, low steel bearings and neoprene rubber bearings), span continuity (continuous,
discontinuous and simply supported). The classification results in a total of 28 classes. In the
work of Avsar et al. (2011) the following primary structural parameters are identified for
ordinary highway bridges in Turkey: span number (single vs multiple), bent column number
(single vs multiple), and skew angle (negligible vs significant). Moschonas et al. (2009)
analyzed and classified Greek highway bridges on a selected primary highway. The aspects of

classification were: deck type (slab, box-girder, simply supported prefabricated-prestressed
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girders with continuous RC slab), pier type (single-column cylindrical, rectangular, multiple
column, wall-type) and deck-to-pier connection (monolithic, bearings and combination). This
leads to 36 possible typologies.

After multiple consultations with Hungarian bridge design companies and thorough
investigation of existing bridge configurations, the eight representative structural types shown
in Table 3.3 and Fig. 3.5 are selected taking into account classification approaches mentioned

above. The relative frequency of each representative bridge type is also indicated in Table 3.3.

Table 3.3 Selected representative bridge types on primary roads.

No. Class type  Abbreviation Bearing type  Typical bent type Relative frequency (%)
1 Precast multi-girder PMG-I Monolithic Multi-bent 45.0
2 Precast multi-girder PMG-NI Elastomeric + monolithic Multi-bent 5.0
3 RC slab SLAB Monolithic Multi-bent 24
4 RC box girder RC-B Conventional bearing Single bent 14
5 Composite girder COMP-1 Conventional bearing Multi-bent 1
6  Composite box girder COMP-B Conventional bearing Multi-bent 0.3
7 Steel girder STEEL-I Conventional bearing Single bent 0.4
8 Steel box girder STEEL-B Conventional bearing Single bent 0.2
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Fig. 3.5 Typical cross-sections for each bridge class.
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It should be emphasized that only PMG and SLAB bridges are sufficiently high in number
to draw a reliable parametric field for the most important structural attributes. Accordingly,
parametric analysis is carried out and presented in Chapter 5 and 6 for PMG-I and SLAB
bridges only. Other bridge types are evaluated as part of a bridge portfolio that is a result of
multiple consultations with leading bridge designer companies. It contains bridges that are
typical, commonly used or represent an important element of the transportation system.

The bridge portfolio and the most important structural attributes are presented in Table 3.4.
Besides the identified main structural parameters (number of spans, span lengths, pier height
and deck width) other important characteristics are also summarized: e.g. pier cross section
and reinforcement, number of piers in the transverse direction etc. More detailed description

of each portfolio bridge is presented in Appendix E.
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Table 3.4 Structural attributes of the portfolio bridges (referred to with bridges number, e.g. BR25).

No. Class NS Span lengths TL W NFIX NP PCS PH ROS FIW SW AW SSW JOINT
BRO1 PMGI 2 25-25 50 10 3 3C 0808 55 1 10 100 1571 18275 M1
BR02 PMGI 2 25-25 50 18 3 5C 08038 8 245 10 100 1571 32700 M1
BR0O3 PMGI 3 25-30-25 80 14 4 4R 09 06 55 085 12 200 1131 32200 MIl
BR04 PMG-I 3 18-30-18 66 14 4 3R 09 0.6 9 1.15 16 150 2681 28950 MIJ1
BRO5 PMGI 4 13-18-18-13 62 10 5 3R 0906 55 1.05 12 150 1508 17745 M1
BR0O6 PMGI 4 15-17.5-17.5-15 65 15 5 4 R 0906 75 1.05 12 150 1508 24635 M1
BR0O7 PMG-1 4 19-22-22-19 82 9 5 2 R 09 0.6 8 312 200 1131 14710 MIl
BR0O8 PMG-I 6 11-15-17-17-15-11 86 12 7 3C 0808 6 1 10 100 1571 20232 MIJ1
BR09 PMG-NI 3 35-45-35 115 14 2 4C 1212 45 087 12 200 1131 29795 MIJI+EB
BR10 PMG-NI 5 25-32-33-32-25 147 14 2 4C 1212 7 0.67 10 150 1047 29535 MII+EB
BR11 PMG-NI 6 30-4x45-30 240 14 3 3C 1212 7 1 12 100 2262 32155 MIJI+EB
BR12 PMG-NI 7 20-5x24-20 160 14 2 4R 0909 7 1.1 12 200 1131 28850 MII+EB
BR13 SLAB 2 25-25 50 9 3 2 R 09 06 85 2 12 150 1508 19650 MII+MJ2
BR14 SLAB 4 13-23-23-13 72 15 5 3 R 2509 6 0.8 10 200 2356 34780 MI1+MJ2
BR15 SLAB 4 12-22-22-12 68 12 5 2 R 0906 65 1.16 12 200 1131 26200 MJ1+MJ2
BR16 SLAB 6 12-14-18-18-14-12 88 13 7 3C 06 0.6 8 278 10 100 1571 29050 MIJ1+MJ2
BR17 PC-B 5 5x34 170 11 1 1 R 6.0 20 14 0.5 16 200 4021 27800 CB
BR18 PC-B 6 37.5-4x50-37.5 275 14 1 1 R 49 20 15 045 12 200 4524 32500 CB
BR19 PC-B 7 36-5x45-36 297 17 1 1 R 6.0 28 24 1 12 150 3016 36485 CB
BR20 COMP-I 3 40-60-40 140 14 1 1 R 73 14 8 0.4 20 200 9425 21300 CB
BR21 COMP-I 3 75-90-75 240 14 1 1 R 12.0 3.3 7 0.15 16 150 22368 19700 CB
BR22 COMP-1 4 35-45-45-35 160 11 1 2 R 2412 45 045 16 150 5362 18200 CB
BR23 COMP-B 3 24-36-24 84 14 4 4R 1.1 06 45 225 16 100 4021 23700 MI1+CB
BR24 COMP-B 3 35-45-35 115 14 1 2C 16 1.6 55 1 16 200 2011 22000 CB
BR25 COMP-B 9 40-7x48-40 416 14 2 2C 1414 65 04 12 200 1131 22000 CB
BR26 STEEL-1 5 5x50 250 14 1 2 R 2012 55 125 16 150 8042 15500 CB
BR27 STEEL-I 9 22.5-3x45-60-3x45-22.5 375 14 2 2R 2012 55 125 16 150 8042 15500 CB
BR28 STEEL-B 2 80-80 160 15 1 2 R 15 1.5 115 1.3 16 150 8043 16500 CB
BR29 STEEL-B 3 3x110 330 22 1 I R 13.0 3.5 165 0.15 16 250 4826 17500 CB
BR30 STEEL-B 8 60-6x80-60 600 14 1 2 R 1515 11 1.3 16 150 8043 16500 CB

Notation

NS — number of spans; TL — total length [m]; W — width [m]; NFIX — number of fixed bearings in the longitudinal direction; PCS — pier cross
section size [m] (C: circular; R: rectangular); PH — pier height [m]; ROS — pier longitudinal reinforcement ratio [%]; FIW, SW and AW — pier
shear reinforcement diameter and distance [mm], total area [mm2]; SSW — superstructure mass [kg/m]; JOINT — joint type (see Chapter 4):
MIJ1 and MJ2 — monolithic joint Type 1 and 2; EB — elastomeric bearing; CB — conventional bearing.

3.5 Summary

The existing bridge database does not contain sufficient data for reliable numerical
modeling required for a nationwide seismic performance evaluation. Therefore, bridges are
classified, important structural attributes are determined and 30 representative bridges are
selected for further studies. Additionally, the possible database extension is designed. I
formulated my Thesis II related to the evaluation of the database and the established
automatic performance evaluation framework.

As the next step, I worked out the numerical models of each bridge type. These models are

presented in detail in the next chapter.
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Chapter 4

Numerical Model Development

4.1 Numerical modeling aspects

Numerical model is the link between real structure and simulation, characterized by a

duality: it should be reliable, but also time-efficient. It is inevitable to make certain

simplifications and assumptions which should be given special attention. Based on a

comprehensive literature review, the following conclusions can be drawn for numerical

modeling issues:

Bridges require 3 dimensional models for the reliable estimation of the combined effect
of the ground motion in both transverse and longitudinal directions (Hwang et al. 2000,
Zhu et al. 2002, Nielson 2005, Aviram et al. 2008, Avsar et al. 2011).

It is sufficient to use structural component modeling level using simple beam elements
and springs with properly chosen material models, while detailed models can be used to
examine local effects (Nielson and DesRoches 2006, Padgett 2007, Padgett and
DesRoches 2008, Tavares et al. 2012).

In most cases the superstructure remains elastic (Choi et al. 2004, Nielson 2005), the
seismic reaction forces and moments are generally lower than those obtained from
conventional design situations (e.g. from traffic loads).

The piers probably suffer plastic deformations; second order effects should be taken into
account (Choi et al. 2004, Nielson 2005, Padgett 2007).

The non-linear behavior of the bearings has great influence on the response. Bi-linear
modeling of bearings is commonly used (Nielson 2005, Padgett 2007, Haque et al. 2010).
Pounding between the superstructure and the abutment wall should be taken into account.
In this case, the longitudinal movements of the bridge are limited which also has
influence on the structural response (Nielson 2005, Avsar et al. 2011).

The soil-structure interaction is a very sensitive point: flexible supports can radically
change the response (Saadeghvaziri et al. 2000).

Seismic isolation is commonly constructed with isolation bearings. In most cases they
can be modeled with simple bi-linear characteristic (Haque et al. 2010, Caltrans 2013).
Special isolation and other seismic devices show more complex behavior. Material

models are proposed for these devices based on laboratory tests (Dicleli and Mansour

2003, Eroz and DesRoches 2008, Gosh et al. 2011, Wei et al. 2011).
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The actual elements and material models incorporated in the numerical model are highly
dependent on the applied analysis method. According to EC8-2, there are two main analysis
aspects: 1) static or dynamic; 2) linear or non-linear. In this study, the following methods are
employed: 1) due to its time-efficiency, linear multi-modal response spectrum analysis
(MMRSA) for preliminary parametric studies in Chapter 5; 2) non-linear time-history
analysis to derive fragility curves in Chapter 6; 3) equivalent linear analysis as well as

NLTHA in Chapter 7 for the evaluation of the feasibility of the equivalent linear approach.

4.2 General illustration of the developed numerical model

A 3 dimensional beam element model is implemented in the OpenSees FEM environment
(McKenna et al. 2010). OpenSees is a powerful open source platform for seismic analysis: 1)
it has a large variety of material models and element types especially for seismic analysis; 2)
bridge models are defined through input code files, thus changing some parameters of the
bridge can be performed easily; 3) multi-core processors can be utilized. It is effectively
employed for the simultaneous analysis of different modes for MMRSA or for the application
of multiple ground motions for the same structure during fragility analysis in this study.

The main aspect is to create an automatic model generation algorithm for conventional
girder bridges. Special bridges (arches, cable stayed and suspension) are out of scope. The
developed algorithm queries information from the bridge database to build the model based
on structural type, global geometry and element types with specific material models. A

schematic illustration of the beam element model is shown in Fig. 4.1.

Multiple superstructures

Lumped mass in nodes Rigid elements to model eccentricity

P \ Common bems/ y Beam element

g /" Individual bents

—
4 t
\<Y
X 4 = et / Iy Multiple piers in the
. N . ¢ transverse direction
Individual foundations $ —
14 1 &

I — RS
Beam clements: Zero-length elements: 3 - O
- Superstructure - Bearings and joims / m
Beam element G

- Piers and abutments - Soil structure interactions
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Fig. 4.1 Schematic illustration of the general beam element model.

The main structural elements (piers, superstructure, abutments etc.) are modeled with two-
node 3D beam elements with 6 degrees of freedom per node, while nonlinear springs are used
to model the flexible supports, the soil-structure interaction and the bearings. The beam
elements are placed in the center of mass, eccentricity between the member axes — such as

axes of the superstructure and pier cap — is bridged over with rigid elements. A convergence
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study is conducted; a typical mesh size of 0.25 m is found to be sufficient to efficiently
achieve results with an acceptable accuracy for all the bridge types examined. The mass of the
structure and the additional dead load are lumped into nodes.

The model in its present from can handle the following situations: 1) multiple
superstructures; 2) multiple piers in the transverse direction; 3) individual or common bents
and abutments in case of multiple superstructures; 4) individual or common foundation for the

piers and abutments; 5) skewness of the superstructure as well as of each support; 6)

discontinuity of the superstructure at any point (e.g. expansion joint at the supports).

4.3 Modeling of bridge components

The component modeling technique is dependent on the examined bridge type. The applied

element types and material models are summarized for each component in Table 4.1, and Fig.

4.2 illustrates modeling approaches for typical bridge classes.

Table 4.1 Summary of bridge components, applied elements and material models.

Component Code  Element Material model Modeling description
Superstructure SS elasticBeamColumn  Elastic Elastic properties
Pier cap/tie beam PC elasticBeamColumn  Elastic Elastic properties
Monolithic joint 1 MJ1 ZeroLength Elastic Rigid in all directions
Monolithic joint 2 MJ2  ZeroLength Pinching4 Cyclic response of rebars
Steel01 Cyclic response of friction
Elastomeric bearing EB ZeroLength Steel01 Stiffness: elastomer; Yielding: dynamic friction
Conventional bearing CB ZeroLength Elastic Rigid in specific directions
Expansion joints EJ ZeroLength ElasticPPGap Rigid stiffness with gap (only in compression)
Piers P dispBeamColumn Concrete01 Unconfined concrete fibers
Concrete01 Confined concrete fibers
Steel01 Steel rebar fibers
Abutment Ab elasticBeamColumn  Elastic Elastic properties
Backfill soil BS ZeroLength ElasticPPGap Passive earth pressure only in compression
Shallow foundation FS ZeroLength Elastic Translational and rotational linear springs
Pile foundation FP1 ZeroLength Elastic Translational and rotational linear springs
FP2 elasticBeamColumn  Elastic Elastic pile model (dispBeamColumn alternative)
ZeroLength TzSimplel Skin friction model
QzSimplel End compression model
PySimplel Lateral behavior model
MJ2 Ss MJ2 a) ©) M1 Ss MJ2
Ab PC Iqj Ab
FP1 or FP2 P P FP1 or FP2
FP1 or FP2 [J TJFP1orFp2
EB+EJ SS MJ2 b 9 EB/CB SS

EB/CB+EJ
Do
Ab PC lqj [j Ab

FP1 or FP2 P P FP1 or FP2
FP1 or FP2 FP1 or FP2

Fig. 4.2 Typical bridge configurations: a) PMG-I; b) PMG-NI; ¢) SLAB; d) other conventional girders. For
component codes see Table 4.1.

There are some general properties that are similar for all bridge types. The superstructure is
continuous, simply supported versions are rare. Pile foundation is the most common, there are

only few exceptions of shallow foundation.
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The main difference between the bridge classes is the superstructure-substructure joint
type. PMG-I and SLAB bridges are constructed with monolithic joints (MJ1 and MJ2) both at
the piers and abutments. PMG-NI bridges have monolithic joints (MJ2) usually at the middle
piers, however elastomeric bearings (EB) are used at other piers and at the abutments, where
expansion joints (EJ) are also applied to allow girder displacements in the longitudinal
direction. Other girder bridges (RC-B, COMP-1, COMP-B, STEEL-I, STEEL-B) are usually
constructed with conventional bearings free or fixed in one or two horizontal directions
(generally on one or just some of the piers in the longitudinal, while on all the piers in the
transverse direction).

Pier cap beams (PC) are used for PMG-I and PMG-NI bridges to provide proper support
for the precast beams, while piers are joined directly to the deck in case of SLAB bridges. The
application of pier cap and also tie beams is common for other bridge classes as well where
multiple piers are applied in the transverse direction.

The abutment is integral type with monolithic joints (MJ2) for PMG-I and SLAB bridges;
and seat type for other bridge classes with the application of elastomeric (EB) or conventional
bearings (CB) and expansion joints (EJ). In the following sections, the detailed modeling of
these components is presented.

4.3.1 Superstructure, pier cap beam

Excessive damage of the superstructure is not expected as it is concluded for typical girder
bridges in Hungary (Zsarn6czay et al. 2014) (and later in Chapter 5 for PMG-I and SLAB
bridges), therefore linear elastic behavior is assigned to this component (elasticBeamColumn
element). Section analysis is carried out for all the analyzed bridges considering different
modulus of elasticity in case of composite sections.

Pier cap beams are applied for bridges with multiple piers in the transverse direction to
increase the strength and the stiffness of the bent; and also to extend the width of the bent to
provide proper support for the superstructure. Cap beams are common for PMG bridges in
Hungary and constructed as part of the monolithic joint the strength of which is relatively
high; therefore excessive damage is not expected. For this reason, linear elastic beam element

(elasticBeamColumn element) is used to model this component as well.
4.3.2  Superstructure-substructure joints

The superstructure-substructure joints have a significant effect on the seismic behavior,
since their characteristics define the amount of internal forces transferred from the

superstructure to the abutment and piers. Moreover, failure of these components may lead to
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unseating of the girders. The joints can be classified by type (monolithic or conventional) and
by the continuity of the superstructure. Typical joint configurations implemented in the

numerical model generation can be seen in Fig. 4.3.

Superstructure
A [ a4 ] || ) |1
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a) b) 23 ©) A3 d) ©)
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@ Rigid clement emmw Zero-length element @mm® Beam element @  Nodes

Fig. 4.3 Superstructure-substructure joints: a) abutment with expansion joint and conventional bearing; b) pier or
pier cap with expansion joint and conventional bearings; ¢) pier or pier cap with continuous superstructure; d)
pier or pier cap with monolithic joint; d) abutment with monolithic joint.

Rigid elements are used to model eccentricities between the member axes, and the
eccentricity of the bearings (Al and A2). The behavior of the bearings is taken into account
with spring elements (ZeroLength element) with appropriate constitutive models (force-
deformation relationships) assigned in specific degrees of freedom. In case of conventional
bearings, spring elements are placed at each bearing position, while continuous monolithic
joints are approximated with discrete contact points with concentrated constitutive models
calculated from the corresponding contact lengths (Fig. 4.4). The discretization length should
be lower than 0.2 m to properly follow the distribution of contact forces along the deck width.

Superstructure

Place of conventional bearing Discretization of continuous joint

== Rigid clement = Zero-length element == Beam element @ Nodes

Fig. 4.4 Modeling of bearings: a) conventional bearings; b) discretization of continuous monolithic joints.

Discontinuity of the superstructure at the pier (Fig. 4.3b) or the expansion joints at the
abutment (Fig. 4.3a) should be modeled if pounding between the adjacent elements (e.g.
girder to abutment) is expected. The pounding is incorporated in the model with non-linear
springs (ZeroLength element). The constitutive models for bearings and expansion joints are
presented in the following subsections.
4.3.2.1 Monolithic joints

There are two typical monolithic joints (Fig. 4.5): 1) piers are joined directly to the deck in
case of SLAB bridges (MJ1); 2) vertical reinforcement is applied to transfer lateral forces for
PMG bridges (MJ2). MJ2 is commonly used for SLAB bridge abutment joints as well.
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4.5 Typical monolithic joints. a) Piers are joined directly to the deck (MJ1). Shear reinforcement is applied
between: b) the deck and the pier cap (MJ2); ¢) the deck and the abutment (MJ2).

MJ1 joints can be characterized with complex behavior transferring both shear forces and
bending moments from the superstructure to the piers. Design and verification of such joints
are based on the limitation of maximum shear stress in the middle point. MJ1 monolithic
bridge joints was studied with laboratory tests by many researchers (detailed literature can be
found in Timosidis et al. 2015), however there are only a few suggestions for the modeling.
The most rigorous approach uses volume elements (Naito et al. 2001), while a simpler method
is the application of a shear panel model (Lowes et al. 2003). Even for this simplified model,
at each interface three material models representing the shear behavior and the upper and
lower bar slip behavior are required leading to a total number of 10 material models
(including the shear panel itself). Timosidis and Pantazopoulou (2009) proposed a uniaxial
backbone curve for the shear stress-shear deformation relationship in case of monolithic
bridge joints, however the proper determination of the input parameters still holds a lot of
uncertainties. Moreover, degradation and other cyclic parameters are needed for proper
modeling. In typical bridge configurations, MJ1 joints show significantly higher resistance’
compared to the pier. This implies that focus should be laid on the pier resistance rather than
on the joint behavior. For this reason, and also due to the uncertainties in the input parameters
and modeling, MJ1 monolithic joints are incorporated as rigid connections both for
displacements and rotations.

The behavior of MJ2 joints is simpler. Since only shear reinforcement is applied, they can
be characterized with semi-rigid flexural behavior. The flexural stiffness is negligible
compared to that of the adjacent structural elements, thus it is best approximated as hinged
(Fennema et al. 2005). It is sufficient to characterize only the lateral behavior (i.e. the

relationship between the shear forces and lateral deformations). During the rotation of the

? If a typical RC slab bridge is considered with: 0.8 x 0.8 m pier with 20420 longitudinal reinforcement and
¢12/15 stirrups. The normal force is 1000 kN in the pier. Mean material properties: f.,, = 38 MPa; f,,, = 2.9
MPa; i, = 590 MPa. The calculated joint shear resistance is: 3350 kN, 3710 kN and 9500 kN for cracking,
rebar yielding and crushing of concrete, respectively. Pier shear resistance is: 1200 kN.
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joint, cracks may appear between the concrete-concrete surface. For this reason, reliable
estimation of the concrete shear strength cannot be given.

MJ2 joints are modeled with two material models working parallel to take into account the
cyclic behavior of the vertical rebars and the friction between the two concrete surfaces, while
the adhesion is neglected. The friction between the concrete surfaces is modeled using a bi-
linear model (Steel0] material) presented in Fig. 4.6a. The yielding force is calculated as the
normal force (F,) times the frictional coefficient (i) and the Ky equals to F, divided by d,
determined as per (FIB 2008) as follows:

d,[mm] = 0.15/0,[MPal], 4.1

Based on laboratory test results of pinned connections with 2¢16 vertical rebars (Psycharis
and Mouzakis 2012), material model calibration (Pinching4 material) is carried out to model
the cyclic behavior of the shear reinforcement (Fig. 4.6b). The input parameters of the
material model are the force-deformation points of the monotonic backbone curve (available
from the tests); parameters controlling the pinching behavior (vD, rF, uF); and parameters
controlling the degradation of the unloading stiffness (gK/-gK4, gKlim), the reloading
stiffness (gD1-gD4, gDlim) and the strength (gF1-gF4, gFlim); and the last two parameters
(gE and dmgType) define the maximum energy dissipation under cyclic loading and the type
of algorithm for damage estimation. The damage type is chosen to be “energy” type, where
the damage indices are defined to be a function of both displacement history and energy

accumulation (Lowes et al. 2003).
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Fig. 4.6 MJ2 monolithic joint model: a) bi-linear model for the friction; b) test data and calibrated Pinching4
material model for the cyclic behavior of the shear reinforcement. ¢) Constitutive model for expansion joints.

Table 4.2 Calibrated Pinching4 material model parameters for MJ2 monolithic joint.

Pinching behavior Energy dissipation Unloading stiffness degradation

D rF uF gE dmgType gK1 gK2 gK3 gK4 gKlim
0.63 0.88 0.00 226  Energy 0.05 0.55 0.95 0.95 0.42
Reloading stiffness degradation Strength degradation

gDI gD2 gD3 gD4 gDlim gF1 gF2 gF3 gF4 gFlim
0.92 0.94 0.44 055  0.50 0.62 0.53 0.63 0.54 0.89

The calibrated model shall approximate the measured response history (occurring forces),

when subjected to the same cyclic test protocol. Due to the relatively large number of 19
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unknown parameters and the non-linearity of the problem genetic algorithm can be efficiently
invoked which is a heuristic optimum search method (Goldberg 1989). The applied fitness
function is calculated from the weighted sum of square errors of the tested and calculated load
values. The calibrated model parameters are shown in Table 4.2.
4.3.2.2 Expansion joint

The gap in the expansion joint can be modeled directly with separate components and
contact elements to recognize pounding. It is a difficult task to set proper parameters for the
contact stiffness while avoiding convergence problems. Moreover, these elements tend to
increase the calculation time. A simpler approach is followed: the gap is integrated into the
constitutive model characterized by high stiffness (to model rigid contact) and infinite
strength (ElasticPPGap material) (Fig. 4.6¢).
4.3.2.3 Conventional bearings

The most commonly used bearing type is the elastomeric bearing. Usually internal steel
plates (shims) are placed in the elastomer to reduce the lateral bulging of the bearing and

increase its vertical stiffness considerably (see Fig. 4.7a).
N ~ . b) <9 FREE > <3 FREE >
, 'h, O - x> P—

Fig. 4.7 Elastomeric bearings. a) General structure. b) Horizontally free-deforming in all directions. c¢)
Horizontally fixed with steel restraints in one direction.

h\ n = number of shims

Elastomeric bearings are used as expansion bearings mainly for PMG-NI bridges (Fig.
4.7b); and they are also applied in case of multi-span continuous RC-B, COMP and STEEL
girders to provide free movements in a specific horizontal direction, while in the other
direction a keeper or guiding plate minimize the displacements (Fig. 4.7c).

The behavior in the free horizontal direction can be characterized with a bi-linear curve
(similar to the one in Fig. 4.5b). The stiffness is associated with that of the shear stiffness of
the rubber bearing. The lateral shear capacity is calculated either from the dynamic friction
capacity between the surface of the bearing and of the pier or superstructure; or the shear
resistance of the bearing itself. The friction coefficient is 0.4 for concrete and 0.35 for steel
surface (Caltrans 2013). The initial stiffness of the elastomeric bearing (see Fig.4.7a):

Ky =GA/h,;A=dx*b; h, = h, —nh,, (4.2)
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where G, A and h,, are the shear modulus, area and the total rubber height of the elastomeric
bearings, respectively. The shear modulus usually ranges between 0.65 MPa and 2.00 MPa
AASHTO (2012); in this study 0.9 MPa is used which complies with the average shear
modulus according to EN 1337-3 (CEN 2005).

In a fixed direction, the behavior is highly dependent on the actual configuration and
restrainer components. Ultimate resistance of the bearings can be estimated from the design
forces from ultimate limit state (ULS), however cyclic but even post yielding behavior are
unpredictable without laboratory tests or detailed finite element models. For this reason, a
simplified modeling is followed: bearing stiffness is fully rigid in the restrained direction,
while their failure is not incorporated in the model (infinite strength is assumed). The same
assumption applies for other conventional bearing (e.g. spherical, pot) in this study. Note that
the decreased stiffness due to yielding leads to lower seismic demands of the piers, abutments
and foundations, therefore this modeling technique is a conservative approach with regard to
these important components maintaining the structural integrity of the structure.

4.3.3 Piers

Piers are modeled with nonlinear beam elements (dispBeamColumn element), material
nonlinearity is taken into account with fiber sections (Taucer et al. 1991), while geometric
nonlinearity (P-A effect) is also incorporated. The fiber discretization of reinforced concrete
pier cross-sections can be seen in Fig. 4.8a. Each fiber has its own uniaxial stress-strain
relationship, force-deformation relationship is obtained with integration over the cross-section
assuming plane cross-section after deformation. This approach takes into account the
interaction of biaxial bending and normal force. Uniaxial constitutive models assigned to the
fibers of inelastic pier elements are the Scott-Kent-Park (Kent and Park, 1971 and Scott et al.,

1982) concrete model (Concrete(1 material) and bilinear steel model (Stee/01 material).
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Fig. 4.8 a) Fiber discretization of reinforced concrete pier sections. b) Concrete material models. ¢) Reinforcing
steel material model assigned to the corresponding fibers.

The bilinear steel material model (Fig. 4.8c) can be described with three parameters:

yielding strength (f},,), initial stiffness (E,) and post-yield stiffness (to take into account the
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strain hardening effect). The post-yield to initial stiffness ratio () is taken as 0.01 in the
analyses. Four parameters are used to construct the concrete stress-strain relationship
presented in Fig. 4.8b. The tensile strength is neglected in this model, the required parameters
on the compression side are: maximum compressive strength (fum); corresponding
compressive strain (g); ultimate strain (&) and corresponding residual stress (f,). The
ultimate strain is 0.035 and the residual stress is zero in case of normal concrete, other
parameters depend on the actual concrete strength and grade (e.g. fom and &, are 38 MPa and
0.002 for C30/37 concrete).

The normal parameterization of the concrete is valid for the unconfined outer concrete
layer. The confining effect of the transverse reinforcement can be taken into account in case
of the core concrete. As it is shown in Fig. 4.8b, confinement improves both the maximum
compressive strength and also the ductility of the concrete material. Confined concrete

properties are calculated as per EC8-2 Annex E. The maximum strength is:

fone = for Ao Where A, = 2.254,/1+ 794 0,/f - 20,/f, — 1254, (4.3)

where o, is the effective confining stress. The strain at maximum strength is:

cre = 0.002[1 4+ 5(fome/fom — 1)]- (4.4)
The effective confining stress is calculated from the confining reinforcement ratio (p,,):
o =Bap,f,. (4.5)

where £ is 0.5 for circular and 1.0 for rectangular hoops; a is the confinement effectiveness
factor (assumed to be 1.0). Two other parameters are left to describe the concrete stress-strain
relationship. The residual stress at ultimate strain (f.,.) is 20% of the maximum strength,
while the ultimate strain of the confined concrete can be obtained with the following formula:
ecue = Eer(fome/ fom) - (4.6)

Note that due to the low shear reinforcement ratio usually applied in Hungary (<0.75%),

the increase of strength and ductility of the confined concrete is not significant (<10%).
4.3.4 Abutments and backfill soil

The abutment-backfill soil system can significantly affect the seismic behavior. The
backfill soil under compression exerts reaction forces due to the developing passive earth
pressure (Fig. 4.9a), therefore it provides extra support in addition to the stiffness of the
abutment. Its influence on the seismic response is dominant in the longitudinal direction
especially in case of bridges with monolithic abutment-superstructure joints. Even in the case
of free bearings and expansion joints, it can alter the responses if pounding occurs between

the superstructure and the abutment.
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The abutment can be regarded as a rigid block, stability failure is more possible than
failure due to inadequate strength. Therefore, abutments are modeled with simple linear
elastic behavior (elasticBeamColumn element). The complex behavior of the backfill soil
under compression was investigated by several researchers (e.g. Wilson 1988; Wilson and
Tan 1990; Goel and Chopra 1997; Duncan and Mokwa 2001; Wilson and Elgamal 2010) and
suggestions were made on the stiffness and the ultimate resistance. As part of the Caltrans
seismic research program, full-scale abutment field experiments were conducted (Romstad et
al. 1995; Maroney et al. 1995). The test results showed hyperbolic force-deformation behavior
of the abutment-backfill soil system subjected to monotonic longitudinal loading (Shamsabadi
et al. 2007). Based on the results, a bilinear approximation is proposed in Caltrans (2013)

which is adopted in this study.
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Fig. 4.9 Abutment-backfill soil system. a) Active and passive action in the longitudinal direction. b) Details of
the numerical model. ¢) Constitutive model assigned to the backfill soil spring elements.

This bilinear behavior is modeled with the help of spring elements (ZeroLength elements):
one end is attached to the nodes of a rigid grid modeling the surface of the abutment; the other
end is attached to fixed nodes (Fig. 4.9b). The initial stiffness is calculated per Caltrans
(2013) from a stiffness value (K;) of 28.7 kN/mm/m determined for the entire width (w) of the
bridge. The stiffness is adjusted to the backwall height (H) lumped into the nodes
proportionally to the corresponding areas (A4):

Kopackrin = Kiw (H/1.7m)/A. “4.7)

The yielding force is lumped into the surface nodes in the same way, where 368 kPa
maximum passive soil pressure is utilized for dynamic loads per Caltrans (2013):

Fy packriu = 368 kPa (H/1.7m) - A. 4.8)
The post-yielding stiffness of this model is zero, and the model is defined to work only in
compression (ElasticPPGap material; see Fig. 4.9¢c). The participating mass of the backfill
soil is also incorporated (lumped to the abutment surface nodes); it is calculated considering
the critical length (L.) of the embankment according to Zhang and Makris (2002):

L. = 0.7,/SB.H (4.8)
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where B. and B, are the crest and base width (at the bottom of the backwall) of the
embankment, and S = 2H/(B, — B,) is its slope.
4.3.5 Foundation

The seismic responses of a flexibly-supported structure fundamentally differ from those
calculated assuming rigid foundation. Former practice usually neglected the effects of flexible
support, while fragility analyses of bridges are also often conducted with rigid boundary
conditions (Borzi et al. 2015; Avsar et al. 2011). Two modeling techniques are implemented
in the automatic model generation algorithm: 1) lumped parameter model; 2) Beam on Non-

Linear Winkler Foundation (BNLWF) method.
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Fig. 4.10 a) Numerical model with integrated linear springs. b) Tri-linear vertical behavior of piles. c)
Calculation method of the stiffness of the whole pile foundation system.

In the first sub-structuring model, dynamic impedance of the soil-foundation system is
approximated through assemblies of springs, dashpots and fictitious masses (Wolf 1985). The
complex impedance is frequency-dependent, where the complex part represents radiation
damping in the soil. As a conservative approach, both radiation and material damping of the
soil is neglected in this study. Linear springs are used (ZeroLength element) to take into
consideration the translational and flexural stiffness of the shallow or pile foundation (Fig.
4.10a). Spring stiffness values for shallow foundations are calculated per ASCE 41-13 (ASCE
2014). The vertical stiffness of an individual pile is determined as the initial stiffness of a
simplified tri-linear behavior (Fig. 4.10b), representing the combined behavior of skin friction
and tip resistance; and the estimation of the horizontal stiffness is given according to EC8-5
Annex C (CEN 2009a). The translational and rotational stiffness of the foundations is
calculated directly from the vertical and horizontal stiffness of the individual piles considering
the actual layout of the pile foundation system. The calculation is explained in Fig. 4.10c.

In case of the second, more advanced BNLWF modeling approach, piles are modeled
either with simple elastic beam elements (elasticBeamColumn element), or if plastic

deformations are expected in the piles, the behavior can be modeled by using fiber sections
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with non-linear beam elements (dispBeamColumn element) as well. Rigid elements are
applied to create the pile cap; the mass and the moment of inertia of the pile cap is
concentrated into the pile cap node. The division of the piles, thus the number of nodes along
the pile length is important, since the soil-structure interaction is modeled with concentrated
contact points. At each pile node, a fixed node is placed and they are connected with non-
linear springs representing the non-linear force-displacement relationships for skin friction (t-
z), the tip in compression (q-z) and lateral behavior (p-y) (7zSimplel, QzSimplel, PySimplel
materials) based on the work of Boulanger et al. (1999). The pile foundation numerical model

is illustrated in Fig. 4.11.
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Fig. 4.11 Pile foundation. a) BNLWF modeling approach. b) Numerical model in OpenSees.

The definition of the t-z, g-z and p-y material model parameters is elaborated as part of this
research considering the EC7-1 (CEN 2015) regulations and Hungarian design practice in
accordance with Szepeshazi (2011). Details can be found in (Simon 2013). Using the
BNLWF method increases the computational time more than three times compared to the
simpler sub-structuring approach (note that a high number (~30000) of NLTHA carried out as
part of the fragility evaluation). Besides, reliable data about the soil layers are required for this
model. For these reasons, this approach is not used in this study, however with the
implementation in the automatic model generation module, specific bridges can be analyzed

in an advanced manner if information on the soil layers and characteristics is available.

4.4 Summary

Based on a comprehensive literature review, an automatic numerical model generation
module is created. In addition to the detailed component modeling (e.g. calibration of cyclic
model for monolithic joints), the global model is elaborated to handle several geometric
situations. The numerical models are used for both linear and non-linear analyses; thus their
contribution appears in my Thesis Il and IV.

Before the fragility analysis, preliminary analysis is needed to determine the seismic
behavior of typical road bridges and to reveal critical bridge configurations and components.

This preliminary analysis is presented in the following chapter.
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Chapter 5

Preliminary Seismic Analysis of Existing Bridges

5.1 Review of the parametric analysis of continuous girder bridges

In the work of Zsarndczay et al. (2014) a parametric study was carried out using linear
MMRSA for thousands of continuous girder bridge configurations with conventional
bearings. A set of eight parameters was used: span length (5-140 m); number of spans (2-9);
pier height (5-50 m); number of fix bearings in the longitudinal direction (1-8); pier
reinforcement ratio (0.5-2.5 %); proportions of the piers’ rectangular cross-section (1:1 and
1:3); soil stiffness (10'°-10" N/m’); type of superstructure (cast-in-situ concrete, precast

concrete, concrete box, composite girder, regular steel girder and steel box girder).
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Fig. 5.1 Maximum acceptable PGA values for five span bridges with one fix bearing in the longitudinal
direction: a) with 40 m span length; and b) 10 m pier height. (Zsarnoczay et al. 2014).

The bridges were designed without considering any seismic loads to mimic the design of
existing structures. MMRSA was carried out using soil type B and PGA of 1.0 m/s*. Demand-
capacity (DC) ratios and maximum acceptable PGA values (MAPGA; DC ratio is divided
with the applied PGA) were calculated for each bridge component. The following conclusions
were drawn: 1) the superstructure is not critical; 2) longitudinal vibration is dominant; 3)
vertical excitation has negligible effect on the pier demands; 4) torsion of the piers can be
neglected; 5) critical components are the piers and bearings.

It was also shown that earthquake loads are dominant in case of every structural type if the
piers are lower than 20 m; and that DC ratios of both bearings and piers may be as high as 2-3
in case of even lower piers (<10 m). MAPGA values in Fig. 5.1a indicate that bridges with
shorter piers are heavily affected by earthquakes due to their increased stiffness. Another
example from the study can be seen in Fig. 5.1b where different bridge classes with 10 m pier
height are shown. The figure confirms that bridges with such short piers can be characterized

with extremely low MAPGA values.
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The study provides suggestions for increased seismic performance: 1) application of
multiple fix bearings in the longitudinal direction can cause more favorable distribution of
seismic demands among piers; 2) by increasing the pier reinforcement ratio in the design
phase the same load bearing capacity may be attained while arriving to smaller cross-sections
and slender piers, which in return decreases the stiffness and possibly the seismic forces as

well. More details about the results can be found in (Zsarndczay 2010).

5.2 Applied procedure for parametric seismic analysis

The bridge types investigated by Zsarndczay et al. (2014) can be associated with the PMG-
NI, RC-B, COMP-I and COMP-B, STEEL-I and STEEL-B classes of this study. In this
research, a similar intensity based approach is applied for preliminary parametric analysis for
two bridge classes with monolithic joints (PMG-I and SLAB). Time-efficient MMRSA is
programmed using OpenSees to compute seismic demands (Simon and Vigh 2014). Although
MMRSA cannot capture non-linear behavior and generally provides conservative results
compared to more rigorous methods (e.g. NLTHA), the short computational time gives the
opportunity to cover a wide multi-dimensional parametric field and it can provide the order of
magnitude of the seismic demands to highlight possible critical components and
configurations. The applied elastic spectrum assumes the most common soil type C and Type
2 spectral shape (Type 2 standard spectrum is used based on the conclusions of Chapter 2).
The highest PGA value of 1.5 m/s* in Hungary for EC8-1 no-collapse criteria (the hazard is
computed at 10% exceedance in 50 years for rock sites) is applied. The bridges are considered
as ordinary bridges of normal importance, thus an importance factor of 1.0 is used to
determine the seismic load. A behavior factor q=1.0 is applied as it is suggested by EC8-2 for
bridges with a deck connected to both abutments with monolithic joints. After careful
investigation of the available data and the details of selected existing PMG and SLAB
bridges, relevant design parameters are determined. Main variable parameters are: number of
supports, span length, deck width and pier height. These parameters are determined with the

statistical analysis of the existing bridge database presented in Chapter 3.
5.3 Parametric analysis of integral precast multi-girder (PMG-I) bridges

5.3.1 Description of PMG-I bridges

Fig. 5.2a shows the general layout of PMG-I bridges. They are constructed as follows. In
the first construction steps, the substructure is created (piles, pile cap, abutments and piers,
and finally the pier cap beam); vertical reinforcements are extended from the abutment and

pier cap. Precast beams are placed on the pier cap beam and on the abutments. The last step is
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to position the reinforcements of the deck, then the monolithic joints and the concrete deck
are constructed with cast-in-situ concrete. PMG-I bridges with a few exceptions are built as
continuous integrated (instead of simply supported) systems. Typical shear reinforcements of
the monolithic Type 2 joints are $16/150 at the abutment and 2¢p16/150 at the piers.
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Fig. 5.2 General layout of PMG-I bridges: a) side-view of the bridge; b) typical cross section; c) applied pile
foundation arrangements for different bridge widths.

Table 5.1 Input parameters for the parametric study (parameters for fragility analysis are marked with red fonts)
and notations for different configurations (e.g. a 3 span bridge with 14 m width, 6 m pier height and 20 m span
length is referred to as W14S3P06L20).

Width Notations
Parameter 8m 14 m 20 m W08-W14-W20
No. of spans 1-2-3-4 S1-S2-S3-S4
Pier height 2-4-(5)-6-8-10 m P02-P04-(P05)-P06-P08-P10
Span length (L) 5-10-15-20-25-30 m L05-L10-1.15-L20-L30
SS height hg = -0.0004 (L-5)* + 0.035 (L-5) + 0.4 [m] -
No. of piers in the 3 4 5
transverse direction
Foundation - abutment 1x4 D=80 cm 1x6 D=80 cm 1x8 D=80 cm
Foundation - pier 2x4 D=80 cm 2x6 D=80 cm 2x8 D=80 cm

The structural height of the girder is determined as the function of the span length (an
equivalent slab is considered taking into account stiffness and mass properties; see Table 5.1
and Fig. 5.2b). Additional permanent load of the superstructure is ~750 kg/m railing and ~400
kg/m® pavement. Piers are constructed as multi-column bents with 3-4 m transverse distance.
Longitudinal reinforcement ratio is typically ~1%, while minimal shear reinforcement (mostly
$12/150) is applied due to the low shear forces in conventional design situations (e.g. traffic
loads). Since these bridges are extremely popular on highways, cross section of the piers (0.6
m x 0.9 m) and the pier cap (1.0 m x 1.2 m) and the dimensions of the abutments (1.0 m x 2.0
m) are more or less the same for all structures for the efficient reusability of formwork.
Accordingly, pier and cap beam cross-section, abutment geometry are considered fixed during
the studies. The foundation system is mostly pile foundation, the assumed layouts for different

deck widths are shown in Fig. 5.2c. The input parameters of the parametric study are

47



presented in Table 5.1 where the notations for different configurations are also indicated (e.g.
a 3 span bridge with 14 m width, 6 m pier height and 20 m span length is referred to as
W14S3P06L.20).
5.3.2 Numerical modeling issues

The numerical model is the one presented for PMG-I bridges in Chapter 4 except that
geometric non-linearity is not incorporated, and initial stiffness values are used due to the
linear nature of the analysis method. The analysis cannot take into account that the backfill
soil work only in compression, it assigns the same initial stiffness in the tension zone as well.
The examined bridges have both longitudinal and transverse axes of symmetry, thus the
longitudinal vibration mode with movements toward one abutment is identical to the one
moving toward the other abutment. For this reason, during linear MMRSA spring elements
are applied at only one of the abutments to model the effect of the backfill soil only in
compression. In the preliminary phase, effective pier stiffness (~65% of the uncracked
stiffness) is not taken into account, stiffness values are calculated using concrete Young
modulus of 30 GPa to obtain conservative seismic demands for the piers.

Table 5.2 Stiffness values of the foundation springs. ky, ky and k, denote translational stiffness along the x, y and
z axis (see Fig. 5.2); while kg, kyy, k,, represent rotational stiffness values around the same axes, respectively.

Abutment Pier
Esoil kx ky kz kxx kyy kzz kx ky kz kxx kyy kzz
Width  Span  MPa 10° N/m 10° Nm/rad 10° N/m 10° Nm/rad
Wwi4 LO5 10 0.28 0.28 0.19 5.14 1.99 0.56 0.56 0.38 10.29 4.52
100 1.72 1.72 0.19 6.69 3.54 led 343 343 0.38 13.39 7.63 led
L30 10 0.28 0.28 0.75 14.59 1.99 0.56 0.56 1.50 29.19 6.14
100 1.72 1.72 0.75 16.14 3.54 343 343 1.50 32.29 9.25

The calculation of foundation spring stiffness of the lumped parameter model is presented
in Chapter 4. For sensitivity analysis, lower and upper values are also determined considering
the Young modulus of the soil as either 10 MPa or 100 MPa (typical range from soft to stiff
clay and from loose to compact sand). Results for W14 deck width are illustrated in Table 5.2.
5.3.3 Modal analysis results

Typical vibration modes of different configurations are illustrated in Fig. 5.3a-d. The
modal analysis results show the high stiffness and thus low fundamental periods of these
structures. In the case of shorter, less flexible bridges (Fig. 5.3¢), the fundamental period is
often lower than the T, period, thus it falls onto the plateau of the applied spectrum. This
indicates that high base shear forces are expected and that these bridges are possibly

vulnerable against seismic actions. The fundamental periods are summarized in Appendix C.
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Fig. 5.3 First vibration modes and fundamental periods for different typical layouts for W14P06 bridges. a)
S2L10; b) S2L.25; ¢) S4L10; d) S4L25. e) Fundamental periods for W14S4 bridges (T periods: red dashed line).

5.3.4 Effect of the soil structure interaction

Since PMG-I bridges are built with monolithic joints, the seismic resistance is provided by
both piers and abutments, thus the soil-structure interaction (SSI) can significantly influence
the seismic behavior. In this case, the use of upper and lower bound estimates of the soil
stiffness (Table 5.2) is recommended to obtain conservative demands for each bridge
component. The effect of the backfill soil is also investigated with two different stiffness
values (28.7 and 14.35 kN/mm/m) (Caltrans 2013). Three cases are examined: in each case
one of the three components (backfill soil - 100, abutment foundation - 010, pier foundation -
001) is characterized with its higher, while the other two components have their lower
stiffness value. In Table 5.3 representative results are illustrated for two different layouts.

Table 5.3 Sensitivity of MMRSA results to different SSI stiffness. PO6L20 bridges: a) W8S2; b) W20S4. A
denotes the relative difference between maximum and minimum value in %.

a) Pier internal forces Joint sh. force (abut.) Joint sh. force (pier) Earth pres.. Girder disp. [mm]
Code Fy[kN] Fy[kN] M, [kNm] M,[kNm] F,[kN] F, [kN] F, [kN] F, [kN] o [kPa] dy dy
100 25 153 456 122 2218 1370 30 387 63 3 6
010 23 125 368 103 2295 1355 17 293 26 3 5
001 32 172 514 163 2202 1336 46 440 38 4 6
A% 39 38 40 58 4 3 167 50 145 56 25
b) Pier internal forces Joint sh. force (abut.) Joint sh. force (pier) Earth pres.. Girder disp.[mm]
Code  Fi[kN] F,[kN] M, [kNm] M, [kNm] F,[kN] Fy [kN] Fy [kN] Fy [kN] o [kPa] dy dy
100 59 250 745 310 8398 4756 281 1164 121 7 7
010 45 192 571 204 8082 4802 213 894 49 5 6
001 70 261 781 377 8303 4621 340 1217 76 8 7
A% 57 36 37 85 4 4 59 36 147 64 20

Conservative pier internal forces and pier joint shear forces are obtained considering the
pier foundation as the stiffest element of the SSI (code: 001). The same behavior can be
observed in case of the abutment-backfill soil system. The increased stiffness of these
components (code: 100 or 010) can slightly affect the abutment joint shear forces; while the
passive earth pressure is significantly dependent on the stiffness of the backfill soil (code:
100). Observing the girder displacements, both longitudinal and transverse movements are

controlled by the stiffness of the abutment foundation (code: 010). As confirmed by Table 5.3
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using non-conservative variation may lead to ~60% underestimation of specific demands.
Therefore, in this study analyses are carried out with all the three variations to calculate
conservative results for each component.
5.3.5 Calculated seismic demands
5.3.5.1 Superstructure

In Fig. 5.4b vertical girder bending moments of the W14S4P06L25 configuration are
illustrated. The moments from dead load are dominantly sagging due to the composite
construction technology (considerable dead load is carried by the simply supported girders,
since continuity is created after the hardening process of the concrete slab). A significant
contribution can be observed from the longitudinal vibration (EQX) compared to the vertical
one (EQZ). This can be explained as follows. Horizontal forces are transferred with
eccentricity from the substructure. The longitudinal movement of the piers can develop only if
the girders are bent (Fig. 5.4a). The high stiffness of the whole system implies significant

bending moments; besides, the intensity of the horizontal ground motion is usually higher.
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Fig. 5.4 a) Dominant vibration mode in the longitudinal direction. b) Vertical bending moments (M) of the
superstructure for the W14S4P06L25 configuration®. ¢) EQ/ULS M, ratios for W14P06 bridges.

Evaluation of the superstructure is carried out as follows. Even though the girders are not
designed for seismic action, they should withstand the demands in ULS. Internal forces are
determined both in ULS and in seismic combination (EQ). In Fig. 5.4c, ratios of maximum
bending moments calculated in accordance with the former Hungarian standard UT and with
ECO-1 (CEN 2011b) are shown. The two standards differ in the partial factor of the dead load
(1.1 and 1.35 in UT and EC, respectively) leading to a significant difference in the
superstructure capacity. The induced additional safety per EC results in higher capacity and

better seismic performance. The EQ/ULS ratios indicate that single span bridges are less

* Note that seismic demands obtained with MMRSA are always positive due to the combination of modal
responses, however negative signed values are also valid because of the bi-directional nature of earthquakes.
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vulnerable; and even for multi-span bridges the critical ratio of 1.0 (failure of the girders) for
either sagging (+) or hogging (-) moments is not reached.

Transverse bending moments of the superstructure may be higher than those from ULS,
however the flexural capacity is still an order of magnitude greater, failure is not expected.
For instance, the compressive stress in the external concrete fiber is around 2-5 MPa.
5.3.5.2 Superstructure-substructure joints

In Fig. 5.5a-c resultant joint shear forces are shown. Increasing demands with increasing
span length is a general tendency due to the higher applied mass. Shear forces are higher at
the superstructure-abutment joint as a result of the relatively high stiffness of the abutment-
backfill soil system. At the abutment joint (Fig. 5.5a), increase is observed at lower piers (<4
m), while the tendency is reversed at the pier joint (Fig. 5.5b). The effect of the deck width is
illustrated in Fig. 5.5¢ showing that the results are nearly the same for 14 m and 20 m width,
while slightly increased demands are obtained for 8 m.
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Fig. 5.5 Resultant joint shear forces (normalized to deck width): a) at the abutment (W14S4 configurations); b) at
the pier (W14S4 configurations); c) for different deck widths.

To evaluate critical configurations, the shear resistance of the joints (R,) is determined
with the formula presented in (Psycharis and Mouzakis 2012):

Ry = 1.1n D%/ oafea/ Vs (5.1)
where n, D and fy4 are the number, diameter and design strength of the rebars; f.4 is the design
strength of the concrete and vy is the safety factor of 1.3. A conservative estimation neglecting
the frictional resistance and considering C20/30 concrete and S500B rebars leads to a
normalized resistance of ~110 kN/m at the abutment (with ¢$16/150) and ~220 kN/m at the
piers (with 2¢16/150). The resistance at the abutment is definitely insufficient even for shorter
spans. The lower demands and the higher resistance of the pier joint lead to a lower
vulnerability (critical only at shorter piers). Note, however, that after a possible failure of the

abutment joint, redistribution of the forces may risk the failure of this component as well.
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5.3.5.3 Piers

Results for the piers are depicted in Fig. 5.6a-c. Demands are lower in the longitudinal
direction which stems from the longitudinal support provided by the high stiffness of the
abutment and the backfill soil. The longitudinal shear forces (Vy), the corresponding M,
bending moments and the transverse shear forces (Vy) have the same tendency (Fig. 5.6a) of
being increased for shorter piers. However, in Fig. 5.6b, the maximum values of transverse
bending moments (My) do not correspond to the lowest 2 m pier height, instead, a peak can be
observed at 4 m. The pier height does not only influence the relative stiffness and thus the
transferred lateral forces but also the lever arm of these forces. The pier should be high
enough to minimize the developing seismic shear forces in a way that the governing bending

moments are decreased as well.
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Fig. 5.6 Results for W14S4 configurations: a) pier shear forces (Vy,Vy) and vertical bending moments (M,); b)
pier transverse bending moments (M,). ¢) required shear reinforcements and flexural DC ratio of the pier.

The required shear reinforcement (Asw/sw) and the flexural DC ratio are calculated per
EC2-2 (CEN 2009b) and EC8-2:

Asw/Sw = Y8aVea/(z fywa cot) and (5.2)

DCp = (Myga/ Maga)* + (Myga/ Myr) (5.3)

where ygq 1s a partial factor for brittle failure; Vgq is the resultant shear force; z is the lever

arm of internal forces; fywq is the design strength of the stirrups; 0 is the angle of the concrete

compression strut; Mygq, Mygs and Myrd, Myrg are the design moments and flexural resistance

in each direction and the exponent a takes into account the normal force in the element.

Typical cross-section and material properties’ are used for the calculations. According to Fig.

5.6¢ short piers show high vulnerability against shear forces (maximum applicable span

% 0.6x0.9 m cross section; ¢12/150 stirrups (~1500 mm?*/m); ~1% longitudinal reinforcement ratio (16420);
S500B steel and conservative concrete grade C20/30.
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length is <10 m), while flexural behavior is inadequate for higher piers (but the span length
can be much longer <17 m in this case).
5.3.5.4 Piles

The pile foundation is incorporated in the model with simple integrated springs. Detailed
analysis of the individual piles is out of scope in this study, however forces transferred to the
pile head can be calculated using the foundation layout and the reaction forces. Pile normal
forces are calculated (Fig. 5.7a) to estimate whether compressive resistance failure occurs.

The typical pile resistance is around 2000-2500 kN; therefore failure is not expected.
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Fig. 5.7 Results for W14S4 configurations: a) pile normal forces; b) maximum passive earth pressure and
maximum longitudinal displacements.

5.3.5.5 Abutment and backfill soil

Two other components, the abutment and backfill soil demands are shown in Fig. 5.7b.
The abutments are considered as rigid blocks, therefore only global stability failure is taken
into consideration. Demands are determined as the maximum longitudinal displacement that
can possibly cause stability failure, while the backfill soil demands are measured with the
maximum passive earth pressure. These demands are in high correlation, since passive earth
pressure is caused by the longitudinal movements of the abutment. It can be concluded that
the probability of failure is low. Passive earth pressure never reaches ~430 kPa (ultimate
failure threshold per Caltrans), while the displacements are always under 30 mm
(recommended limit for bridges of importance class III per EC8-2).
5.3.6 Critical components and layouts

To highlight critical components and layouts, maximum acceptable PGA is calculated for
each component of each configuration. These MAPGA values are presented in detail in
Appendix D, only some tendencies are illustrated here. The capacities of the components are

the ones presented in the previous subsections.
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Fig. 5.8 presents the dependency of MAPGA on the pier height and deck width. The pier
height highly influences the pier internal forces (especially shear), thus the MAPGA values as
well (Fig. 5.8a-b). As confirmed by Fig. 5.8c-d, the results are less sensitive to the deck width,

pier height and the length of the superstructure are far more important structural attributes.

10 20 30 10 20 30 10 20 30 10 20 30
a) Span length [m] b) Span length [m] q Span length [m] d) Span length [m]

Fig. 5.8 MAPGA values of S3 bridges. Different pier heights and W14: a) pier bending; b) pier shear. Different
widths and P06: d) pier bending; e) pier pile compression. PGA values in Hungary: 0.8-1.5 m/s”.

It is assumed that the failure of one component can initiate the failure of the whole system
(series system). It is important to understand which component is the most vulnerable for
different layouts. In Fig. 5.9, MAPGA results for the most vulnerable components are
illustrated for W14S3 configurations. High vulnerability of the abutment joint is confirmed,
this component is the most critical for every configuration. Failure of the pier is characterized
by shear or flexural failure for shorter or higher piers, respectively. Note that flexural capacity
can be characterized with at least a limited ductile behavior. This indicates the sensitivity of

piers to shear forces for pier heights typically used in case of highway bridges (up to ~5-6 m).

30

10 20 10 20 10 20 30
a) Span length [m] b) Span length [m] o) Span length [m]

Fig. 5.9 Critical components for W14S3 configurations: a) P02; b) P06; ¢) P10. (B1-abutment joint; PM — pier
flexural failure; PV — pier shear failure). PGA values in Hungary: 0.8-1.5 m/s’.

5.4 Parametric analysis of reinforced concrete slab (SLAB) bridges

5.4.1 Description of SLAB bridges

SLAB bridges are cast-in-situ monolithic reinforced concrete structures commonly

constructed as highway overpass bridges along with PMG bridges. Their construction requires
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stand- and formwork, thus the construction time is longer than in case of PMG bridges. The
general layout is shown in Fig. 5.10a. The global geometry is usually the same as of PMG-I
bridges, thus the examined configurations and the parametric space are assumed to be the
same in this study.

However, fundamental differences affecting the behavior of SLAB bridges should be
highlighted. Note that there is no pier cap, piers are connected directly to the deck with a
monolithic joint which can transfer not only shear forces but also moments (monolithic joint
Type 1). However, the joints at the abutments are constructed with one layer of vertical bars
only, characterized by a similar behavior as PMG bridge joints (monolithic joint Type 2). The
stiffness and mass of the deck is calculated considering typical SLAB bridge cross-sections
for different deck widths (Fig. 5.10b). The structural height is determined as the function of
span length. Additional permanent load is ~750 kg/m railing; ~400 kg/m” pavement.

a) No. of spans: 1-4 ) Span length L = 5-30 m )
MJ2 M1’ SS "™MJ1 MJ2

Ab Ab

h: function of span length (L) P /
P |
o Pier cross section
|:| S| ?12/150 stirrups ~ .l X
06 16720 long. reinf. N

D=80 cm piles in two rows LD—D—' D=80 cm piles in two rows
w Z U U pp FP1
b) "‘I 148 h=L/18 hp=025m
\.-G Y /4L bp | W=8m>>bp=1.0m;W=14m>>bp=15m; W=20m>>bp=2.0m

Fig. 5.10 General layout of SLAB bridges: a) side-view of the bridge; b) general cross-section.
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Since the behavior is not expected to be significantly different from that of PMG-I bridges,
the following sections focus on the main conclusions and remarkable differences.
5.4.2 Numerical modeling issues

The modeling assumptions are the same as for PMG-I bridges. Geometric linear analysis
with initial stiffness values (foundation stiffness is presented in Table 5.2) is used.
5.4.3 Modal analysis results

Fig. 5.11a shows the typical vibration modes of the W8S4L30P06 configuration. The
figure illustrates well the high level of interaction between the longitudinal and vertical
vibration modes; pier shear and bending also occur during vertical vibration due to the
integrate monolithic joint type. Similarly to PMG-I bridges, SLAB bridges can also be
characterized by high vibration frequencies.

The fundamental periods are often on the plateau of the applied spectrum, moreover other

vibration modes (which are more important for the piers, for instance) can be characterized
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with even higher frequencies as it is shown in Fig. 5.11a where the dominant longitudinal

vibration mode is only the third one with a fundamental period of ~0.3 s.
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Fig. 5.11 a) Typical vibration modes and fundamental periods for the W8S4L30P06 configuration. b)
Fundamental periods of W14S54 configurations (T¢ periods: red dashed line).

5.4.4 Effect of the soil structure interaction

Similarly to the analysis of PMG-I bridges, the effect of the SSI is also investigated. In
Table 5.4 representative results are presented for two different layouts. The results are similar
to the ones observed in case of PMG-I bridges, however note that pier internal forces are
increased compared to PMG-I bridges with the same configurations. As confirmed again by
Table 5.4, using non-conservative variation may lead to significant underestimation of
specific demands in case of SLAB bridges as well.

Table 5.4 Sensitivity of MMRSA results to different SSI stiffness. L20P06: a) W8S2; b) W20S4. A denotes the
relative difference between maximum and minimum value in %.

a) Pier internal forces Joint sh. force (abut.) Joint sh. force (pier) Earth pres.. Girder disp. [mm]
Code Fy [kN] Fy[kN] M, [kNm] M,[kNm] F,[kN] F, [kN] F, [kN] F, [kN] o [kPa] dy dy
100 89 221 661 257 3110 1629 200 577 85 4 8
010 64 189 562 178 2905 1602 128 478 32 3 7
001 106 247 738 315 2889 1585 253 654 48 5 8
A% 67 30 31 77 8 3 98 37 166 65 19
b) Pier internal forces Joint sh. force (abut.) Joint sh. force (pier) Earth pres.. Girder disp.[mm]
Code  Fi[kN] F,[kN] M,[kNm] M, [kNm] F,[kN] F, [kN] Fy [kN] Fy [kN] o [kPa] dy dy
100 269 440 1311 752 13224 8316 815 1449 192 10 11
010 231 321 955 635 12977 8669 672 1034 80 8 9
001 295 461 1375 842 11160 8202 916 1524 103 11 11
A% 27 43 44 33 18 6 36 47 140 32 22

5.4.5 Calculated seismic demands
5.4.5.1 Superstructure

In Fig. 5.12a vertical bending moments are illustrated (W14S4P06L25 configuration). The
contribution of the longitudinal vibration (EQX) is still as significant as the vertical one
(EQZ). However, the total seismic effect is negligible compared to the dead load. This is also
confirmed by Fig. 5.12b where the EQ/ULS ratios (calculated per UT) are presented. The
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ratio remains under 0.7 indicating low vulnerability. Moreover, if the bridge was designed in

line with EC8-2, the possibility of superstructure failure would be even lower.
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Fig. 5.12 a) Verical bending moments (My) of the superstructure of the W14S4P06L25 configuration. b) Ratios
of vertical bending moments calculated in EQ and ULS for W14P06 bridges.

5.4.5.2 Superstructure-substructure joints

Normalized abutment joint shear forces (Fig. 5.13a) indicate that this component may be
critical for SLAB bridges as well. Using Eq.(5.1) to calculate the resistance of a typical joint
with ¢16/150 shear reinforcement results in ~110 kN/m shear capacity showing that there is a
high probability that this component fails even in case of shorter spans. The deck to pier joints
are less vulnerable due to the lower shear forces, besides, it is shown in Chapter 4 that pier

shear failure is much more likely to occur prior to the failure of the monolithic joint.
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Fig. 5.13 Results for W14S4 bridges. a) abutment joint shear forces; b) required shear reinforcement and flexural
DC ratio of the pier; c) pile normal forces; d) passive earth pressure and longitudinal displacements.

5.4.5.3 Substructure

Required shear reinforcement and flexural DC ratio of the pier are shown in Fig. 5.13b.
SLAB bridge piers show higher vulnerability than PMG-I bridges against shear forces and
flexural failure as well. The maximum applicable span length for short piers is under 8 m, for
instance. Fig. 5.13c illustrates pile normal forces. Considering typical pile resistance (~2500
kN) failure is not expected except for extremely short piers and long spans. The low

probability of either backfill soil or abutment failure can also be concluded (Fig. 5.13d).
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5.4.6 Critical components and layouts

MAPGA values are calculated for SLAB bridges as well (see Appendix D). The
dependencies on the deck width and pier height are similar to those presented in Fig. 5.8 in
case of PMG-I bridges, while the critical components are also identical for the same
configurations. However, pier internal forces are generally higher in case of SLAB bridges for
the same arrangement due to the different monolithic joint type (MJ2) transferring not only
shear forces but also bending moments. Besides, the mass of the SLAB bridges is also higher
causing higher seismic demands. Table 5.5 illustrates the differences for pier flexural and
shear failure of W14S4 bridges. Worse performance can be observed for both bridge classes if
the piers are shorter and the spans are longer. Note the better performance of PMG-I bridges

in case of a typical highway overpass configuration (P06 and L20-25).
Table 5.5 MAPGA values for pier flexural and shear failure for W14S4 bridges.

PMG-I
6.2 25 16 1.1 09 038 2
5.8 27 16 12 | 08 0.7 4
6.7 34 20 13 09 08 6 Flexural
6.8 39 23 15 12 1.0 8
5.5 39 25 18 14 12 10
46 17 |09 -= 2
7.2 28 14 | 08 4
10.3 46 22 12 | 08 @ 0.7 6 Shear
. . d d b 12.3 68 35 19 14 1.1 8
10.9 71 36 24 17 13 9.8 84 50 30 22 18 10
5 10 15 20 25 30 | 5 10 15 20 25 30 Span length\Pier height [m] Component

5.5 Estimation of critical bridges based on the preliminary study

Due to the lack of essential data for other classes, preliminary performance evaluation is
conducted only for PMG-I and SLAB bridges. The evaluation is carried out as follows: 1)
Essential parameters of the bridge are obtained from the database (bridges without sufficient
input parameters are excluded). 2) MAPGA values are determined with linear interpolation on
the parametric results for each structural component. 3) The MAPGA values are modified
with a factor reflecting bridge condition (from condition 1 to 5 a factor of 1.0-0.6 is applied).
4) PGA value for the bridge site is determined. 5) Possible failure of each component is
calculated comparing the PGA and the corresponding MAPGA.

To illustrate the utilization of each bridge component regarding all the bridges, empirical
cumulative distributions (representing non-exceedance) of the component DC ratios are
created (Fig. 5.14). For example, the PV curve in Fig. 5.14a shows that 30% of the bridges
have inadequate pier shear resistance.

In case of single span bridges only the abutment joint is critical. In 22% of the observed

1313 bridges, there is a possibility that this component fails (Table 5.6). The percentage is
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lower for slab bridges because they are often constructed for shorter spans. Failure of this
component is highly probable for multi-span bridges as well, more than 90% of the bridges

have inadequately detailed abutment joint.
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Fig. 5.14 Critical bridge component of single (a) and multi-span (b) bridges in %.

Table 5.6 Relative number of critical bridge components.

Single span bridges Multi span bridges
Abutment joint Total number Abutment joint  Pier flexural failure  Pier shear failure Total number
PMG-I 29 % 758 94 % 1% 22% 602
SLAB 12% 555 96 % 4% 51 % 166
ALL 22 % 1313 95 % 2% 28 % 768

The joint failure does not necessary cause progressive collapse in case of multi-span
bridges; pier failure is far more dangerous. Table 5.6 also shows the relative number of
bridges where collapse occurs either with pier flexural or shear failure. According to Table
5.5 pier shear failure is critical for the most commonly used typical highway overpass layout
(P06 and L20-25). This is reflected in the results: pier shear failure is more likely to occur
regarding the whole bridge stock. Note also that a significant portion of slab bridges may

suffer pier failure even though they are usually constructed with shorter spans.

= Critical
x Adequate

Fig. 5.15 Critical bridges. a) Single span - abutment joint failure. b) Multi span - pier failure (shear or flexural).
In Fig. 5.15a-b, single span bridges with possible abutment joint and multi-span bridges
with pier failure (causing collapse) are illustrated. These maps are useful tools to identify

critical bridges and to select regions of interest for a possible retrofitting project.

5.6 Summary

A preliminary parametric seismic analysis is conducted for typical slab and integral precast

multi-girder bridges with monolithic joints. It is shown that the abutment joints are highly
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vulnerable; besides, pier failure (causing progressive collapse) may also occur in case of
multi-span configurations. The evaluation of the whole inventory indicates that the pier and
monolithic joint shear resistance are not sufficient for several existing bridges. Note that these
results are obtained with conservative assumptions (both for capacities and demands), thus the
number of critical structures may be lower in reality. | summarized the presented results in my
Thesis II1.

The linear MMRSA is useful to highlight the critical components and configurations,
however, it cannot follow the nonlinear behavior and thusly the redistribution of internal
forces after yielding. To capture the post-clastic behavior and to predict the developing

damage in the structures, fragility analysis is conducted and presented in Chapter 6.
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Chapter 6
Seismic Fragility Assessment of Existing Bridges

6.1 Examined bridge configurations

Parametric fragility analysis would be beneficial for each bridge class to determine the
seismic performance of a wide range of different structural types and configurations. There
are two factors limiting this demand: 1) the computational time for one bridge can be
excessive; 2) only PMG-I and SLAB bridges can be described by a reliable parametric field
for the most important structural attributes. Considering these limitations, parametric fragility
analysis is carried out only for PMG-I bridges regarding their most significant contribution to
the inventory, while other classes are evaluated as part of the bridge portfolio presented in

Chapter 3. Accordingly, the fragility evaluation is divided into two main parts:
1) Parametric analysis of PMG-I bridges (bridges are referred to with the configuration
notation e.g. W14S4P04L.30). Due to the longer computational time, the parametric

field is reasonably smaller than in the preliminary study (see Table 5.1).
2) Individual analysis of 30 representative bridges in the portfolio (bridges are referred to

with the bridge number; e.g. BR25; see Table 3.4).

6.2 Adopted method for fragility analysis

Widely applied methods exist for fragility analysis such as Incremental Dynamic Analysis
(IDA) (Vamvatsikos and Cornell 2002) and Multiple Stripes Analysis (MSA) (Jalayer and
Cornell 2009). In this study, MSA is adopted since it is proved to be more efficient fragility
estimates than IDA for a given number of structural analyses (Baker 2015). Moreover, it
allows for different ground motions to be used at varying intensity levels, to represent the
differing characteristics of low and high intensity shaking. The steps of the MSA procedure
are presented in Fig. 6.1a.

At each intensity level a number of ground motions are selected for each horizontal
direction. Maximum demands are registered during NLTHA, then assuming LN distribution
the median and the coefficient of variation (COV) are calculated for the demands. A single
fragility point at an intensity level is obtained as follows:

P[(D > Cys)IIM] = [°P(D > alIM) P(Cys; = a) da, (6.1
where D is the calculated seismic demand; Cys; is the capacity associated with the i LS; the
second function is the probability density function of the capacity and o denotes integration

over the demand parameter. The total probability for a component LS; can be computed as:
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Pi = [, PL(D > Cus)|IM] dA(IM), (6.2)
where dA is the derivative of the hazard curve (Fig. 6.1b). In this study, the reliability index (f
calculated with the inverse standard normal CDF) is used to compare the seismic performance

of different bridge configurations:
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Fig. 6.1 a) Procedure of the Multiple Stripes Analysis. b) PGA hazard curve for Komarom and Debrecen
considering soil type C.

The component fragility curves are useful to highlight critical components, and to calculate
the probability of component failure, however, a system fragility curve is required to
determine the probability related to the whole structure. It is assumed that bridges compose
series systems (system failure is associated with the failure of any component). Using first-
order reliability theory, a simple lower and upper bound on the system fragility (Py,) can be
determined for an m component system with P; component probabilities at a given IM level:

Maxi=1.m

P <P, <1-[[L[1-P] (6.4)
The lower bound represents a system where the components are fully stochastically
dependent (un-conservative estimate), while the upper bound assumes that the components
are all statistically independent (conservative estimate) (Nowak and Collins 2000).
Additionally, MC simulation is applied to give a better estimation based on the joint
distribution of the demands and capacities assumed to be multivariate LN (MLN)
distributions (Nielson 2005). At each IM level, the marginal distribution of the component
demands are obtained during the MSA procedure, then the cross-correlation is computed to
fully describe the distribution of the demands. The capacities are also estimated with an MLN

distribution, but in this case the correlation between each component capacity is not known.

Accordingly, two cases are examined: full correlation or no correlation at all (regarding the
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capacities). The idea of the simulation is to generate a large number of random samples from
the demand and capacity MLN distributions, then F;,s is determined by taking the ratio of the
cases of failure and the number of simulated cases. This can be done for various IM levels to
compose the individual points of the system fragility curve.

In the study, PGA is selected as the intensity measure for two reasons: 1) theoretically the
probability of failure is independent of the chosen IM if hazard compatible ground motions
are selected with the GCIM approach (Bradley 2012d); 2) comparison between fragility
curves are easier with a general IM such as PGA. 7 (0.50:0.75:5.00 m/s®) and 10 (0.5:0.5:5
m/s?) intensity levels are chosen for the analysis of PMG-I bridges and the portfolio bridges,
respectively. Finally, 50 tri-directional ground motions® (two horizontal and one vertical
component) are selected for each level in all cases considering soil type C.

Table 6.1 Limit states and associated capacities. VA — various values for different configurations. Detailed
information on the limit state median values can be found in Appendix F.

Definition Median (6(6)%
Component Measure LS1 LS2 LS3 LS1 LS2 LS3 LS1 LS2 LS3
Steel or Lo . .
Pier flexural concrete Yielding of Spalling of Crushing of 0.28% 0.3%l VA2 025 030 035
. rebars concrete concrete
strain
. 3 Shear Shear Shear 4
Pier shear Shear force failure failure failure VA VA VA 025 025 025
Type 2 S th
monolithic ~ Deformation ~ Yielding trength Unseating® 2mm  50mm VA 025 030 035
. .5 degradation
joint
Elastomeric ) o Girder falls _ .
.7 Deformation  Yielding off from Unseating 70 mm VA VA 0.25 030 0.35
bearing 8
pedestal

Convenglonal Girder falls Girder falls
bearing” — Deformation  off from off from Unseating VA VA VA 025 030 035
free!? pedestal pedestal
Backfill i

%iH Deformation ~ Yielding Minor Abutment 5, G0mm  300mm 025 030 035
soil damage instability
Notes:
1 - Priestley et al. (1996).
2 - Determined with moment-curvature analysis of the pier cross-section.
3 - Brittle failure mode. Only one limit state is defined.
4 - Calculated according to Priestley et al. (1996) considering the contributions from concrete resistance, axial force and transverse steel.
5 - Used for PMG-I, PMG-NI and SLAB bridges with the presented capacities based on the cyclic behavior.
6 - Depends on the dimensions of the support. Measured as the closest distance from the supporting axis to the edge of the support.
7 - Used for PMG-NI bridges.
8 - Calculated from typical bearing properties applied for PMG-NI bridges.

9 - Depends on the dimensions of the support. Measured as the closest distance from the supporting axis to the edge of the pedestal.
10 - Used for RC-B,COMP-I,COMP-B,STEEL-I and STEEL-B bridges to model unrestrained horizontal behavior.

11 - Due to the uncertainty of the actual capacities, this component is not evaluated in the fixed direction.

12 - Capacity values are in accordance with ECS8-2 (yielding, damage control limit, excessive deformation).

6.3 Damage limit states

Three damage limit states per Priestley et al. (1996) are considered that can be associated

with the Damage Limitation (LS1), Significant Damage (LS2) and Near Collapse (LS3) LSs

S A preliminary fragility analysis is conducted for several bridges with 10, 20, 30, 40, 50 and 100 ground
motions. It is concluded that using 50 ground motions per each intensity level is a rational choice, leading to
reasonable computational time and negligible difference in the calculated fragility curves.
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of EC8-3 (Table 6.1). The capacities of the bridge components are assumed to follow a LN
distribution per ECO. In case of shear failure, COV value is assigned according to Biskinis et
al. (2004). The other LSs are determined in a prescriptive manner (the thresholds are defined

by the analyst) with assigned COV values of 0.25, 0.30 and 0.35 (Nielson 2005).

6.4 Uncertainties applied during the analysis

MSA can be regarded as a simplified MC simulation, where the capacity distribution is
known and the distributions of the demands are determined independently from a reasonably
large number of time-history analyses at each intensity level. The uncertainty of the demands
are controlled mainly by the seismic load. However, to take into account other uncertainties in
the phase of determining the demands, material properties and other input parameters are
considered as random variables (Table 6.2). For each time-history analysis, a random sample
is used to create the numerical model of the bridge.

Table 6.2 Random variables applied to sample input for the numerical model. VA — various values.

Variable Distribution Mean/median STD/COV Reference

Pier cross section Uniform’ VA +20 mm -

Pier height Uniform VA + 50 mm -

Superstructure mass Normal VA 0.1 Nowak and Collins (2000)
Reinforcement ratio Uniform 1% +0.3% -

Expansion joint gap Uniform VA + 55%2 -

Concrete compressive strength Lognormal vaA> 0.15 Ellingwood et al. (1980)
Reinforcing steel yielding Normal 598 MPa” 0.1 Ellingwood et al. (1980)
Friction coefficient ( concrete—concrete)5 Uniform 0.4 0.1 -

Elastomeric bearing shear modulus Uniform 0.9 MPa +50% Nielson (2005)
Elastomeric bearing friction coefficient Lognormal VA 0.1 Dutta (1999)
Foundation stiffness Uniform VA +50% Nielson (2005)

Backfill soil stiffness Uniform 21.6 KN/mm/m  + 7.2 kN/mm/m’ Nielson (2005)
Earthquake direction Uniform /4 rad + /4 rad Nielson (2005)

Notes

1- When sufficient information on probability distributions is not available, it is acceptable to assume a uniform distribution with
reasonable upper and lower limits to roughly account for uncertainty (Nielson 2005).

2 - Assumption: the expected thermal movements are between + 65% of the designed gap value.

3 - During the parametric analysis of PMG-I bridges a C20/25 concrete grade is assumed with a median strength value of 26 MPa.
Bridges in the portfolio are usually built with C30/37 or C35/45 concrete with a median of 38 MPa and 44 MPa, respectively.

4 - S500 steel grade is assumed for all the bridges.

5 - Used in case of Type 2 monolithic joints.

6 - 0.35 and 0.4 for steel and concrete superstructure, respectively.

7 - Based on the upper and lower value of 14.4 and 28.8 kN/mm/m proposed by Caltrans (2013).

6.5 Aspects of the modeling and analysis assumptions

Two modeling issues are investigated: monolithic joints and expansion joints. Fig. 6.2
shows the NLTHA results for a PMG-I example bridge with or without modeling the non-
linear behavior of the monolithic joints. Fig. 6.2b indicates that due to the high seismic
demands, strength degradation of the shear reinforcement occurs and eventually the resistance
is reduced, only frictional forces develop. This degradation leads to the redistribution of

seismic demands: pier demands (Fig. 6.2a) and shear forces in the pier joint (Fig. 6.2c) are
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increased significantly compared to the model where the joint is modeled as a rigid

connection.
7 s s

1210 210 (x10
g Increased = | ; T — Abutment
§ demhnds z FUHE degradation Increased pier joint forces~_ [ Pier (wijoint model)
= 05 o 3 SR 3 - 1 — Pier (w/o joint model) |
5 g |
£ & -
] = 0 0

IS

5 | |7
= !
E — B S
5 w/ joint model || © Frictional foirces “Abutment joint full degradation
aa) B —w/o joint model 6 s % PGA = 6.5 m/s (only frictional forces)

4 2 0 2 4 = .0.05 0 0.05 0 5 10 15
a) Curvature [1/m] x 10° b) Deformation [m] c) Time [s]

Fig. 6.2 NLTHA results with or without modeling the Type 2 joint behavior for a PMG-I example bridge
(BRO03). a) Pier moment-curvature diagram. b) Abutment joint behavior. c) Abutment and pier joint shear forces.

In case of bridges with expansion joints, the pounding between the abutment and the
superstructure may significantly alter the seismic response. The phenomenon is illustrated in
Fig. 6.3 for a composite bridge with 65 mm expansion joint gap. The pounding may decrease
the demands of the piers: excessive displacements, thus the second order effects are reduced,
while a portion of the seismic force is transferred to the abutment-backfill soil system (Fig.
6.3a). Fig. 6.3b shows that the pounding limits the expansion joint compressive deformations,
while in Fig. 6.3c a pulse like peak can be observed in the backfill soil deformation when

collision occurs.
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Fig. 6.3 NLTHA results with or without modeling the expansion joint (EJ) behavior for a COMP-I example
bridge (BR20). a) Pier moment-curvature diagram. b) Expansion joint deformation. ¢) Backfill soil deformation.

As a second step, fragility curves are created considering different analysis assumptions: 1)
using different spectra; 2) considering different sites; 3) considering uncertainties in the input
parameters. The derived fragility curves are highly dependent on the spectral shape (Fig.
6.4a). Artificial records’ are generated for two standard spectra (EC8 Type 1 and 2) and
GCIM selection is carried out for two site specific UHS. Chapter 2 concludes that the Type 2
standard spectrum is a better description of the UHS. It is confirmed by Fig. 6.4a showing that

7 Artificial records are nearly exactly matched to the spectra. To take into account the uncertainty in the
seismic load, a conservative approach is followed: their amplitude is multiplied with a random factor with a
lognormal distribution of 1.0 median and 0.5 standard deviation (Jernigan and Hwang 2002).
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the fragility curve derived with Type 2 spectrum is closer to the site specific ones. It can also
be observed that there is only a slight difference between fragility curves created for different
sites. It implies that the general seismic characteristics are just slightly different and the
difference stems from the different standard deviation of spectral values (median is nearly the
same), therefore it might be sufficient to derive fragility curves for only one site and use it for

other areas in Hungary without introducing significant error in the results.
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Fig. 6.4 Comparison of fragility curves for pier shear failure: a) using different spectra and sites for BR24; b)
taking into account ground motion direction, geometric, material and soil uncertainties for BRO1.

In Table 6.2, random variables applied to sample input for the numerical model are
presented. The effect of these uncertainties is illustrated in Fig. 6.4b. Fragility curves are
created for LS1 and LS3 for an integral PMG-I bridge by considering only ground motion
direction uncertainty, then additional geometric, material and soil uncertainties, respectively.
It is shown that the geometric uncertainty has negligible effect, while the material and soil
uncertainties may significantly influence the calculated probability of failure. The material
uncertainty is dominant when the LS is associated with yielding and plastic deformations (e.g.
LS1 in Fig. 6.4b is controlled by the yielding of the abutment joint); while in case of LS with
dominant brittle failure mode (e.g. LS3 in Fig. 6.4b is controlled by the pier shear failure) soil
uncertainties significantly influence the dispersion of the demands.

In conclusion, the fragility evaluation is conducted: 1) with a robust and detailed numerical
model; 2) using the site specific spectrum for Komarom considering soil type C; 3) applying
50 tri-directional selected ground motions at each intensity level; 4) incorporating the

uncertainties listed in Table 6.3.

6.6 Parametric fragility analysis of PMG-I bridges
6.6.1 Calculated demands

Besides MSA, Cloud Analysis is often used in literature to create analytical fragility
curves, where unscaled recorded ground motions are applied for NLTHA. If the maximal
structural responses are plotted against a selected IM, a cloud of points is obtained (GM

selection is usually arbitrary; see Fig. 6.5c-d). MSA can be regarded as a special Cloud
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Analysis, where the maximal structural responses form into line (see Fig. 6.5a-b) at the
chosen conditioning IM levels (PGA in this study).

With regression analysis, a Probabilistic Seismic Demand Model (PSDM) can be obtained
providing the median (Sp) and the lognormal standard deviation (LNSTD) (Bp) of the
demands as the function of the IM. Typically, a power law is used to describe the PSDM (e.g.
Nielson 2005, Padgett 2007, Avsar 2011) with a and b constants:

Sp = aIMP, (6.5)

The fragility function can be obtained with the median (S¢) and LNSTD of the capacity (Bc):
PI(D > Ci)IM] = & (n(So/Sc)/BE + B)-

The presented power law leads to a linear approximation of median values in the log-log

(6.6)

space and assumes a constant LNSTD. The advantage of MSA is that median and LNSTD
values can be calculated at each IM level providing a better estimation for the PSDM.
Calculated demands of the W14S3P04L30 configuration are illustrated in Fig. 6.5a-b. In
some cases (e.g. pier shear forces) the linear approximation is correct; however it is not
appropriate to describe elements with high plastic deformations at higher intensity levels (e.g.
the reinforcing steel strains). Moreover, the slope of the linear curve in the log-log space is
highly dependent on the intensity levels considered. If only records with lower intensities are
applied during the analysis, the linear approximation underestimates the demands at higher
IM levels. On the other hand, too high dispersion is assumed at low intensity due to the

constant LNSTD along the entire IM range if the plastic deformations are dominant.
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Fig. 6.5 a-d) Structural responses against various IMs for the W14S2P04L15 configuration. e) Coefficient of
determination values showing the appropriateness of different IMs.
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6.6.2 Optimal intensity measure

Theoretically, the calculated probability of failure is independent of the chosen IM if
hazard compatible ground motions are selected with the GCIM approach. However, the
appropriateness of other IMs is evaluated to provide guidance in case of arbitrary record
selection (e.g. for Cloud Analysis). The PSDM from Eq.(6.5) is applied and the coefficient of
determination (CoD) of the regression is used for comparison. Higher CoD values represent
more appropriate IMs. For instance, ASI with a CoD value of 0.69 is a better estimator of the
seismic demands than Sa(0.5s) (COD = 0.34) for the W14S2P04L15 configuration (Fig. 6.5¢c-
d). CoD values of other IMs for pier shear forces (other demands have the same tendencies)
are presented in Fig. 6.5¢ for the stiffest and most flexible examined PMG-I bridges.

The optimal IM is highly correlated with the first fundamental period of the structure.
PGA, ASI and the Arias intensity represent well the demands of relatively stiff bridges
(Ty=0.15s); while with the increase of the fundamental period (7,=0.43s), Sa values close to
Ty as well as PGV and VSI become more dominant. Note also that ASI and Arias intensity
(AI) perform well for both configurations.

6.6.3 Fragility curves

Component fragility curves in Fig. 6.6 illustrate a general damage mechanism for PMG-I
bridges. It is highly possible that the abutment joint yields and even transverse yielding of the
abutment is expected to occur prior to the pier damage, while the damage of the backfill soil
has nearly zero possibility in the observed PGA range. Therefore the fragility of the system in
LS1 is driven by the abutment joints. It is considered that after the joints yield, the bridge is
still functional and LS2 is associated with the ultimate deformation capacity of the joint
rebars. The probability that the joints reach LS2 is lower, pier flexural damage related to the
spalling of concrete layers is dominant, while pier shear failure is possible as well. Collapse of
the bridge is definitely caused by the pier shear failure. After the failure of the joint, frictional
forces still develop sufficiently preventing the superstructure from unseating (measured with
the joint deformations) in LS3.

The results for the whole system in Fig. 6.6 indicate that the simple boundaries of the
system fragility curves (blue dashed line for the upper bound and the most vulnerable
component fragility curve for the lower bound) are relatively close to each other if one
component dominantly governs the failure (see LS1 in Fig. 6.6a, for instance). As expected,
system fragilities derived with MC simulation fall between the estimated simple boundaries.

Considering no correlation between the component capacities results in higher probabilities
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compared to the full correlation estimation. In reality, correlation between component

capacities may be relatively high and system fragility should be between the two assumptions.
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Fig. 6.6 a) Component and system fragility curves for the W14S3P04L30 configuration for: a) LS1; b) LS2; ¢)
LS3 (full correlation in capacity).

In Fig. 6.7a system fragility curves are compared for different deck widths. The result
contradicts the one observed in the preliminary analysis that 14 and 20 m width results are
nearly the same while those of 8 m width are always higher. Indeed, component fragilities
have this tendency (note the component fragility curves for shear failure - SH), however
during the compilation of the system fragility curves the number of fragile components are
also taken into account, while in the case of intensity based safety check, each element is
checked individually. If the component fragilities are close to each other in case of different
widths, the system fragility may be worse for wider bridges with more piers. It is important
that in the MC simulations all the components have to be included (e.g. P; component
probabilities of each pier), since the probability of failure increases with the number of

possibly critical components.
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Fig. 6.7 a) System (SYS) fragility curves for different widths. Pier shear failure (SH) are also presented for the
S2P04L15 configuration. b) LS3 system fragility curves of W14 bridges (full correlation in capacity).

Fig. 6.7b shows system fragility curves of all W14 bridges for LS3 (Appendix G
summarizes the median and LNSTD values for all the bridges and limit states). Although the
bridges represent the same bridge class, significant difference can be observed for different
layouts due to the various most relevant parameters such as span length and pier height.
Median values range between 1.5 m/s* and 20 m/s> and the LNSTD of the fragility curve is
typically 0.25-0.45. Fig. 6.7 also confirms that pier height significantly, while the span length
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moderately affect the fragility of the structure. It is apparent that the deck width is a less

important structural attribute in case of PMG-I bridges.

6.7 Fragility analysis of portfolio bridges

6.7.1 Optimal intensity measure

It is shown for PMG-I bridges that the optimal IM is highly correlated with the first
fundamental period (see Fig. 6.8c) of the structure. Fig. 6.8a-b illustrate the CoD values for
BRO1, BR12 and BR19. BRO1 is a PMG-I bridge with low fundamental periods in both
longitudinal (0.34 s) and transverse (0.15 s) directions. It is confirmed that PGA, ASI and the
Arias intensity represent well the demands of relatively stiff bridges.

BR12 is a 7-span non-integrated PMG-NI bridge with 2 fix bearings at the two middle
piers and elastomeric bearings elsewhere. This configuration has higher fundamental periods
(1.05 and 0.83 s), therefore the demands can be represented well by the Sa value close to 1.0 s
as well as PGV and VSI. Both longitudinal and transverse displacements have the same
tendency, since the fundamental periods in the two directions are close to each other. In Fig.
6.8b, a concrete box girder bridge (BR19) is presented. In this case, the optimal CoD values
are separated, which stems from the high difference in the fundamental periods in the two
directions (3.9 s and 0.95 s). Accordingly, optimal values are Sa values over 3.0 s and DSI for
demands caused dominantly by the longitudinal vibration (e.g. longitudinal displacement),
while the demands caused by transverse vibration (transverse displacement, shear force at
piers non-restrained in the longitudinal direction) can be described well by Sa values around
1.0 s, PGV and VSI. However, components that are influenced by vibrations of both
directions (e.g. shear forces of piers with longitudinally fixed bearings) highest CoD values

can be found between the dominantly longitudinal and transverse vibration values.
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Fig. 6.8 Optimal intensity measure comparison: a) BRO1 and BR12; b) BR19. ¢) Fundamental periods of the
portfolio bridges (see also Appendix C).
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6.7.2 Fragility curves
6.7.2.1 PMG-I bridges

BROI-BRO8 are PMG-I bridges where all joints are Type 2 monolithic joint. Their
behavior is the same in most cases as the ones presented in the previous section: LS1 is
reached with the yielding of the abutment joint; LS2 is either pier flexural or shear failure,

while collapse is caused by shear failure of the pier (see the BRO7 bridge in Fig. 6.9).
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Fig. 6.9 Fragility curves for the BRO7 (PMG-I) bridge.

However, BR04 is an exception. Even though it has relatively high piers leading to low
shear forces, the shear reinforcement is high (¢16/150) compared to the other configurations.
LS1-LS3 of BR04 are shown in Fig. 6.10. Similarly to other PMG-I bridges, the abutment
joint resistance is inadequate, this component controls LS1 and LS2. However in LS3 the
bridge is more likely to suffer flexural failure, and due to the high shear resistance, a ductile
behavior can be achieved. The unseating of the superstructure (related to joint deformations in

LS3) is possible, but the probability is far lower than the probability of flexural failure.
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Fig. 6.10 Fragility curves for the BR04 (PMG-I) bridge.
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Fig. 6.11 System fragility curves (full correlation in capacity) for PMG-I bridges.

In Fig. 6.11 system fragility curves are illustrated. LS1 fragility curves show the same
tendency, except for BRO3 where the abutment joint is more likely to yield. This is the only
configuration with low (¢16/200 instead of $16/150) shear reinforcement of this joint. For
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most bridges LS2 and LS3 are nearly identical since shear failure dominates before other
components reach LS2 or LS3.
6.7.2.2 PMG-NI bridges

The other type of precast multi-girder bridge (PMG-NI; BR09-12) is constructed with
elastomeric bearings at some piers to provide free movements in case of longer bridges; and
monolithic joint Type 2 is applied at specific piers to provide restraint in the two horizontal
directions. These bridges are more flexible (Fig. 6.8c) with increased fundamental periods in
both directions. For this reason, one would expect lower seismic demands, however the lower
base shear force is distributed on fewer piers. The high vulnerability of PMG-NI bridges is

illustrated in Fig. 6.12; pier shear failure develops prior to any other component damage.
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Fig. 6.12 Fragility curves for the BR10 (PMG-NI) bridge.
This is confirmed by the system fragility curves (Fig. 6.13). No significant difference in

the system fragilities of different limit states can be observed.
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Fig. 6.13 System fragility curves (full correlation in capacity) for PMG-NI bridges.

The component fragility curves provide some additional information about the bridge
performance. Besides the piers, there are other components that may be vulnerable because of
the structural layout. Typically, monolithic joints are created in the middle piers, while on the
abutments, elastomeric bearing and expansion joints are constructed. If pounding occurs, it
increases the probability that the backfill soil reaches a given damage limit state. There is also
higher probability of unseating because of the excessive movements compared to integrate
PMG-I bridges. Fig. 6.12 shows that the backfill failure and unseating would be more likely

than pier flexural failure in LS3, if shear resistance was sufficient.
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6.7.2.3 SLAB bridges

It is shown in Chapter 5 that SLAB bridges may be characterized by the same behavior as
PMG-I bridges, except that higher demands are calculated due to the integrated monolithic
joint Type 1. According to the component fragility curves (Fig. 6.14), this similar behavior
can be confirmed: LS1 is associated with abutment joint yielding while pier shear failure is

dominant in LS3 (and also in LS2) for the examined slab bridges as well (see also Fig. 6.15).
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Fig. 6.14 Fragility curves for the BR13 (SLAB) bridge.
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Fig. 6.15 System fragility curves (full correlation in capacity) for SLAB bridges.
6.7.2.4 RC-B bridges

Results for RC-B bridges (BR17-19) are illustrated in Fig. 6.16 and 6.17. The component
fragility curves illustrate well the development of component damage. LS1 is initiated by the
yielding of the piers, and also in LS2 spalling of the outer concrete layer of piers is more
likely at lower intensities (assumed to be the important portion of the fragility curve).
However, it seems that the shear resistance is still insufficient. Even for more flexible
continuous girders (see fundamental periods in Fig. 6.8c), collapse is caused by the shear

failure of the pier.
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Fig. 6.16 Fragility curves for the BR17 (RC-B) bridge.
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Fig. 6.17 System fragility curves (full correlation in capacity) for RC-B bridges.
6.7.2.5 Composite bridges (COMP-I and COMP-B)

Similar behavior is observed in case of composite girders (Fig. 6.18). The system fragility

curves in Fig. 6.19 indicate that there are two composite box girders (BR24 and 25) that are

clearly not designed for seismic loads, pier shear failure controls all three LSs.
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Fig. 6.18 Fragility curves for the BR20 (COMP-I) bridge.
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Fig. 6.19 System fragility curves (full correlation in capacity) for COMP bridges.

BR23 should be highlighted having special construction technology and layout: monolithic

Type 2 joints are used at the abutments, while the piers are restrained in the longitudinal

direction, and free movements can develop in the transverse direction (Fig. 6.20). Due to the

supporting role of the abutment-backfill soil system, seismic pier demands are minimal in the

longitudinal direction, besides, negligible horizontal forces are transferred to the pier by

bearing friction in the transverse direction. Accordingly, the critical components are the

abutment joints in LS1 and LS2, and it is also possible that failure is caused by unseating of

the superstructure (see Ab. joint. trans. in Fig. 6.21). Note that the pier shear reinforcement is

high (¢16/100 instead of the typical ¢$12/150) which — compared to the developing shear

forces — indicates that pier shear failure is not expected. This configuration may be an

economical solution for highway bridges with a total length up to 100 m.
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Fig. 6.20 BR23 configuration with special bearing arrangement.
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Fig. 6.21 Fragility curves for the BR23 COMP-B bridge.
6.7.2.6 Steel bridges (STEEL-I and STEEL-B)

Results for steel girders are shown in Fig. 6.22 and 6.23. Fig. 6.22 illustrates that steel
girders typically have an optimal behavior: pier flexural damage characterize all three damage
limit states, energy dissipation due to the cyclic behavior of the piers can be utilized until
collapse. It is also shown that even though the fundamental periods imply flexible structures,
the developing longitudinal displacements are not large enough to cause unseating (measured

with joint deformations), pier failure is always more likely to occur.
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Fig. 6.22 Fragility curves for the BR30 (STEEL-B) bridge.
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Fig. 6.23 System fragility curves (full correlation in capacity) for STEEL bridges.
6.8 Calculated reliability of the structures

6.8.1 Introduction
The f reliability index (see Eq.(6.3)) for 50 year reference period is calculated using the

hazard curve for Komarom (area of highest seismicity in Hungary; see Fig. 6.1b) for soil type
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C for general comparison of the seismic performance and to highlight possibly critical
configurations. To provide a range of possible reliability index values in Hungary, the lowest
seismic area of Debrecen (see hazard curve in Fig. 6.1b) is also investigated in case of the
portfolio bridges.

The target reliability index is not unique and varies from code to code. ECO specifies a
target value only for ULS and Serviceability LS as 3.8 and 1.5, respectively for structures
with moderate consequences of failure (RC2 class). In the Joint Committee on Structural
Safety Model Code (JCSS 2001) it is proposed that the relative cost of safety measure
(RCSM) should be also taken into account in the target reliability. It is stated that due to the
large uncertainty in seismic loads, a lower reliability class should be used. A value of 1.98,
3.21 and 3.46 are proposed for large, normal and small RCSM, respectively, thus a 1.98 target
is adopted in this study to highlight structures that possibly need strengthening and retrofit.
6.8.2 Reliability of PMG-I bridges

The parametric results for PMG-I bridges are presented in Fig. 6.24 and Table 6.3 where S

related to the most vulnerable component is also indicated to show the weakest element of the

system
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Fig. 6.24 PMG-I bridge reliability indices (f) for collapse (Komarom area; no correlation in capacity).

Table 6.3 Reliability indices (5) of W14 PMG-I bridges for Komarom. The weakest element of the system: AJL
- abutment joint longitudinal direction; SH — pier shear failure; FL — pier flexural failure.
LS1 LS2 LS3
Correlation (capacity) No Full Weakest comp. No Full Weakest comp. No Full Weakest comp.
Configuration b s s Name s s s Name s g s Name
W14 P04 LI5S S2 | 149 1.50 1.62 AJL 236 259 259 SH 229 255 2.55 SH
S3 | 1.40 1.40 1.49 AJL 2.13 2.47 2.50 SH 2.05 242 247 SH
S4 | 120 120 128 AJL 1.86 222 226 SH 1.77 220 222 SH
P04 L30 S2 | 0.83 0.83 0.90 AJL 1.59 1.84 1.94 SH 1.57 1.86 1.91 SH
S3 | 074 075 0.83 AJL 136 1.65 178 SH 131 170 176 SH
S4 | 0.60 0.61 0.69 AJL 1.09 1.31 1.46 FL 1.06 1.36 1.44 SH
P08 L15 S2 | 144 1.44 1.61 AJL 333 3.56 3.65 SH 336 3.62 3.63 SH
S3 | 1.26 1.26 1.41 AJL 296  3.00 3.05 AJL 3.19 3.54 3.62 SH
S4 | 1.02 1.02 1.13 AJL 2.67 272279 AJL 2.81 3.20 3.30 SH
P08 L30 S2 | 074 0.74 0.81 AJL 2.52 256  2.68 AJL 2.86 3.11 322 SH
S3 | 0.69 0.69 0.76 AJL 2.09 218 230 FL 2.27 2.53 2.61 FL
S4 | 0.55 0.55 0.62 AJL 1.61 1.72 1.77 FL 1.74 1.92 2.05 FL

The probability of failure is increasing with the length of the bridge and it is higher in case

of low piers. The first damage possibly occurs at the abutment joint, while the weakest

76



component in LS2 depends on the actual layout. For lower piers, shear failure is dominant
meaning that the bridge collapses before other components could reach LS3. At higher piers
LS2 is reached at the abutment joint or at the pier (spalling of concrete) for shorter or longer
spans, respectively. In most cases, the collapse is caused by the shear failure of the piers,
however in case of more flexible configurations (with higher piers and longer spans) it is
possible that pier flexural failure is dominant. The reliability indices associated with different
deck widths show little difference, and the results are in accordance with the ones presented in
Fig. 6.7a and explained earlier. If the conservative Komarom area is considered, the minimum
target value for collapse cannot be reached with low piers over a 45 m total bridge length,

while bridges with high piers are critical only over ~100 m total length.
6.8.3  Reliability of the portfolio bridges
The possible range of reliability indices for the portfolio bridges are presented in Fig. 6.25,

where the upper and lower bounds are related to the area of Debrecen and Komarom,
respectively. Reliability indices and the weakest components are also summarized for the
Komarom area in Table 6.4. The reliability is highly dependent on many structural attributes
(see Table 3.4), thus only some concluding remarks can be made regarding the reliability of

different structural types.
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Fig. 6.25 Range of reliability indices (f) related to collapse of the portfolio bridges (no correlation in capacity).

PMG-I bridges are critical (considering the area of Komarom) if the total length is over 80
m which is in line with the observation made in the parametric fragility analysis if we
consider that the pier height is at least 5.5 m for the examined bridges. Pier shear failure is
dominant, however 1500-2000 mm?/m pier shear reinforcement seems to be sufficient (see
shear reinforcements in Table 3.4) to achieve the minimum target reliability except for the
longest BROS bridge with circular cross section (D=0.8 m) and ¢10/100 stirrups.

PMG-NI bridges perform worse, the calculated reliability index highlights the high
vulnerability of these bridges, especially for shear failure. Some decrease of the base shear
force can be achieved with this system due to the increased fundamental periods (see Fig.
6.8c). However this base shear force is distributed on fewer piers (for instance, BR12 is 8-

span bridge, but it has only 2 longitudinally restrained supports in the middle), while in the
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transverse direction these restrained piers carry the horizontal loads. Moreover, in case of the
examined bridges, the applied shear reinforcement is even lower than in case of fully
integrated PMG-I bridges. The number of PMG-NI bridges contributes with only some
percent to the total bridge inventory, however they are mostly important longer highway
bridges (e.g. BR11 is a 240 m long bridge over a valley).

Table 6.4 Calculated reliability indices () of the portfolio bridges for Komarom. The weakest components: AJL,
ABT - abutment joint longitudinal and transverse direction; SH — pier shear failure; FL — pier flexural failure)

LS1 LS2 LS3

Correlation (capacity) No Full Weakest comp. No Full Weakest comp. No Full Weakest comp.
Configuration s 13 s Name s 13 s Name s 13 s Name

PMG BR 1 .15 125 132 AJL 1.96 207 212 SH 1.96 207 212 SH

2 | L15 124 133 AJL 236 253 253 SH 236 252 253 SH

3 1018 031 036 AJL 1.53 181 1.86 SH 152 1.82 186 SH

4 1093 100 1.09 AJL 252 265 271 AJL 3.04 326 331 FL

5 1.08 1.16 1.19 AJL 201 215 219 SH 202 215 219 SH

6 1.25 1.36 1.41 AJL 2.69 2.92 3.02 SH 2.75 2.98 3.02 SH

71071 078 0.85 AJL 1.80 190 1.92 SH 1.79 190 192 SH

8 | 0.85 093 096 AJL 146 1.61 1.67 SH 146  1.62  1.67 SH

PMG-NI 9 | 058 086 0.93 SH 0.58 0.84 093 SH 0.57 0.86 0.93 SH

10 | 091 1.14  1.20 SH 0.92 1.15 1.20 SH 0.92 1.13 1.20 SH

11| 073 097 1.06 SH 0.77  0.99 1.06 SH 0.77  0.99 1.06 SH

12 | 0.77 1.15 1.25 FL 0.95 1.45 1.56 SH 0.99 1.51 1.56 SH

SLAB 13 | 1.27 1.32 1.41 AJL 250 267 271 SH 255 269 271 SH
14 | 098 1.05 1.09 AJL 1.45 1.57 1.61 SH 1.45 1.58 1.61 SH

151 090 097 1.01 AJL 1.76 ~ 1.95 1.98 SH 1.79 195 1.98 SH

16 | 0.84  0.97 1.00 AJL 1.06 1.27 1.31 SH 1.05 1.26 1.31 SH

RC-B 17 | 1.72 1.74  1.80 FL 220 227 235 FL 235 237 244 SH
18 | 1.31 1.34 135 FL 1.84 1.89 1.95 FL 196 202 2.08 SH

19 ] 1.84 194 199 FL 203 219 231 SH 215 226 231 SH

COMP-1 20| 0.87 087 0.88 FL 212 215 228 FL 224 226 232 SH
21 | 1.57 1.55 1.58 FL 217 218 222 SH 222 222 222 SH

22 | 076 0.83 0.84 FL 1.62 1.73 1.94 FL 1.77 1.85 1.96 SH

COMP-B 23| 074 080 0.87 AJL 2.31 237 252 AJT 319 344 356 FL
24| 055 0.65 0.68 SH 055 0.65 0.68 SH 055 0.65 0.68 SH

251 026 048  0.52 SH 026 041 0.52 SH 026 048 0.52 SH

STEEL-1 26 | 0.94 1.02 1.04 FL 1.63 1.73 1.81 FL 1.82 195 2.10 FL
27 | 0.88 1.02 1.08 FL 1.62 1.80 1.89 FL 1.85 203 225 FL
STEEL-B 28 | 1.47 1.51 1.52 FL 1.77 1.82 1.85 FL 203 209 210 FL

29 | 1.86 1.88 1.92 FL 219 223 241 SH 227 231 2.41 SH
30 | 0.93 1.28 1.33 FL 1.61 1.69 1.73 FL 1.89 1.97 2.01 FL

Generally, some slab bridges perform considerably worse than PMG-I bridges. Shear
failure is dominant again as it is shown in the parametric study. Besides, shear reinforcement
is low (e.g. BR14 has only ¢10/200 stirrups); it is estimated that slab bridges would reach the
minimal target reliability (even for Komarom) up to 80 m total length if a minimum of ~2500
mm*/m pier shear reinforcement was applied.

Continuous girder bridges with conventional bearings perform well (even a large span river
bridge, BR29), especially steel girders that are shown to behave in an optimal way suffering
pier flexural damage with the highest probability in each damage limit state. BR23 should be
highlighted since it is already shown in the fragility analysis that the highest performance can
be achieved with this bridge system and configuration. The piers are restrained only in the

longitudinal direction where most of the base shear force is transmitted to the stiffer
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abutment-backfill soil system. The piers are basically isolated, slight and extensive damages
are associated with abutment joint failure. Although, the collapse possibly occurs with
superstructure unseating, the displacements are moderated by the pier and the frictional
forces. The calculated reliability is over 3.1 even for the highly seismic area of Komarom.
Focus should be laid on two composite box girder bridges with 3 and 9 spans which are
clearly not designed for seismic actions. Both configurations employ two circular piers in the
transverse direction without tie beams and with low shear reinforcements ($16/200 and
$¢12/200). The total length is 115 m and 416 m for BR24 and BR25, respectively, while the
number of restrained supports in the longitudinal direction is 1 and 2. This means that one
pier supports half of the mass of 115 m and 208 m superstructure. Moreover, torsion develops
from the transverse vibration causing additional longitudinal shear forces in the pier pairs at
the longitudinal restrained supports. This configuration is a typical example where mere
strengthening is not a reasonable option, the whole bridge behavior should be altered,

conceptual seismic retrofit design should be performed (see later in Section 7).

6.9 Comparison of intensity and reliability based evaluation methods

Fig. 6.25 shows that the reliability index is highly dependent on the considered design site.
The difference in the reliability index is 0.55-0.85; e.g. the S of the BR15 slab bridge is ~2.6
and ~1.9 if it is built in Komarom and Debrecen, respectively. Note that the bridge
configuration is fixed (e.g. reinforcements, cross sections, capacities etc.), thus the results
illustrate possible reliability indices of non-seismically designed bridges.

Table 6.4 shows that a high portion of the examined bridges are highly vulnerable to pier
shear forces. To estimate what reliability level can be attained with seismic design according
to ECS8-2, the following procedure is carried out. An intensity based evaluation using
MMRSA is conducted to calculate DC ratios associated with pier shear failure at the design
PGA level (Aso=10%) for all portfolio bridges. The standard shear resistance is computed per
ECS8-2. The next step is to assign the corresponding reliability indices to each configuration
and then plot these £ values against the DC ratios. The procedure is carried out for the area of
Komérom and Debrecen; the results are presented in Fig. 6.26.

As confirmed by Fig. 6.26, the correlation between the reliability and the DC ratio can be
described with a logarithmic function. The function does not depend on the actual site: the
fitted curve represents well both Komarom and Debrecen. With seismic design (DC < 1.0), a
reliability of index of ~2 can be reached. Note that an additional increase in the safety of the

structure is introduced with the application of MMRSA providing conservative estimates of
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seismic demands. For comparison, seismic demands are also calculated with a more rigorous
approach using the median demands at the design PGA level determined during MSA. The
decreased demands lead to decreased DC ratios, the fitted logarithmic curve is shifted to the
left. In conclusion, if the bridge is designed for seismic demands calculated with more

sophisticated methods, the reliability index may fall below 1.75.
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Fig. 6.26 Reliability index againts the DC ratios calculated at the design PGA level.

The curve can also be used to estimate the required DC ratio for a specific § value. For
instance, to reach a 1.98 minimum target value with sophisticated analysis method, the DC
ratio should be lower than 0.75 meaning that the piers should be overstrengthened by ~30%.
This additional factor may be incorporated in ypq (applied to avoid brittle shear failure).
Another approach is to increase the return period and thusly the intensity of the design
earthquake. In ECS8-3, the return period of this earthquake is 2450 years for full collapse,
while in case of the design of new bridges the no-collapse criteria of EC8-2 specifies 475
years. This should be clarified and harmonized with the target reliability index for seismic
loads. Moreover, the target reliability is also an open question. The determination of the target
J should be based on rational economic calculations taking into account the consequences and

the relative cost of safety measure.

6.10 Application of fragility curves

One of the most important outcome of the study (besides the establishment of an automatic
seismic performance evaluation framework) is the determination of fragility curves for several
different bridge structures. These fragility curves can be applied for both pre- and post-
earthquake situations.
6.10.1 Pre-earthquake actions and prioritization of retrofit strategies

One approach to prioritize bridges in pre-earthquake situations is to calculate the
probability of system failure. A list of bridges with the worst performance can be created

while other aspects can be taken into account such as the actual condition and importance of
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the bridge. Component fragility curves and reliability indices help in the decision for retrofit
strategies. The calculation of the probability requires the hazard curve of each bridge site
(which may be a time-consuming process to create). Another approach is to simply compare
the conditional probability (fragility curve values) at the design PGA level (return period of
475 years) where only the PGA value of the bridge site is needed. This approach is illustrated
in Fig. 6.27a, where histogram for LS1 conditional probability of all the PMG-I bridges in the
inventory is shown.

6.10.2 Post-earthquake evaluation of bridges

Fragility curves are also useful tools to estimate the damage state of the bridge inventory
after a seismic event. The real earthquake scenario can be simulated estimating the magnitude
of the event. Calculating the source-to-site distances and using the GMPE (e.g. Akkar and
Bommer 2010) the governing PGA value can be calculate for each bridge. Fragility curves
can be used to determine the potential damage state of the bridges near the epicenter, which
can be used for decision making during emergency route planning (e.g. if the collapse of a
main bridge is probable, alternative routes can be designed to reach important areas).

Such a simulated scenario is illustrated in Fig. 6.27b showing extensive damage of several
bridges in case of a magnitude 6.0 earthquake, while collapse of some bridges near the
epicenter is also possible. The map also gives an insight about the radius of the area with
potential extensive damages. It can be concluded that the diameter is around 20-25 km in case
of a high magnitude event; while at ~30-35 km distance, the PGA level is under 1.0 m/s’
which implies only slight damage of bridges according to the fragility results of the examined
structures. These simulations can also be used in a pre-earthquake phase in order to work out

plans in advance.
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Fig. 6.27 a) System conditional probability in LS1 for PMG-I bridges considering a design seismic event. b)
Simulation of a magnitude 6.0 earthquake scenario in the area of Budapest.
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6.11 Summary

In this chapter, fragility evaluation of a wide range of different integral PMG-I bridge
layouts and fragility analysis of 30 representative bridges are conducted. Detailed numerical
models and hazard consistent ground motions are used for MSA. The effect of different
modeling and analysis assumptions are highlighted; optimal intensity measures are
investigated for various bridge configurations. Component fragility curves show that the
monolithic joints of PMG-I and SLAB bridges are likely to suffer damage; while collapse is
initiated by pier shear failure in most cases. More favorable ductile flexural failure is observed
only in case of more flexible PMG-I and STEEL bridges. Comparing the reliability indices
indicates the better performance of PMG-I and girder bridges with conventional bearings,
while typically certain SLAB bridges and PMG-I bridges have worse behavior. The range of
possible reliability indices is presented considering the highest and lowest seismic area of
Hungary. It is shown that seismic design leads to a reliability index of ~2.0. Two typical
applications of the fragility curves are illustrated. Unfortunately, due to the lack of data, the
regional evaluation can be carried out only for PMG-I bridges. For this reason, extension of
the database is a primary task in the future. I summarized the results of the fragility analyses
in my Thesis IV.

The reliability indices highlight that several bridges do not reach the acceptable reliability
level. Evaluation of possible retrofit methods for the vulnerable configurations are presented

in the following chapter.
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Chapter 7
Proposed Retrofit Methods and Design Concepts

7.1 Possible retrofit methods

There are two basic approaches to retrofit a bridge:

1) conventional strengthening where the sole purpose is to increase the capacity;

2) application of anti-seismic devices to alter the seismic behavior.
The latter aims to decrease the seismic demand with the alteration of the fundamental period,
redistribution of seismic load and energy dissipation. These approaches are briefly presented
in the following sections highlighting possible solutions for vulnerable bridges in Hungary.
7.1.1 Conventional strenghtening methods

The main purpose of pier strengthening is to create confinement to increase the shear and
flexural resistance, and the ductility of the element. The confinement can be: steel jacket,
concrete overlay, Carbon Fiber Reinforced Polymer (CFRP) or external post-tensioning;
applied on portions or the full height of the pier (see Fig. 7.1).

Fragility curves and the calculated component reliabilities confirm that flexural behavior is
mostly sufficient, but shear capacity shall be improved for several examined bridges. Using
CFRP may be an economical choice for PMG-I, PMG-NI and SLAB bridges with standard
pier cross sections (e.g. 0.6x0.9 m). The construction is relatively simple compared to other
retrofit techniques (steel jacket or concrete overlay), however those methods have the benefit
of increasing the flexural capacity and ductility, needed for bridges with inadequate flexural
resistance. Concrete overlay can also be used for bridges where the efficiency of CFRP may

be drastically decreased due to the cross-section size and proportions (e.g. river bridges).

Fig. 7.1 Pier retrofit with: a) steel jacket; b) concrete overlay; c¢) CFRP strips; d) post-tensioning (Padgett 2007).
According to the fragility analysis, bridges with Type 2 monolithic joints may suffer joint

shear failure because of the inadequate shear reinforcement. Additional rebars can be applied
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by drilling holes in the concrete, positioning the reinforcement and finally injecting the holes.
This requires information on the exact location of existing reinforcements. Moreover, the cost

is relatively high, since during the procedure the pavement has to be removed and then rebuilt.

Fig. 7.3 a) Shear keys; b) keeper plate; c-d) seat extenders (Padgett 2007).

Excessive displacements should be avoided, since they may damage the expansion joints
and may cause unseating. The following devices can control the longitudinal displacments
(see Fig. 7.2): restrainer cable; restrainer bar; bumper block or shock transmission unit (STU;
which works only for high velocity movements during earthquakes, while it lets
displacements to develop in case of thermal expansion, for instance). Excessive transverse
movements can be blocked by: shear keys or keeper plates (Fig. 7.3a-b). Another approach is
to let the superstructure move freely, while the seating surface is extended to prevent the
superstructure from falling off. Extension can be done with steel or RC cantilevers (Fig. 7.3¢c-
d). The application of these devices is not essential in Hungary, since excessive displacements
are not observed in case of the examined bridges.

7.1.2  Application of anti-seismic devices

The application of anti-seismic devices may be beneficial in the case where the acceptable
reliability can only be achieved by fundamentally changing the seismic behavior, e.g. the
amount of conventional strengthening is not acceptable (for example, the available space
limits the cross section of highway overpass bridges) or extremely costly (e.g. the retrofit of
river bridge piers and foundations). Anti-seismic devices are classified by EN 15129 (CEN
2010) as follows: 1) rigid connection devices with either permanent connection (e.g.
conventional bearings) or temporary connection (e.g. shock transmission units; see Fig. 7.2d);

2) displacment dependent devices (linear or nonlinear); 3) velocity dependend devices (such
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as fluid viscous or spring fluid dampers); 4) seismic isolators (SI) (e.g. elastomeric, lead
rubber or sliding bearings). The application of different anti-seismic devices is illustrated with

several examples in (Simon et al. 2013; Simon and Vigh 2013b).

7.2 Evaluation of possible retrofit methods

To evaluate the effectiveness of different retrofit methods, fragility analysis is conducted
for various retrofitted configurations of two example bridges (BR03 and BR24). These two
bridges represent typical configurations with typical problems considering the Hungarian road
bridge stock: 1) an integral highway overpass bridge with inadequate monolithic joints and
pier shear resistance (BR03); 2) a typical continuous girder bridge with conventional bearings
where the structural layout is unfavorable and the pier shear resistance is insufficient. The
bridges require different strategies due to their fundamentally different seismic behavior. The
main goal is to reach a target reliability index of ~2 for the area of Komarom.
7.2.1 Conventional strengthening

BRO3 is a PMG-I bridge (Fig. 7.4) with insufficient shear reinforcement and highly
vulnerable abutment joints. The first damage of such PMG-I bridges is usually caused by the
failure of the abutment joints. Based on the results of the parametric preliminary study,
2¢$25/100 shear reinforcement is sufficient to prevent failure and even yielding of the joints.
MSA is carried out with the retrofitted (RF1) joint; the joint deformation demands in case of
the original and retrofitted configuration are illustrated in Fig. 7.5a. Yielding threshold of the
joint deformation is determined at 2 mm which is reached around 1 m/s* and 5 m/s* before
and after retrofit meaning that the median of the component fragility curve is shifted to the

right towards a PGA value around 5 m/s.
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Fig. 7.4 Configuration and characteristics of the BR03 bridge. RF1 and RF2 retrofit strategies are also indicated.

As part of the retrofit design (RF1), the second step is to increase the pier shear resistance
(possibly with CFRP). Shear failure is the dominant failure mode, thus the system fragility is
close to the shear failure component fragility curve. Assuming that the dispersion of the
fragility function does not change significantly, we can calculate the median value needed to
reach a minimum target 8. The required PGA level is ~5.5 m/s* which can be used to estimate

the associated pier shear demands by observing the demands against the PGA (see Fig. 7.5b).
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The median shear resistance should be ~850 kN instead of the original ~750 kN. This increase
can be reached easily with CFRP (or ¢16/150 shear reinforcement in case of newly designed

bridges). The calculated reliability index for the retrofitted structure (RF1) is 2.01.
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Fig. 7.5 Retrofit of the BR03 bridge. a) Abutment joint deformation demands before and after retrofit (RF1). b)
Median pier shear demands. c) Fragility curves for LS3 for the original and two retrofit (RF1 and RF2) verisons.

Unfortunately, the governing failure mode is still the pier shear failure (Fig. 7.5¢). In order
to obtain dominant flexural collapse, the fragility curve should be shifted towards the median
of the flexural collapse fragility curve (or beyond if the dispersion of the shear fragility is
higher). Two issues should be taken into account; the strengthening: 1) increases the pier
stiffness, thus the pier demands; 2) and increases the flexural capacity. The increased
demands can be estimated easily (demands are proportional to the square root of the
stiffness); while the increase of the flexural capacity should be minimized (e.g. applying only
minimal longitudinal reinforcement in case of concrete overlay). According to Fig. 7.5b and c,
the median shear resistance should be ~1750 kN. This increase may be hard to reach with
CFRP retrofit, concrete overlay should be applied (the increase is a rational goal during
design, since ¢16/100 reinforcement can provide the required resistance). The required
resistance is calculated based on the initial stiffness and flexural capacity, since the bridge is
flexible, the increase of the demands can be neglected, while the concrete overlay can be
created to cause minimal flexural capacity increase. The RF2 leads to a 2.83 reliability index.
7.2.2  Application of anti-seismic devices

The other example is a COMP-B bridge (BR24; see Fig. 7.6) designed without any
consideration of the seismic effect; it is a highly vulnerable layout. The DC ratio for pier shear
failure is more than 4 (calculated with median MSA demands at the design PGA level), while
the calculated £ index is only 0.65 for Komarom. To achieve a minimum target reliability, the
median shear resistance of ~2950 kN should be increased to ~13000 kN (the estimation is
carried out in the same way as it is shown for BR03). This increase is extremely high (at least

$32/100 shear reinforcement is needed), it can be done only with significant strengthening
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using concrete overlay. The high vulnerability stems from the small pier cross-section, low
shear reinforcement and the layout of the piers (significant longitudinal shear force develops
due to the torsion of the support from transverse vibration). In the design phase, it is a better
solution to use a more robust pier instead of two smaller ones in the transverse direction. The
robust pier performs better for torsion, and the shear resistance can also be increased with the

increased concrete surface. In conclusion, the seismic behavior has to be altered.
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Fig. 7.6 Configuration and characteristics of the BR24 bridge. RF1-RF3 retrofit strategies are also indicated.
Three retrofit versions are evaluated: 1) seismic loads are distributed among the piers with
shock transmission units in the longitudinal direction. These units provide restraint only for
high velocity loading, while they deform for thermal actions (RF1); 2) seismic isolators are
applied in the longitudinal direction on all piers (RF2); 3) seismic isolators are applied in the
longitudinal and transverse directions on all piers (RF3).

The applied isolation bearings in retrofit versions RF2 and RF3 are modeled with simple
bilinear behavior with 100 kN/mm initial stiffness and 0.05 post-yield stiffness ratio. The
yielding force should be determined in a way that no plastic deformations occur for breaking
forces in the longitudinal, and for wind loads in the transverse direction in the service load
combination. In both directions, the yielding force is set to 350 kN (the isolator force from
braking force and wind load is only 325 and 190 kN, respectively).

Before carrying out fragility analysis conceptual retrofit design should be performed to
compare the effect of different strategies. Fig. 7.7a shows the shear force in the critical pier
(with fixed bearing in the longitudinal direction) for the retrofit versions as the result of
NLTHA (at the design intensity level of 1.5 m/s> PGA using the same artificial ground
motion). The figure confirms that longitudinal shear forces are high from the transverse
vibration. In the RF1 version, applying longitudinal restraint on the other pier support with
STU distributes the seismic forces more proportionally, however it increases the transverse
stiffness of the structure as well, which leads to higher shear forces from transverse vibration.
Fig. 7.7a indicates that applying an isolator in the longitudinal (RF2) direction is not sufficient
(standard design resistance is ~1200 kN). Shear forces in the transverse direction can be

mitigated only with the last retrofit version (RF3), where the shear forces are reduced
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efficiently to ~500 kN in both directions. (Note that due to the hardening effect, isolator

forces and thusly the transferred horizontal forces are usually higher than the yielding force).
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Fig. 7.7 a) Comparison of pier shear demands for different retrofit strategies. b) Median superstructure
displacements. c¢) Fragility curves of the retrofitted configuration for collapse.

Fig. 7.7b depicts the median longitudinal and transverse displacements obtained with MSA
for the original and the retrofit version RF3. One would expect that such drastic decrease in
the transferred lateral forces with the yielding of the isolator considerably increases the
displacements of the superstructure. The natural period elongation caused by the application
of isolation devices would indeed lead to higher displacements, however the mitigating effect
of the damping of the isolators should also be taken into account. In the longitudinal direction
displacements are even decreased because the participation of more piers in the vibration
increases the stiffness of the vibrating system compared to the original version (where only
one pier support is restrained in this direction). In the transverse direction, the combined
effect of the natural period elongation and damping of the isolators results in greater
displacements. However, note that these displacements remain small, they are around 1 cm at
the design PGA level in both directions.

Component fragility curves for LS3 of the retrofitted version (RF3) are illustrated in Fig.
7.7¢c, confirming the increased displacements and probability of unseating. Due to pounding,
damage of the backfill soil is also more likely compared to the original configuration. With
the isolation, the seismic demands of the piers are mitigated to a very low level which results
in low probabilities of pier failure. The calculated reliability index of the retrofitted RF3
configuration is 3.14 showing that using seismic isolation devices can be an effective and
economic solution. Significant decrease in the seismic demand of the substructure can be
achieved, costly strengthening of piers, abutments and more importantly the foundations can
be avoided. Moreover, the application of these devices can be easily carried out by replacing

existing conventional bearings by lifting of the superstructure. The procedure usually does not
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require any further strengthening or design, since bearing replacement is a planned

intervention during the lifetime of a bridge.

7.3 Simplified analysis method for conceptual retrofit design

It is shown that the application of seismic isolators is a cost-effective retrofit solution if
higher reliability can be achieved only with the alteration of the seismic behavior. The design
of such devices is a complex task. Their non-linear behavior and the energy dissipation should
be taken into consideration directly with NLTHA. However, seismic analysis is typically
carried out with linear MMRSA in practice, therefore there is a need for a methodology where
the complex behavior can be followed at least approximately with linear characteristics. Such

method, the equivalent linear analysis procedure is proposed by EC8-2.
7.3.1 Equivalent linear analysis method

Behavior of the most commonly applied seismic isolators (SI; lead rubber bearings,
friction based bearings etc.) may be approximated with a bi-linear characteristic (Fig. 7.8), as
suggested by EN 15129 and EC8-2. The required parameters are: initial stiffness (K.), the
post-yield stiffness (K,) and yielding strength (Fy). The equivalent linear characteristic is
expressed with effective stiffness (Kefr) and effective damping (), to consider the non-linear

behavior and the energy dissipation of the Sls, respectively.
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Fig. 7.8 Flowchart of the iteration procedure for equivalent linear analysis.
Equivalent linear analysis (ELA) should be carried out with iteration (Fig. 7.8) to arrive at

compatible forces and deformations. In each iteration step, MMRSA is completed with K¢ of
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the non-linear components and &g of the system. With the obtained deformations (dpq ;) the
effective properties are updated. The deformation compatible force Fy; is:

Facti = Fy + Ky(dpa; — dy) (7.1)
assuming that dyq; 1s greater than the yielding deformation (dy). The updated effective

stiffness (Kefri+1) 1s the secant stiffness corresponding to the calculated deformation level:

_ Fact,i
Kegtiv1 =25 (7.2)
bd,i

while the effective damping of one isolator unit is described per EC8-2 as follows:

_ 4 (Fy—Kpdy)(dba—dy)
feff - 2”Keffd12,d . (7~3)

The system damping is calculated as the sum of the effective damping of the isolator units.

The last step is to modify the elastic response spectrum via the modification factor:

10
Metti = \[SiEerroial (7.4)

The iteration is continued until the difference in dpq; is less than a predefined tolerance®.
7.3.2  Limitations of the equivalent linear method

Accuracy of the ELA method has already been evaluated by several researchers concluding
that the determination of the effective damping is critical and in several cases it is
overestimated. New conclusions were made that the accuracy depends not only on the
ductility ratio of the SI (n = the deformation demand divided by the d, yielding deformation),
but the effective period of the structure and the frequency characteristics of the ground
motion. Several new formulations were proposed by various authors, based on either
modifying the original equation (Hwang et al. 1996; Dicleli and Buddaram 2007; Liu et al.
2014; Zordan et al. 2014) or creating formulae considering datasets from non-linear analyses
(Iwan and Gates 1979; Hwang et al. 1994; Jara et al. 2012; Liu and Zhang 2016).

The mentioned studies focus on the evaluation of a simple SDOF system. As part of this
research, the feasibility of the ELA for real structures is investigated through 3 typical (RC-
B,COMP-I and STEEL-B) continuous girder bridge examples (see details in Simon and Vigh
2013c). Besides Eq.(7.3), the effective damping is calculated by four other codes as well for
comparison: 1) AASHTO code providing the same formula as Eq.(7.3); 2) JPWRI manual
(JPWRI 1992); 3) Caltrans94 method (Hwang et al. 1994); 4) Caltrans96 method (Hwang et
al. 1996). Fig. 7.9 shows the effective damping ratios calculated by the discussed four
methods. Increasing the post-elastic stiffness (K,/K. ratio), the elastic energy associated with

Kesr 1s higher for the same deformation, thus the corresponding effective damping is lower. At

% 5% per EC8-2, however, 1% is applied in this study.
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lower ductility ratios (<15; possibly the case of moderate seismicity) the highest effective
damping is provided by the EC/AASTHO code, followed by the JPWRI, Caltrans 96 and
Caltrans94 methods. Accordingly, high variance of the results is expected; lower internal
forces may be obtained with AASTHO/EC and JPWRI, and higher ones from Caltrans94 and
96 for moderate earthquakes. Note that at lower ductility, Eq.(7.3) provides an effective
damping ratio up to 0.4, while the proposed limitation for ELA method by EC8-2 is 0.3.
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Fig. 7.9 Effective damping ratios calculated with different codes. K,/K. of 0.05 (a), 0.15 (b).
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Fig. 7.10 Accuracy of the ELA method compared to NLTHA results. Error is calculated as ELA/NLTHA-1 in %
for isolator force, pier moment, superstructure displacement and isolator deformation.

The evaluation is carried out as follows. A total number of 48 ELA is performed with
iteration (three bridges; response spectrum with soil type C and E, PGA value of 1.0 and 1.4
m/s’; four effective damping determination methods). NLTHA is conducted with 7 artificial
ground motions (for each standard spectrum) and the averages of the results are considered as
the exact solution per EC8-2. Finally, the two methods are compared by calculating the
relative error of the ELA.

Fig. 7.10 shows the results for 4 main responses characterizing the local behavior of the
isolator and the global behavior of the whole structure in the dominant longitudinal direction.
The observed ductility ratios are under 15. Accordingly, EC/AASHTO underestimates (-
signed error) the demands, while Caltrans94 method is too conservative (+ signed error) in
most cases. The most reasonable results can be obtained with the Caltrans96 method (error is
under 30-40% for all demands). Although displacements and deformations may have an error

up to ~50 and ~75%, all methods are applicable to predict the internal forces of the system
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components with an accuracy of + 30%. Note also that this accuracy is valid even for
damping ratios over the 0.3 limit.

In the preliminary phase, the aim of the conceptual design is to compare different strategies
mainly to decrease the demands of the substructure. The iterative MMRSA is time-efficient,
the experience is that only 5-6 iteration steps are needed for compatible internal force
solution. Based on the results, the following 6 step procedure is suggested for conceptual
retrofit design: 1) if conventional strengthening is not a cost-efficient option, select isolator
units with proper characteristics (e.g. yielding force should be higher than the isolator force
from service loading); 2) set out strategies with different isolator arrangements and
characteristics; 3) carry out iterative MMRSA according to Fig. 7.8 using the EC/ASHTOO
(or the more accurate CALTRANS 96) method to determine the effective damping ratio
(ignore the 0.3 limit); 4) increase the governing internal forces with a factor of 1.3; 5)
compare the different strategies; 6) select the most favorable retrofit version and check the
internal forces and displacements with NLTHA.

7.3.3  Conceptual seismic retrofit design of M0 Haros highway bridge

The suggested conceptual retrofit design procedure is used for a real bridge project. As part
of the research, an existing highway bridge over the Danube River for the MO Highway at
Héros is examined. The main structural attributes and the configuration of the structure are
shown in Fig. 7.11. The bridge was built in 1990 without seismic design. The composite
girder of the river bridge has to be replaced due to the ageing of the deck. The replacement
results in a new structure, thus seismic performance has to be evaluated according to EC8-2.
Since some piers and bearings do not satisfy the standard seismic requirements, seismic
retrofit is needed.

The main goal of the conceptual seismic retrofit design is to keep the original piers and
foundations, and to achieve a cost-effective solution. There are two alternatives: 1)
conventional retrofit methods strengthening the critical members; 2) mitigation of the seismic
demand. The first approach leads to increased demands on construction materials, human
resources and thus to significant expenses assigned to strengthening of immersed piers and
foundations. On the contrary, an effective demand mitigation method may assure to keep the
original substructure in its existing form. Such methods can be: a) using more sophisticated
modeling techniques (e.g. taking into account the actual, cracked pier stiffness); b)
redistribution of internal forces with the rearrangement of fixed bearings; c¢) using seismic

isolators to isolate the substructure from the superstructure.
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Fig. 7.11 Configuration of the existing MO Haros Highway Bridge. a) side-view of the bridge; b) side-views of
pier P5; ¢) cross-section of the river bridge girder.

Table 7.1 Retrofit versions. “+” marks fixed bearing in the corresponding direction; SI1-SI4 are showing the
application of seismic isolators. V1 — original version. V9 — final retrofitted version.

Ver. Direction Abut. Piers Abut. Pier

P1 P2 P3 P4/1 P4/2 PS5 P6 P7/1 P7/2 P8 P9 P10 stiffness
Vi ZL"ro:ngs:. + : + + + i + + + + i + 100%
V2 ;fanyi_ + 1 + + + i + + + + i + 30%
LA S S S S S S S S S .
N
Vs ZL"ro:ngs:. + : + + + SJIrl + + + + i + 100%
Ve ;fanri. SJIrl + o+ + + SP + + + + + SP 100%
V7 YL”Vo:ri Sil + + + + Sg SI3 + + + + SJIrl 100%
Ve ;fanri. VoL + + :g S3 si SI5 P
T A A U S

Isolator properties
SI1 — Fy=1200kN; K.= 250kN/mm; K,= 15kN/mm. SI2-Fy =3300kN; K, = 1400 kN/mm; K,= 75 kN/mm.

SI3 — Fy=5100kN; K, =2200kN/mm; K, =115kN/mm. Sl4—-Fy =1815kN; K.= 750 kN/mm; K, = 40 kN/mm.
SIS —Fy =1650kN; K. = 700 kN/mm; K, = 40 kN/mm.

Accordingly, eight demand mitigation methods (Table 7.1) are evaluated and compared on
the level of internal forces in the critical elements. To illustrate the steps of the conceptual
design, representative results are presented in two figures. Longitudinal and transverse
bending moments acting in the bottom section of the piers are compared in Fig. 7.12.
Additionally, Fig. 7.13a presents the DC ratios for pier P5, P6 and P7, while the bi-axial

bending interaction diagram of the most critical pier P5 is depicted in Fig. 7.13b.
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Fig. 7.12 Longitudinal and transverse bending moments of the piers for the examined versions.
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Fig. 7.13 a) Flexural DC ratios of the river bridge piers for the examined versions. b) Bi-axial bending
interaction diagram of the most critical pier P5.

Comparison of the ELA and NLTHA is implemented for the last retrofitted configuration
(V9) by presenting five different responses in both horizontal directions at pier P5 and P7, and
by evaluating the differences of the results (see Table 7.2). The following demands are
compared: internal force and deformation of the SI; girder displacement; pier top
displacement and pier bending moments in both longitudinal and transverse directions.

Table 7.2 Comparison of ELA and NLTHA results for the final V9 version. A denotes ELA/NLTHA-1 in %.

Longitudinal direction Transverse direction
Pier # P5 P7 P5 P7
Parameter NLTH A% NLTH A% NLTH A% NLTH A%
Isolator force (kN) 1397 0 1372 1 4247 21 1542 -6
Isolator deformation (mm) 14.5 25 12.8 31 2 24 2.05 -5
Girder displacement (mm) 22 16 20 23 5.1 22 5.6 -11
Pier top displacement (mm) 9 -20 8.8 -11 3.1 16 4.1 -26
Pier bending moment (kNm) 65582 -22 59715 -20 93592 16 68398 -9

In the longitudinal direction, the force in the SI can be approximated by ELA method with
negligible error due to the bi-linear characteristic and low post-yield stiffness of the device.
However in case of pier moments, deformations and displacements, the error of the ELA is
generally around 20-30%, as expected. The deformation of the SI and thus the girder

displacements are overestimated by 16-31%, while the pier top displacements are
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underestimated by 10-20%. This underestimation is reflected in the pier moments: typically
20% larger internal forces obtained with NLTHA. These results confirm the previous findings
and conclusions.

In the transverse direction, the results are less consistent. The screened values are higher
from the ELA compared to the NLTHA in case of pier P5 meaning that even though the
equivalent damping ratios may be overestimated, time-history analysis leads to lower
demands overall. The tendency is the opposite at pier P7, however the overestimation is not
higher than 26% (pier top displacement), and lower than 10% in case of the internal forces (SI
force, pier moment). The inconsistent results stem from two origins of uncertainty: 1)
calculation of the equivalent damping and the effective stiffness; 2) the analysis method
applied. The uncertainty of the ELA method using SDOF system is discussed previously,
while it can also be shown that the internal forces obtained with MMRSA and LTHA differ
with up to 15% and 40% in the longitudinal and transverse directions, respectively.

In conclusion, using a factor of 1.3 for the increase of the internal forces in the conceptual
phase is a rational choice; conservative results are obtained in both directions even for a large-
span non-regular bridge configuration. However, NLTHA of the chosen retrofitted version

has to be carried out for validation, ELA should be used only in the preliminary phase.

7.4 Proposed design concepts

Based on the preliminary and fragility analyses and the evaluation of retrofit strategies,
design concepts can be given for new bridges. One of the main problems with existing bridges
is that most of them are not designed for seismic actions. Therefore, the unfavorable behavior
stems from the lack of seismic design. Typically, pier shear resistance is insufficient for all
bridge types (except for certain steel bridges), and the monolithic joints of SLAB and PMG-I1
bridges are also critical. It is shown that seismic design carried out in accordance with EC8-2
leads to a minimum acceptable reliability level. Due to their different seismic behavior,
bridges with monolithic and bridges with conventional bearings are discussed separately.
7.4.1 Bridges with monolithic joints

PMG-I and SLAB bridges are constructed with monolithic joints at each support. For such
structures, seismic analysis should be carried out with a behavior factor of 1.0 using
MMRSA; and the effect of the backfill soil and the SSI at the foundations should be included
in the numerical model. The use of upper and lower bound estimates of the soil stiffness is
recommended to arrive at conservative demands for each bridge component. Details about the

modeling and calculation of SSI stiffness can be found in Chapter 4 and 5. Resistance of the
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piers and the monolithic joints should be calculated per EC8-2 and EC2, and with the formula
presented in Chapter 5. The maximum acceptable PGA results presented in Appendix D
highlights the critical components for specific configurations. According to the presented
studies, the general layout (e.g. main geometry, pier cross-section) of SLAB and PMG-I
bridges can be kept, the required capacity of the piers and the joints can be reached simply
with additional reinforcements. Table 7.3 illustrates these estimated required reinforcements
considering a typical pier height of 5-6 m and a maximum bridge length of 80-100 m.

Table 7.3 Estimated required reinforcements for SLAB and PMG-I bridges (5-6 m pier height; up to 100 m total

length)
PGA [m/s’] Pier long. reinf. ratio Pier shear reinf. Monolithic joint shear reinforcement
SLAB 0.8 1.2% 016/150 2¢20/100
15 2.0% 916/100 2¢25/100
PMG-I 0.8 0.8% ¢12/150 2¢16/100
1.5 1.5% ©12/100 2¢22/100

7.4.2  Bridges with conventional bearings

The piers of bridges with conventional bearings typically have inadequate shear resistance.
Seismic design should be carried out in line with EC8-2 applying either limited ductile
(q=1.5) or ductile (1.5<q<3.5) design of the piers. Seismic analysis using MMRSA should be
carried out with the above mentioned behavior factors; and SSI at the foundations should be
accounted for in the numerical model assuming an upper and a lower estimate for the soil
stiffness. The influence of the backfill soil may be neglected to obtain conservative pier
demands (pounding decreases these demands and increases the backfill soil demands, but it is
shown that the failure of this component is not expected).

Selecting a proper bridge configuration is also part of the seismic design. There are several
existing bridges, the seismic behavior of which is unfavorable due to the improperly chosen
structural system and layout. For instance, PMG-NI bridges are extremely vulnerable;
monolithic joints are constructed only on some piers. It is generally beneficial to draw more
piers into the vibration. The application of STUs may be an optimal solution which distributes
the seismic load among all piers, but lets the thermal movements develop. One should bear in
mind that the piers at which the STU is applied should be designed for the increased demands.

Another issue is the torsion of the supports. Zsarndczay (2010) showed that pier torsional
moments can be neglected, since the torsional capacity is at least an order of magnitude
greater. However, if there are multiple piers in the transverse direction, the torsion of the
support causes considerable longitudinal shear forces in the piers with longitudinal fixed
bearings. This effect is more significant with odd number of supports. A possible solution to

avoid this behavior is use one, but more robust pier.
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7.5 Summary

In this chapter, possible retrofit methods are reviewed and evaluated through fragility
analysis for the two most typically critical bridge configurations. It is shown that CFRP
strengthening is an optimal solution to moderately increase the shear resistance of PMG-I,
PMG-NI and SLAB bridges, while for more significant increase of the shear resistance or in
the case of more robust piers, concrete overlay can be used efficiently.

When mere strengthening is not a feasible option (the cost is too high due to the difficult
construction, e.g. river bridge piers), seismic isolators should be used to mitigate the pier and
foundation demands. It is shown that the reliability level can be increased significantly with
seismic isolators, while the probability of unseating remains relatively low.

The design of seismic isolators is a complex task due to their nonlinear behavior and
energy dissipation. A simple methodology is proposed for conceptual seismic isolator design
which can be applied with the most commonly used linear MMRSA method, therefore is

convenient for practicing engineers. I summarized the presented results in my Thesis V.
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Chapter 8

Summary and Conclusions

8.1 Primary results and impact

A comprehensive and rigorous methodology is used in the research to evaluate the seismic

performance of typical road bridges in Hungary. The results contribute to three main topics.

1) Seismic analysis and design:

It is shown that the Type 2 standard spectrum describes well the UHS in Hungary.

The artificial record generation software is freely available and can be used by engineers
for time-history analysis to obtain less conservative seismic demands compared to the
most commonly used MMRSA.

Possible modeling technique of typical bridge types for both linear and nonlinear analysis
is suggested, where new modeling approach is presented for the monolithic joints of
precast multi-girder bridges.

The study highlights the critical bridge components and configurations. It also provides

design concepts for new bridges.

2) Seismic performance evaluation:

An automatic seismic performance evaluation framework is established. Nationwide
evaluation can be carried out if essential data of each bridge is available.

The appropriateness of various intensity measures are evaluated for different
configurations. Ground motions should be selected with regard to the optimal IM, if the
selection is not based on a hazard compatible GCIM procedure.

An expected structural reliability level is provided by calculating the range of possible
reliability indices for typical bridges. It is also shown that with proper seismic design a
target reliability of ~ 2 can be achieved.

The presented fragility curves can be used for decision making in pre- and post-
earthquake situations such as retrofit prioritization, emergency routes and recovery

planning.

3) Seismic retrofit design:

It is shown that cost-efficient increase of the pier shear resistance can be obtained with
CFRP strengthening for typical precast multi-girder and slab bridges, while concrete
overlay can be used for bridges where the efficiency of CFRP may be drastically

decreased due to the cross-section size and proportions.
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e According to the fragility analysis, bridges with monolithic joints may suffer joint shear
failure which is the result of inadequate shear reinforcement.
e [t is shown that seismic isolation is an optimal solution for bridges with improper seismic

behavior. A time-efficient approach is proposed for conceptual seismic isolation design.

8.2 Recommendations for future work

The study showed that the reliability level is low in case of several typical road bridges in
Hungary. There is a need for a broader evaluation in order to make economic and financial
decisions on a national level. The following task should be carried out to achieve this goal:

e The bridge database shall be extended and the required data shall be collected.

o Site-specific UHS shall be determined for the whole country.

e The developed framework shall be used to evaluate the seismic performance of thousands
of bridges in the extended database.

e A possible retrofit strategy shall be worked out based on the results.

Other directions for future work:

e The numerical model shall be further improved. The cyclic behavior and modeling of
Type 1 monolithic joints and typical bearings used in Hungary shall be investigated. The
developed nonlinear pile foundation model shall be incorporated in the fragility analysis.

e The study raised questions on the target reliability and the design PGA level. This issue is

an open question in the literature as well and should be investigated in detail.
8.3 New scientific results

Thesis I (Simon and Vigh 2013a, 2015c, 2016b)
I investigated the seismic hazard of Hungary, and carried out comparative evaluation of site
specific spectra and Eurocode 8-1 standard spectra.
I/a 1 employed a probabilistic seismic hazard analysis procedure and adopted a record
selection method based on the general conditional intensity measure approach for

Hungarian sites. I also created a freely available artificial record generation program.

I/b 1 showed that earthquakes with moderate magnitude (<5.5) and small epicentral
distance (<10 km) contribute most to the seismic hazard of Hungarian sites at the
design intensity level; and that the expected significant duration of ground motions is

under 10 s.

I/’c I showed that the Eurocode 8-1 Type 2 standard spectrum describes the site specific
spectrum better in Hungary than the Type 1 spectrum.
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I/d T evaluated different intensity measures, and I verified that the seismic response of
bridges is highly correlated with the spectral acceleration and the spectral intensity

associated with the dominant vibration period controlling the seismic response.

Thesis II (Simon and Vigh 2015a; Simon et al. 2016)
I developed an evaluation framework to determine the seismic performance of Hungarian
road bridges based on fragility analysis.
II/a 1 worked out five separate (database, seismic load generation, numerical model
generation, seismic analysis and post-processing) modules in detail, and automatized

the evaluation procedure by creating connection between these modules.

II/b T investigated the applicability of the existing bridge database for the seismic
performance evaluation of the whole bridge inventory. [ highlighted the
shortcomings of the database; and proposed an extended database structure and a

strategy for the extension.

Il/c 1 classified the bridges into 8 bridge classes and characterized their most important

structural attributes. I created a portfolio of 30 representative existing bridges.

Thesis 111 (Simon and Vigh 2014, 2015b, 2016a)
I conducted a preliminary parametric study for precast multi-girder and slab bridges with
monolithic joints using linear modal response spectrum analysis.

IlI/a T developed the linear numerical model of the structures; and proposed a modeling

technique for the backfill soil in case of linear modal response spectrum analysis.

III/b T determined critical configurations and components of typical bridge structures, and
showed that the performance of the superstructure, abutment, backfill soil and the
foundation is adequate; and that the monolithic joints are critical, especially at the
abutments. I also showed that in case of longer (>50 m) bridges, the pier shear or

flexural resistance is insufficient for short (<5 m) or high piers (>5 m), respectively.

II/c 1 estimated the number of critical integral precast multi-girder and slab bridges in the

inventory based on the standard evaluation per Eurocode 8-2.

Thesis 1V (Simon 2012, 2013; Simon and Vigh 2015b, 2016a; Simon et al. 2016)
I carried out a parametric fragility analysis for precast multi-girder bridges with monolithic
joints; and conducted fragility analysis of 30 structures representing typical bridge types of
the Hungarian bridge stock.

IV/a 1 developed the nonlinear numerical model for each bridge class. I worked out and

calibrated a numerical model for the cyclic nonlinear behavior of monolithic joints
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IV/b

IV/c

Iv/d

with shear reinforcement. I developed a numerical model for pile foundations based
on the Beam on Nonlinear Winkler Foundation approach; and proposed parameter

definitions in line with Eurocode 7 and Hungarian practice.

I evaluated the effect of different modeling and analysis assumptions on the seismic
response of bridge structures. I showed the importance of modeling the cyclic
behavior of monolithic joints and the pounding between bridge components; and
showed that the geometric uncertainty is negligible, while the material and soil

uncertainties may significantly influence the calculated probability of failure.

I determined the most vulnerable bridge components using the component fragility
curves. | verified that the results for precast multi-girder and slab bridges are in
accordance with the conclusions of the preliminary study, and showed that pier shear
failure is dominant for several bridge types. I showed that steel bridges with
conventional bearings have better behavior, the collapse may be characterized with

pier flexural failure.

I evaluated the reliability of typical road bridges, and compared the seismic
performance of the structures based on their reliability index. I showed that an
improper structural system and the lack of seismic design may result in an
unacceptably low reliability level; and showed that seismic design per EC8-2 leads to

a reliability index of around 2.

Thesis V (Simon and Vigh 2013b, 2013¢; Simon et al. 2015)

I proposed retrofit methods for vulnerable structures and design concepts for new bridges.

V/a

V/b

Vic

I showed that applying monolithic joints at the abutments, and conventional fix and
free bearings in the longitudinal and transverse directions at the piers is an optimal

configuration for highway overpass bridges up to 100 m total length.

I evaluated retrofit strategies for two representative critical bridges. I showed that
carbon fiber reinforced polymer is an economical space-saving solution for pier
strengthening when only moderate increase of the reliability is required; while
significant increase can be achieved with concrete overlay. In case of an improper

structural system, seismic isolation is a cost-efficient retrofit method.

I evaluated the accuracy of the equivalent linear analysis method of Eurocode 8-2
with non-linear time-history analyses; and proposed a methodology for conceptual
seismic isolation design, which I verified through the retrofit design of an existing

large span river bridge.
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8.4 Publications of the author on the subject of the thesis

International journal papers

Simon J, Vigh LG (2013a) Seismic assessment of an existing Hungarian highway bridge. Acta Technica
Napocensis — Civil Engineering and Architecture 56(2):43-57

Simon J, Vigh LG, Horvath A, Pusztai P (2015) Application and assessment of equivalent linear analysis method
for conceptual seismic retrofit design of Haros MO highway bridge. Periodica Polytechnica — Civil
Engineering 59(2):109-122. doi: 10.3311/PPci.7860

Simon J, Vigh LG (2016a) Seismic fragility assessment of integral precast multi-span bridges in areas of

moderate seismicity. Bulletin of Earthquake Engineering (accepted). doi: 10.1007/s10518-016-9947-y

Hungarian journal papers

Simon J, Martinovich K, Dani B, Ajpli B, Sapkas A, Vigh LG (2013) Retrofit methods for bridges — case studies
(in Hungarian). Utiigyi Lapok 1(1) Paper 2

Simon J, Vigh LG (2015a) Application of the existing road bridge database for the seismic performance
evaluation of Hungarian road bridges (in Hungarian). Utiigyi Lapok 5(1):1-24

Simon J, Vigh LG (2016b) Determination of seismic load in Hungary: Application of site specific response

spectra (in Hungarian). Vasbetonépités (accepted)

Papers in edited book

Simon J, Vigh LG, Horvath A (2016) Seismic performance and damage assessment of Hungarian road bridges
(in Hungarian). Scientific Publications of BME Department of Structural Engineering. pp. 89-98, Budapest,
Hungary

Conference papers

Simon J (2012) Numerical model development for seismic assessment of continuous girder bridges. Proc. of the
Conference of Junior Researchers in Civil Engineering. pp. 216-224, Budapest, Hungary

Simon J, Vigh LG (2012) Seismic assessment of Hungarian highway bridges — A case study. Proc. of the First
international conference for PhD students in Civil Engineering. pp. 155-162, Cluj-Napoca, Romania

Simon J, Vigh LG (2013b) Possible seismic retrofit methods for road bridges (in Hungarian). Epitményeink
védelme 2013. pp. 1-14, Rackeve, Hungary

Simon J (2013) Parameter identification for dynamic analysis of pile foundation using non-linear p-y method.
Proc. of the Second Conference of Junior Researchers in Civil Engineering. pp. 161-170, Budapest, Hungary

Simon J, Vigh LG (2013c) Response spectrum analysis of girder bridges with seismic isolators using effective
stiffness. Int. Conf. on Civil, Structural and Earthquake Engineering. pp. 1353-1362, Istanbul, Turkey

Simon J, Vigh LG (2014) Multi modal response spectrum analysis implemented in OpenSees. OpenSees Days
Portugal 2014. pp. 39-42, Porto, Portugal

Simon J, Vigh LG (2015b) Preliminary seismic vulnerability assessment of pre-code multi-girder bridges in
Hungary. Earthquake Risk and Engineering towards a Resilient World, pp. 1-10, Cambridge, UK

Simon J, Vigh LG (2015¢) Seismic vulnerability assessment of existing Hungarian highway bridges using hazard
compatible ground motions. 12th Hungarian Conference on Theoretical and Applied Mechanics. Paper 334.

13 p. Miskole, Hungary
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Appendix A: Ground motion prediction and correlation equations,

calculation of intensity measures

Al. Ground motion prediction equations and correlation equations
Table Al presents the ground motion prediction equations (GMPE) and correlation

equations applied for the generalized conditioned intensity measure (GCIM) record selection
procedure. All empirical formulae were derived using shallow crustal earthquake data.
Therefore they are assumed to be valid for Hungarian circumstances.
Ground motion prediction equations:

e ABI10 (Akkar and Bommer 2010);

e BRO9 (Bradley et al. 2009);

e BRI10b (Bradley 2010b);

e BRIla (Bradley 2011a);

e DWI2 (Du and Wang 2012);

e KS06 (Kempton and Stewart 2006).
Correlations:

e BJ08 (Baker and Jayaram 2008);

e BRI11b (Bradley 2011b);

e BRIllc (Bradley 2011c);

e BRI2b (Bradley 2012b);

e BRI2c (Bradley 2012c);

Table A1 References to the applied ground motion prediction equations and correlation equations.

GMPE M Sa PGA PGV ASI VSI DSI CAV Dss7s Dssos
AB2010 Sa BJO8 BRI11b BRI2b BRIlb BRI1lb BRlla BRI2¢c BRllec BRllc

AB2010  PGA BR12b BRI11b BRIlb BRIla BRI2¢ BRllc BRllc
AB2010 PGV - - - BRI2b BRI2b BRlla BRI2¢c BRIllc BRllc
BR10b ASI - - - - BR11b BRIla BR12¢ BRllc BRllc
BR09 SI - - - - - BR1la BR12¢ BRllc BRllc
BRl1la DSI - symmetric - - - BR12¢  BRIllc BRllc
DW12 CAV - - - - - - - BRl1lc BRllc
KS06 DS575 - - - - - - - - BRI1l1c
KS06 Dssos - - - - -

Sa: spectral acceleration; PGA: peak ground acceleration; PGV: peak ground velocity; ASI:
acceleration spectrum intensity; VSI — velocity spectrum intensity; DSI: displacement
spectrum intensity; CAV: cumulative absolute velocity; Dss7s and Dssos: significant duration

determined between 5-75% (Dss7s) and 5-95% (Dssos) of the cumulative Arias intensity (Al).
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A2. Calculation of ground motion intensity measures
The calculation of PGA, PGV, Sa, ASI, VSI, DSI, CAV, Al, Dss7s and Dgsos of a ground
motion (GM) is presented in the following equations.

PGA is the maximum absolute value of the acceleration time series a(?) of the GM:

PGA = max(|a(t)]). (A.1)
PGV is the maximum absolute value of the velocity time series v(z) of the GM:

PGV = max(|v(t)]). (A.2)
Sa is the spectral acceleration (AS) value calculated with 5% damping at vibration period T:

Sa(T) = AS(T,0.05). (A.3)

ASI, VSI and DSI are obtained by integrating the acceleration (AS), velocity (VS) and
displacement (DS) spectra with 5% damping in the range of 0.1-0.5s, 0.1-2.5s and 2.0-5.0s

vibration periods, respectively:

ASI = [*° AS(T,0.05)dT, (A4)
vSI = [2VS(T,0.05)dT, (A.5)
DSI = [° DS(T,0.05)dT. (A.6)

CAV is defined as the integral of the absolute value of the acceleration time series:
cAV = [["|a(t)|dt. (A.7)

The definition of the Arias intensity is as follows:

Al = % L7 a(t)?dt. (A.8)

Significant duration is defined as:
Dgyy =ty — Ly, (A.9)
X,y = 1?401% fotx’ya(t)zdt, (A.10)

where t, and ty the times at which x and y percent of the total Arias intensity occur. The

values for Dgs75 and Dgsos are x, y = 5%, 75% and x, y = 5%, 95%, respectively.
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Appendix B: Extension of the existing road bridge database

B.1 Three-phase data collection
Fig. B1 shows the original, while Fig. B2 illustrates the extended structure of the existing
road bridge database. A three-phase extension is worked out and presented in the following

sections.

Extension Phase 1 (EP-1)

In EP-1, the most important data that should be collected is the type (single or multi
column, wall-type etc.) and height of the piers. The existing database lacks this parameter, it
only stores the vertical underclearance for bridges over roads. For bridges crossing other
obstacles such as rivers or valleys, not even this underclearance is defined. The seismic
response is highly influenced by the type and dimensions of the abutment in case of shorter
bridges, or bridges with integrate monolithic joints (e.g. precast multi-girder bridges on
highways). Therefore minimal description of the abutments is necessary. In this phase,
revision of existing and uploading of missing data should be performed (e.g. description of
expansion joints, bearing types, foundation types etc.). At the end of EP-1 the following
bridges can be analyzed: straight bridges with one or more spans and one girder, where cross-
sections are only assumed based on simplified calculations or observations on typical bridge
plans. With EP-1 KL-1 can be achieved which is sufficient for bridge classification and the
analysis of typical bridge types.

Extension Phase 2 (EP-2)

In accordance with KL-2, in this phase the global geometry is refined. Bridges with
multiple superstructures are included; the important parameter here is the distance between
them. The skew angle and the alignment of the bearings can be modeled. Since the cross-
section of the structural elements should be defined in this level, different parameters
depending on the cross-section type may be needed. For instance, two constants are required
to define a rectangular, one for a circular and multiple (top flange thickness and width, web
thickness and height etc.) for a steel box cross-section. The bearing properties and the size of
existing expansion joints should also be input for the database. To increase the accuracy of the
model, the foundation type and different attributes are required for different foundations such
as the size of the shallow foundation or number, length and layout of piles for pile foundation.
In order to determine proper seismic loads, soil classification should be carried out for the site

of the bridge. The material properties should be obtained from plans to achieve KL-2. After
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EP-2, sufficient data is provided to carry out a regional seismic performance evaluation based
on individual analysis of bridges. This way, for each bridge an individual fragility curve and
seismic risk can be calculated, and reliable comparison can be made between bridges in the

inventory.

Extension Phase 3 (EP-3)

EP-3 is about including bridges with curvature in plan and describing the structural
elements more precisely. For the former point, the exact locations of the supports and the
curvature of the superstructure between them have to be defined. The structural elements are
divided into segments following any important change in cross-section. The bearing or
monolithic joint properties should be specified in a way to obtain reliable force-deformation
relationship (material properties, sizes, number of steel plates in an elastomeric bearing etc.).
Both material properties of the structural elements and the soil should be defined with in-situ

tests.

B.2 Extended structure of the database

The extended structure is illustrated with the entity relationships diagram (Fig. B2), where
existing data is marked with black, while the first, second and third extensions are marked
with green, blue and red. Table names, the primary keys and foreign keys are indicated with
bold, underlined and italic fonts, respectively. On the line representing the relationship
between two tables the degree of relationship (cardinality) is also shown (e.g. a bridge has at
least two supports and maximum n supports). In cases when multiple alternatives can be
chosen depending on the actual arrangement of the bridge (e.g. cross-section type of the
superstructure or the pier) only one example is given. Certainly, introducing new items (e.g.
new cross-sections such as steel box section with new constants) requires the definition of

new tables, but the relationship structure remains the same.
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Fig. B2 Three-phase extension of the existing database (black). Phase 1
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Appendix C: Fundamental periods of the examined bridges

In the following tables, fundamental periods (in seconds) are presented for the dominant
vibration mode in the longitudinal (X), transverse (Y) and vertical (Z) directions, respectively.
Since only slight difference is observed in case of PMG-I and SLAB bridges for different
widths, only the results for 14 m deck width are presented.

Table C1 Fundamental periods [s] of the portfolio bridges.
PORTFOLIO BRIDGES

Configuration X Y V4 Configuration X Y Z Configuration X Y Z

BR 1 0.34 0.15 027 BR 11 0.60 089 048 BR 21 1.24 033 0.68
2 0.27 0.13 0.23 12 1.04 083 0.14 22 0.57 0.13  0.40
3 0.31 0.27  0.27 13 0.25 027 0.19 23 024 036 0.37
4 0.20 0.23  0.26 14 0.21 0.18 0.13 24 0.56 027 041
5 0.17  0.21 0.12 15 0.23 027 0.16 25 1.31 0.52  0.32
6 0.20 023 0.13 16 025 033 0.12 26 0.80 020 0.57
7 0.28 036 0.22 17 2.18 0.86 0.27 27 0.69 0.21 0.59
8 0.21 0.25  0.14 18 239 071 0.30 28 1.69 0.62 0.69
9 0.39 032 049 19 393 095 024 29 1.85  0.79 1.10
10 0.67 0.66 0.24 20 0.74 020 048 30 2.59 076 0.99

Table C2 Fundamental periods [s] of single span PMG-I and SLAB bridges.

PMG-1-W14 SLAB - W14

Configuration X Y Z Configuration X Y V4

SI P00 LOS5 0.07 0.06 0.04 S1 P00 LOS 0.07 0.06 0.07
L10 0.10 0.08 0.10 L10 0.12 0.08 0.12
L15 0.11 0.09 0.17 L15 0.17 0.11 0.17
L20 0.13 0.11 0.25 L20 0.22 0.13 0.22
L25 0.15 0.12 0.34 L25 0.28 0.16 0.28
L30 0.17 0.14 0.45 L30 0.33 0.19 0.33
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Table C3 Fundamental periods [s] of multi-span PMG-I bridges.

PMG-1- W14
Configuration X Y Z Configuration X Y Z Configuration X Y Z

2 P02 LO5 0.07 0.06 0.03 S3 P02 LO5 0.07 0.06 0.03 $4 P02 LO5 0.07 0.06 0.02
L10 0.10 0.08 0.06 L10 0.10 0.08 0.07 L10 0.11 0.08 0.06

L15 0.16 0.10 0.11 L15 0.13 0.10 0.13 L15 0.14 0.11 0.11

L20 0.24 0.12 0.16 L20 0.16 0.12 0.19 L20 0.17 0.12 0.16

L25 033 0.14 0.22 L25 0.18 0.13 0.26 L25 021 0.14 0.21

L30 0.20 0.15 0.29 L30 0.23 0.15 0.34 L30 0.22 0.16 0.28

P04 LOS 0.08 0.07 0.03 P04 LO5S 0.09 0.07 0.03 P04 LOS 0.10 0.08 0.03
L10 0.12 0.10 0.07 L10 0.13 0.10 0.08 L10 0.14 0.11 0.06

L15 0.17 0.12 0.11 L15 0.16 0.13 0.13 L15 0.18 0.15 0.11

L20 0.25 0.14 0.18 L20 0.20 0.16 0.20 L20 0.22 0.18 0.16

L25 0.34 0.17 0.22 L25 0.23 0.19 0.27 L25 0.30 0.22 0.22

L30 045 0.19 0.29 L30 0.26 0.22 0.36 L30 0.39 0.25 0.29

P06 LO5S 0.08 0.08 0.03 P06 LO5 0.09 0.08 0.03 P06 LO5S 0.10 0.09 0.03
L10 0.12 0.10 0.07 L10 0.13 0.11 0.08 L10 0.15 0.13 0.07

L15 0.17 0.13 0.11 L15 0.17 0.14 0.14 L15 0.20 0.17 0.11
L20 0.25 0.15 0.18 L20 0.20 0.18 0.20 L20 0.24 0.23 0.16

L25 0.35 0.18 0.22 L25 0.27 0.22 0.27 L25 0.30 0.29 0.22
L30 045 022 0.29 L30 0.27 0.27 0.36 L30 0.39 035 0.29
P08 LOS 0.09 0.08 0.03 P08 LO5S 0.10 0.09 0.03 P08 LOS 0.11 0.10 0.03
L10 0.12 0.10 0.07 L10 0.13 0.12 0.08 L10 0.16 0.14 0.07

L15 0.18 0.13 0.11 L15 0.17 0.15 0.14 L15 020 0.19 0.11
L20 0.26 0.16 0.18 L20 0.21 0.19 0.20 L20 0.24 0.26 0.16

L25 0.35 0.19 0.22 L25 0.27 0.24 0.27 L25 0.30 0.34 0.22
L30 0.46 0.23 0.29 L30 0.27 0.30 0.36 L30 0.40 043 0.29
P10 LO5 0.09 0.08 0.03 P10 LO5 0.10 0.09 0.03 P10 LO5 0.11 0.10 0.03
L10 0.12 0.10 0.07 L10 0.14 0.12 0.08 L10 0.16 0.14 0.07

L15 0.18 0.13 0.11 L15 0.17 0.15 0.14 L15 0.20 0.20 0.11
L20 0.26 0.16 0.18 L20 0.21 0.20 0.20 L20 0.25 0.28 0.16

L25 035 0.19 0.23 L25 0.27 0.25 0.27 L25 0.30 0.38 0.22
L30 0.46 024 0.29 L30 0.28 0.32 0.36 L30 0.40 0.48 0.29
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Table C4 Fundamental periods [s] of multi-span SLAB bridges.

SLAB - W14
Configuration X Y Z Configuration X Y zZ Configuration X Y V4

S2 P02 LO5 0.07 0.06 0.05S3 P02 LO5 0.06 0.06 0.04 4 P02 LO5 0.06 0.06 0.04
L10 0.11 0.08 0.08 L10 0.09 0.08 0.08 L10 0.09 0.08 0.07

L15 0.16 0.11 0.12 L15 0.12 0.10 0.12 L15 0.13 0.10 0.10
L20 0.21 0.14 0.15 L20 0.16 0.13 0.16 L20 0.17 0.13 0.14

L25 0.27 0.16 0.18 L25 0.17 0.15 0.20 L25 0.22 0.16 0.17
L30 0.32 0.19 0.22 L30 0.20 0.18 0.24 L30 0.26 0.18 0.21
P04 LO5 0.08 0.07 0.05 P04 LO5 0.08 0.07 0.04 P04 LO5 0.09 0.08 0.04
L10 0.12 0.10 0.08 L10 0.12 0.11 0.08 L10 0.14 0.12 0.07

L15 0.16 0.13 0.11 L15 0.17 0.14 0.13 L15 0.18 0.16 0.11
L20 0.21 0.17 0.15 L20 0.21 0.18 0.17 L20 0.23 0.21 0.14

L25 0.24 0.21 0.18 L25 0.25 0.23 0.21 L25 0.27 026 0.18
L30 032 0.26 0.22 L30 0.29 0.28 0.25 L30 032 0.31 0.21
P06 LOS 0.09 0.08 0.05 P06 LOS 0.09 0.08 0.04 P06 LOS 0.10 0.09 0.04
L10 0.13 0.11 0.08 L10 0.14 0.12 0.09 L10 0.16 0.14 0.08

L15 0.17 0.14 0.12 L15 0.19 0.16 0.13 L15 0.21 0.20 0.11
L20 0.22 0.19 0.15 L20 0.23 0.22 0.17 L20 0.27 0.28 0.14

L25 0.28 0.23 0.18 L25 0.28 0.28 0.22 L25 0.32 036 0.18
L30 0.33 0.29 0.22 L30 0.33 0.35 0.26 L30 0.37 045 0.21
P08 LO5S 0.09 0.08 0.05 P08 LO5 0.10 0.09 0.05 PO8 LO5S 0.11 0.10 0.05
L10 0.13 0.11 0.08 L10 0.15 0.12 0.09 L10 0.17 0.15 0.08

L15 0.18 0.15 0.12 L15 0.19 0.17 0.13 L15 0.22 0.22 0.11
L20 0.23 0.19 0.15 L20 0.24 0.23 0.18 L20 0.28 031 0.15

L25 0.28 0.24 0.19 L25 0.29 0.30 0.22 L25 0.34 043 0.18
L30 0.34 030 0.22 L30 0.34 0.39 0.26 L30 0.40 0.55 0.22
P10 LO5S 0.09 0.08 0.05 P10 LO5 0.10 0.09 0.04 P10 LO5S 0.11 0.10 0.04
L10 0.13 0.11 0.08 L10 0.15 0.13 0.09 L10 0.17 0.15 0.08

L15 0.18 0.15 0.12 L15 0.20 0.183 0.14 L15 0.23 0.23 0.11
L20 0.23 0.19 0.15 L20 0.25 0.24 0.18 L20 0.29 0.34 0.15

L25 0.29 0.24 0.19 L25 0.30 0.31 0.22 L25 0.35 046 0.18
L30 0.34 0.30 0.22 L30 0.35 0.41 0.26 L30 0.41 0.61 0.22
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Appendix D: MAPGA values for PMG-I and SLAB bridges

The following tables illustrate maximum acceptable PGA values based on the parametric

analysis for PMG-I and SLAB bridges.

Notation: SS1, SS2 — superstructure failure for sagging and hogging bending moments,
respectively; B1, B2 — monolithic joint failure at the abutment and pier; F1, F2 — Pile
compressive failure at the abutment and pier; SSI — backfill soil failure; AB — abutment

failure; PM, PV — pier flexural and shear failure. SL — span length [m]; PH — pier height [m].

Table D1 MAPGA values for single span PMG-I bridges.

3.2 0 SSI

0 SS2

6.7 24 12 0.7 6.7 24 1.2 0.7 0 Bl

136 82 55 4.0 3.1 41134 80 55 4.0 0 F1

73.6 322 169 11.0 7.7 571653 293 159 105 74 55]61.7 28.1 154 102 7.2 54 0 SSI
86.7 43.1 25.1 17.8 134 10.5]74.6 37.6 22.6 16.0 12.0 9.4 169.5 357 21.5 152 11.5 9.0 0 AB
5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30 | SL/PH| COMP

S1 - PMG-I

Table D2 MAPGA values for single span SLAB bridges.

36 33 31 30 29 28 34 32 30 30 29]28 34 32 3.0 0 SS1

1.1 1.0 0.8 0.7 0.6 1.0 0.8 0.6 0 SS2

0 | BI

141 80 48 33 23 1.7]122 7.1 41 27 19 14]120 69 39 26 1.8 1.3 0 F1

642 264 143 93 6.5 481608 22.7 122 7.7 53 3.8]69.7 21.0 114 7.1 48 3.5 0 SSI

82.8 379 22.0 149 10.7 8.1 |87.5 29.8 17.5 11.4 80 6.0 J67.3 27.2 159 103 7.2 53 0 AB
5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30 | SL/PH| COMP

S1 - SLAB
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Table D3 MAPGA values for two-span PMG-I bridges.

31 20 27 29 29 29][32 24 27 28 29 29|33 26 27 24 29 29| 2
3021 27 25 29 2932 23 26 24 28 29|33 22 25 26 28 29| 4
29 21 25 24 28 2930 22 24 25 28 29|31 22 23 26 27 29| 6 | ssi
27 20 25 23 28 2928 22 23 25 27 29|29 21 23 26 27 29| 8
26 20 24 23 28 29]27 21 23 25 27 29|28 21 22 26 27 29| 10
30 34 34 33 35 3730 35 30 31 36 38|31 35 33 24 36 38| 2
39 37 33 27 38 40[39 38 36 26 37 40|40 38 37 30 36 40| 4
37 37 31 26 38 40|38 38 36 28 37 41[39 38 37 31 34 41| 6 | s
34 37 32 25 38 40[36 37 35 28 37 41|36 37 36 31 34 41| 8
29 36 32 25 38 40]32 37 35 27 37 41|32 37 36 30 34 41| 10
2
4
6 | BI
8
10
54 32 27 2
137 7.1 49 36 3.1 26134 72 49 34 29 25|134 73 50 36 29 24| 4
131 68 46 33 28 25129 68 46 33 27 23|130 70 47 35 28 23| 6 | FI
125 66 45 32 27 25[125 66 45 33 26 22|127 68 46 34 27 23| 8
122 65 44 32 26 25122 65 44 32 26 22125 67 45 34 27 22| 10
609 327 151 9.7 70 54536 234 136 90 65 49497 21.0 127 90 61 47| 2
484 249 125 8.6 59 45429 203 117 93 55 42404 189 114 80 54 41| 4
44.6 240 123 89 57 43400 199 116 84 54 41379 185 114 77 52 40| 6 | s
425 235 122 89 56 43383 196 116 83 53 40365 183 114 76 52 39| 8
47.2 230 121 88 55 42]403 194 116 83 53 40380 182 114 76 51 39] 10
76.1 429 207 143 10.7 84 652 32.1 185 128 9.4 743596 281 17.1 133 87 69| 2
546 259 161 126 81 6.4 |474 224 149 99 74 57442 211 146 94 7.0 55| 4
492 250 160 109 7.8 6.1 [434 214 152 96 7.1 55408 202 151 91 69 52| 6 | AB
46.5 245 159 107 7.7 6.0 414 21.0 153 95 7.0 54391 199 152 9.1 68 52| 8
47.1 242 159 106 7.6 6.0 409 208 153 94 7.0 54385 19.6 152 90 68 52] 10
117 49 23 15 L1 08][11.7 50 24 16 L1 08119 50 24 1.7 LI 08| 2
205 98 52 30 19 13]203 102 55 33 22 15[332 110 58 36 24 17| 4
61.1 225 10.1 54 3.1 22]635 21.0 105 62 39 26481 21.8 107 65 43 30| 6 | B2
29.8 382 194 95 52 3.7]365 333 176 10.0 63 42328 275 161 97 64 45| 8
182 224 249 158 84 58225 231 192 140 9.0 6.0 220 213 157 110 77 56] 10
83 43 21 15 12 10]66 36 17 13 10 08]63 32 16 14 1.0 08| 2
90 41 30 21 15 L1[80 38 28 20 15 11|82 38 28 20 15 LI| 4
102 52 38 25 18 14[95 50 38 27 20 15]|100 51 39 28 22 16| 6 | PM
89 55 41 29 20 17]88 53 42 31 24 18|88 55 43 33 26 20| 8
55 49 39 29 22 18|54 47 39 31 24 19|53 48 40 32 26 21| 10
57 25 1.2 0.8 106 N0A| 46 2.1 | 1.0 107 N050d 46 20 1.0 0.7 nodamos| 2
105 44 26 1.6 10 07|94 40 24 15 1.0 07)102 42 24 15 10 07| 4
152 77 46 27 16 12148 74 47 30 19 13|66 80 50 32 22 15| 6 | PV
135 105 7.1 43 26 20147 107 7.7 51 34 23)160 115 84 58 41 29| 8
8.6 11.1 89 60 39 31]79 112 100 73 52 36|76 117 107 83 62 46| 10
211 92 46 3.0 23 1.7]204 91 45 3.1 23 18209 92 46 3.1 24 19| 2
232 100 60 37 27 20]234 103 62 37 30 22]241 106 65 41 3.1 24| 4
247 116 68 42 32 24250 117 73 45 35 27254 120 7.5 47 36 20| 6 | F2
237 124 74 46 36 28|245 124 78 48 39 30]237 125 79 51 39 32| 8
198 124 77 49 39 31203 123 79 50 41 330198 123 80 52 40 33| 10
510 15 20 25 30| 5 10 15 20 25 30| 5 10 15 20 25 30 | SLPH|COMP
S2 - PMG-1
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Table D4 MAPGA values for three-span PMG-I bridges.

32 31 25 25 26 251|133 31 21 28 26 27]133 31 26 28 28 27 2
31 31 27 27 27 25}131 31 27 22 25 26Q]31 31 19 21 26 26 4
28 31 28 26 26 24129 31 23 22 25 26129 31 25 18 26 27 6 SS1
26 30 28 24 25 24128 31 19 21 25 26]28 31 26 18 26 27 8
25 29 28 22 25 24126 30 18 20 25 26])27 30 27 18 26 27 10
24 31 33 26 25 2325 31 30 32 27 31Q]25 31 32 32 32 30 2
34 34 32 28 26 25|35 35 34 30 25 25])135 35 31 29 26 26 4
34 35 33 28 26 23|36 35 34 30 26 26137 36 31 29 26 27 6 SS2
29 35 33 28 25 22132 36 30 30 26 27Q)33 37 32 27 26 27 8
25 35 33 28 25 22127 36 27 30 26 27]28 36 32 26 26 26 10
47 1.6 09 2
2.8 1.0 30 1.2 4
23109 25 1.0 6 Bl
2.0 08 23 1.0 8
2.1 109 10
143 9.1 6.0 44 35 2
135 77 55 42 33 30134 79 52 39 30 26]134 82 50 39 29 25 4
123 70 50 3.7 31 28124 74 48 36 27 24127 7.7 50 35 27 22 6 F1
115 67 46 34 30 228|119 70 44 33 25 231123 74 49 33 26 2.1 8
110 65 44 33 29 27115 68 43 32 24 22101120 72 48 33 25 2.1 10
63.1 25.1 149 10.1 83 6.6 |550 22.1 157 9.1 7.1 55]50.0 20.6 129 85 63 5.0 2
40.5 17.7 109 74 59 531|359 162 99 6.8 52 511338 154 95 67 49 46 4
348 16.1 99 6.8 53 52]315 149 92 65 47 45]300 143 88 7.6 4.6 42 6 SSI
31.8 154 95 65 51 5071293 143 89 6.6 46 43]28.1 138 86 8.1 44 4.1 8
306 149 93 6.4 50 49]28.1 140 87 6.7 45 43]27.0 135 84 7.8 44 4.0 10
79.3 325 204 14.1 11.4 9.0 |69.0 284 184 124 104 7.6 ]62.5 263 16.6 11.5 8.6 69 2
45.6 208 13.0 91 69 731397 187 11.6 86 6.1 55]137.0 17.7 109 83 57 5.1 4
382 185 11.6 82 6.2 6.1 34.0 168 105 7.6 55 5.1 ]32.1 16.1 100 7.0 53 48 6 AB
347 17.6 11.1 81 6.0 59]314 16.1 101 72 54 50]299 155 97 68 51 47 8
325 17.0 10.8 82 59 581296 157 99 7.0 53 49]283 151 95 6.7 5.1 4.7 10
124 46 24 16 1.1 08]126 48 25 1.7 12 109|124 47 25 16 12 09 2
266 87 43 25 16 13]275 93 49 29 19 14]308 101 52 32 21 15 4
56.7 175 7.6 39 26 2.1]602 188 90 51 3.1 22]595 201 98 58 37 25 6 B2
349 292 128 62 43 33424 3311 156 83 50 3.7]380 322 16.1 92 58 4.0 8
203 21.4 182 95 6.6 49 ]24.5 25.1 233 12.6 7.5 541239 22.7 18.7 125 8.1 5.6 10
82 34 21 16 12 09]66 28 1.7 13 12 08]62 27 16 12 1.0 0.7 2
80 37 23 16 12 1071 34 21 15 11 09171 34 21 15 1.1 09 4
89 46 28 18 14 12]183 44 28 19 14 11]87 45 29 21 16 12 6 PM
82 49 32 21 1.7 15]180 49 33 23 17 15|84 50 34 25 20 15 8
57 46 32 23 19 16]56 46 34 25 19 17156 47 35 27 22 18 10
60 24 13 09 49 19 1.0 [ 0.7 47 19 1.0 2
96 40 22 13 09 86 36 20 12 08 9.1 37 20 13 09 4
132 65 35 20 14 1.1 |128 63 3.7 22 14 10]143 67 39 25 16 1.1 6 PV
141 88 52 30 23 18]147 92 59 37 23 18]159 98 65 43 28 19 8
90 96 68 43 34 28]89 103 80 54 36 3088 99 87 64 45 3.2 10
232 95 52 34 25 1.8]226 93 51 35 26 19]230 96 54 36 26 2.0 2
23.8 104 59 37 26 211243 108 63 41 28 21]253 114 64 43 3.0 24 4
248 12.0 68 42 30 23]258 126 73 48 33 2611267 13.0 7.7 50 3.6 28 6 F2
243 129 7.6 47 35 271254 135 78 53 37 3.0]260 138 84 56 4.0 3.1 8
20.7 13.0 80 52 3.8 29]21.7 136 82 56 4.0 331204 138 87 58 42 33 10
5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30 | SL/PH| COMP
S3 - PMG-1

121



Table D5 MAPGA values for four-span PMG-I bridges.

31 29 25 22 25 26|31 30 18 27 27 25Q131 31 25 21 26 26 2
27 27 19 20 24 25127 29 18 1.8 24 229127 29 20 17 24 23 4
23 27 1.7 17 24 22123 28 19 18 22 229123 28 21 20 21 23 6 SS1
21 26 17 17 23 23122 27 19 19 21 23Q]122 28 21 20 20 24 8
20 26 1.7 17 22 23121 27 19 19 21 23})21 27 21 20 19 24 10
25 28 31 19 21 25125 28 29 29 31 2225 29 31 19 31 30 2
35 35 27 27 26 21135 36 28 26 28 19|36 37 32 26 29 22 4
38 38 26 25 26 20|40 38 30 27 24 20]40 39 33 28 28 25 6 SS2
33 38 26 25 26 22137 39 31 28 19 24]138 39 34 28 26 25 8
29 38 26 25 26 22133 39 31 28 21 24|34 39 34 28 26 2.5 10
2
4
6 Bl
8
10
2
124 74 56 47 41 32125 7.1 50 40 37 29}]126 75 50 38 33 28 4
10.7 6.6 47 42 39 32]11.1 65 45 35 31 28])11.5 68 46 35 29 27 6 F1
97 60 42 39 38 31]103 6.1 41 32 28 281109 65 43 32 27 25 8
92 57 40 38 36 30]98 59 39 31 28 271105 63 42 31 26 25 10
569 219 133 12.1 6.6 591494 19.7 122 82 59 49 ]444 182 109 7.5 55 42 2
312 14.1 87 6.1 46 37277 129 78 6.6 40 35]260 123 74 68 3.8 3.8 4
254 123 75 63 40 3.6]23.1 115 69 58 37 421223 11.0 6.7 51 36 34 6 SSI
228 11.6 7.0 64 38 36216 109 66 52 36 3.6]21.0 105 64 48 36 32 8
21.6 11.1 68 63 38 3.7]206 105 64 50 36 341201 102 63 46 36 3.1 10
709 28.0 17.4 138 92 7.8 ]61.4 250 16.1 108 8.1 7.0]550 23.0 141 98 7.5 58 2
354 16.6 102 79 53 461308 148 9.1 7.7 49 4.7 ]285 140 85 63 48 43 4
27.8 141 87 80 49 47]256 128 79 58 48 4.1 ]246 123 75 53 48 40 6 AB
254 132 83 69 48 44238 122 75 54 48 4.0]230 11.7 72 51 48 39 8
238 127 80 6.5 48 42225 11.7 73 53 48 391219 113 7.0 50 48 39 10
11.6 39 20 12 09 - 119 42 22 14 1.0 08115 42 21 14 10 0.7 2
204 60 28 1.7 1.1 1.0]221 72 34 20 13 09245 79 39 22 14 1.0 4
40.0 102 40 24 18 15]451 130 56 29 2.0 1.6]52.0 149 6.7 36 22 1.7 6 B2
35,0 162 59 37 28 221446 227 9.1 46 32 24]404 249 11.1 56 36 2.7 8
19.8 19.7 88 55 39 3.1 |257 275 142 7.0 4.8 3.6]250 248 162 83 53 39 10
75 29 19 14 11 09|62 25 16 1.1 24 14 1.0 2
66 29 17 11 08 07]58 27 16 12 27 16 1.2 4
70 34 19 13 10 09|67 34 20 13 09 0871 36 21 14 10 08 6 PM
68 37 20 15 12 10|68 39 23 15 12 10]72 41 26 17 13 1.1 8
55 36 22 17 13 11]55 39 25 18 14 12]158 41 28 19 15 13 10
2
4
6 PV
1.5 59 27 19 15 121123 68 35 19 14 1.1)13.7 7.7 42 23 15 1.2 8
94 73 38 28 21 17]98 84 50 30 22 181102 94 6.1 35 25 20 10
224 84 49 29 23 171219 87 49 31 23 19]223 90 49 30 23 19 2
214 89 49 30 2.1 1.8]221 97 55 36 24 1.7]231 104 59 38 26 19 4
220 100 53 34 25 20]236 113 64 40 27 211248 12.1 7.1 45 30 24 6 F2
22.0 11.0 58 4.0 3.0 23238 124 72 46 29 251|248 13.1 79 51 37 28 8
20.1 114 64 45 33 25]218 129 7.8 51 34 281225 133 83 54 4.1 32 10
5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30 | SL/PH| COMP
A - PMG-I
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Table D6 MAPGA values for two-span SLAB bridges.

30 23 24 25 25 25131 23 23 23 21 21})31 22 23 24 24 24 2
35 22 25 26 25 23136 25 21 26 26 25|37 30 21 20 21 22 4
31 24 24 25 25 24|35 27 21 20 21 22133 25 20 19 19 20 6 SS1
27 21 24 24 24 23129 23 20 19 20 21}29 23 20 19 19 19 8
28 21 22 23 23 23|28 21 20 19 19 2130 22 19 19 19 19 10
33 28 23 25 26 26|35 31 28 26 26 17})36 32 31 31 31 238 2
36 30 29 31 30 23|36 36 32 33 34 33|36 36 35 35 35 35 4
34 33 25 28 31 28|36 36 34 35 35 34]137 37 36 35 35 35 6 Ss2
34 33 27 27 31 28|36 36 36 35 35 33|37 38 36 35 35 34 8
37 35 26 28 31 27138 37 36 35 34 33|37 38 36 35 35 33 10
2
4
6 Bl
8
10
133 65 38 25 18 13 2
134 68 45 32 23 171129 63 36 26 18 13]128 65 35 22 16 1.2 4
128 6.7 42 30 22 181|125 63 35 23 1.7 13}|125 60 33 22 1.5 1.1 6 F1
121 63 41 29 22 19]119 6.1 35 23 1.6 12]120 59 33 2.1 1.5 1.1 8
118 62 41 29 23 19116 59 34 22 16 12)11.8 58 33 2.1 1.5 1.1 10
64.7 355 17.2 102 69 50 ]56.6 29.2 141 83 56 43]50.6 254 11.5 6.6 44 3.1 2
47.1 237 116 7.5 53 43]418 179 94 57 39 3.0]389 150 96 53 35 28 4
425 188 104 6.7 4.7 361379 159 101 57 3.8 29357 152 103 58 37 29 6 SSI
40.6 20.6 105 6.6 46 3.5]362 173 105 59 3.8 3.0]343 156 100 59 38 3.0 8
43.7 20.7 105 6.5 46 3.5]369 181 105 59 3.8 3.0]36.7 158 98 59 38 3.0 10
89.3 50.5 27.1 16.4 11.5 87762 42.0 200 123 86 681668 357 160 9.6 6.6 4.9 2
56.3 31.1 16.1 104 7.4 56485 227 13.0 7.8 54 441]44.1 184 103 79 54 45 4
484 249 137 92 6.6 5.0]422 182 125 85 56 4.7]39.1 167 103 7.6 57 4.7 6 AB
448 289 145 93 6.6 5.0]393 180 125 88 59 48]36.8 165 102 72 59 438 8
444 28.0 148 94 6.6 5.0]38.1 183 125 87 6.0 48]36.6 165 10.1 7.1 59 438 10
322 11.0 51 32 22 16256 82 36 22 15 111|176 52 23 13 09 - 2
59.0 204 104 6.0 37 27]506 189 86 50 32 23]41.8 136 6.5 46 3.0 2.1 4
90.3 35.7 238 122 73 54853 344 180 132 82 59779 283 154 103 7.7 5.7 6 B2
89.9 552 43.1 22.6 14.0 10.1]88.2 504 32.4 242 16.7 12.6]83.0 46.6 29.0 20.3 159 124 8
67.8 67.6 61.3 364 23.8 17.1169.1 60.8 47.6 38.1 28.7 22.8|79.4 589 439 33.1 27.5 224]| 10
72 35 1.8 12 08 59 28 14 1.0 43 19 1.0 2
82 35 17 1.1 07 7.0 3.0 1.7 1.0 @ 0.7 59 23 13 1.1 4
100 40 27 15 10 0888 37 22 18 12 09|78 32 20 15 12 07 6 PM
98 51 38 21 14 11]90 43 28 22 1.7 14}71 38 25 19 15 1.0 8
70 54 44 27 19 14169 44 32 25 20 17]65 40 28 21 1.7 1.1 10
2.5 1 0.7 2
84 29 15 0.7 6.0 19 09 4
129 51 34 18 10 08122 49 26 19 12 08|112 41 22 15 1.1 038 6 PV
129 79 62 32 20 14126 72 46 35 24 18119 67 42 29 23 1.8 8
97 97 88 52 34 25199 87 68 55 41 33|11.4 84 63 47 39 32 10
205 7.8 39 25 17 13]195 73 32 20 13 1.0204 73 34 20 13 09 2
218 85 44 27 18 13]214 83 41 24 16 1.2]223 82 42 27 18 13 4
230 95 50 32 22 1.7]228 90 47 3.0 20 15]232 9.1 48 30 20 1.5 6 F2
224 103 56 35 25 19224 95 51 32 22 1.6]21.1 95 51 31 22 1.6 8
19.5 10.5 58 3.7 27 211201 96 53 33 23 1.7]183 96 52 32 22 1.6 10
5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30 | SL/PH| COMP
S2 - SLAB

123




Table D7 MAPGA values for three-span SLAB bridges.

33 25 26 26 26 25|33 28 19 24 25 25]134 30 22 18 17 2.1 2
37 30 26 23 19 22137 30 29 26 1.7 23]38 32 29 27 26 25 4
35 30 25 26 24 2036 31 29 27 25 24136 30 29 27 26 26 6 SS1
32 28 26 24 24 22134 30 29 27 26 25134 30 29 28 27 26 8
29 27 26 24 24 23130 29 29 27 26 25|32 29 29 28 27 26 10
29 28 29 25 21 18]28 27 26 30 29 27¢}27 27 31 27 26 28 2
28 30 29 28 25 25|28 30 29 28 24 26})29 32 31 29 28 26 4
32 31 29 28 26 22132 32 31 29 27 25]134 34 32 30 29 28 6 SS2
36 33 29 29 27 25136 33 31 29 28 26]38 35 32 30 29 29 8
29 33 29 29 27 25131 35 32 30 28 27}34 36 33 31 29 29 10
2
4
6 Bl
8
10
2
136 74 51 36 25 211132 69 42 29 19 16131 69 40 26 19 14 4
122 68 46 33 27 211|122 65 40 27 20 16]123 65 38 25 1.8 1.4 6 F1
114 66 45 33 28 23116 63 39 26 20 1.7]120 64 38 25 1.7 14 8
109 64 43 33 28 23113 62 38 26 20 1.7]11.8 63 37 24 17 14 10
732 30.7 17.2 11.5 82 62650 248 143 86 58 42]562 204 112 72 59 34 2
43.0 184 109 74 57 3.81]382 156 86 54 37 301|347 136 73 45 32 27 4
348 155 9.0 58 43 37312 132 72 45 32 27]29.1 119 64 39 30 25 6 SSI
30.8 143 83 54 39 32]28.0 122 6.7 42 31 26]265 113 6.1 37 29 24 8
283 136 79 51 37 3.1]260 11.7 65 41 31 2611254 109 59 36 29 24 10
95.1 43.0 26.1 18.1 13.5 10.7]83.7 33.8 20.1 13.1 9.1 6.8]714 272 155 102 7.7 54 2
50.7 234 145 98 7.8 551442 193 11.1 7.2 50 43]393 164 9.1 57 44 38 4
38.8 185 11.2 75 54 451342 154 88 56 44 38]314 137 76 49 40 35 6 AB
33.7 16.7 102 6.8 49 43]30.1 141 80 5.1 42 3.6]282 128 7.1 47 39 34 8
30.5 158 9.7 65 48 4201277 134 7.7 49 41 35]27.1 124 69 46 39 33 10
348 134 66 42 29 211278 92 44 26 1.7 12]}|17.7 52 25 15 1.0 - 2
512 189 96 55 35 281435 150 7.7 44 28 21340 112 58 34 23 1.7 4
753 332 165 88 64 511692 29.0 154 88 59 4.7]61.7 246 133 8.0 54 44 6 B2
90.7 51.0 27.1 15.5 11.2 8.7 |88.3 47.8 27.7 163 11.7 9.2 ]859 439 256 162 11.5 9.2 8
76.2 64.6 39.7 249 18.0 13.8]81.2 64.3 42.5 26.7 204 16.1]89.2 61.8 40.9 27.6 20.5 16.8 10
2
4
6 PM
8
10
2
4
6 PV
130 73 39 22 16 12]127 69 40 23 1.7 13]123 63 37 23 16 13 8
109 93 57 36 26 20116 92 6.1 38 29 23]128 89 59 40 29 24 10
234 94 48 31 21 16]223 80 41 24 16 12]228 7.8 39 24 15 1.1 2
223 9.0 48 29 19 15222 83 43 26 16 13]234 87 45 27 18 14 4
231 101 53 32 23 18]234 96 50 3.0 2.1 1.61]245 100 53 32 22 1.6 6 F2
229 109 59 3.6 27 21235 104 56 34 24 1.8]234 107 57 35 24 18 8
21.1 11.2 63 40 29 23]221 108 59 36 26 191206 108 59 37 25 19 10
5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30 | SL/PH| COMP
S3 - SLAB
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Table D8 MAPGA values for four-span SLAB bridges.

33 21 24 23 23 249133 25 18 24 24 21)134 26 19 18 24 25 2
37 29 21 23 1.8 221}137 29 28 24 19 1.7})37 31 27 25 23 22 4
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Appendix E: Detailed description of portfolio bridges

Table E1 Notations for Table E2-E31.

Notation

SS.E Superstructure (SS) material Young modulus [GPa]

SS.G SS material shear modulus [GPa]

SS.A SS cross-sectional area [m?]

SS.J SS torsional inertia [m’]

SS.IY SS inertia for the horizontal axis [m®]

SS.1Z SS inertia for the vertical axis [m*]

P.A/PC.A Pier/cap beam dimension in the transverse direction [m]
P.B/PC.B Pier/cap beam dimension in the longitudinal direction [m]

P.RO_S/PC.RO_S
P.S_FI/PC.S_FI
P.S W/PC.S W
P.EC/PC.EC
P.GC/PC.GC
P.FC/PC.FC
P.FY/PC.FY
P.ES/PC.ES
B.M1-M7
B.FY

B.KO

BKI
B.RDX
B.RDY

F.A

F.B

FM

F.NX

F.NY

F.L

F.AK1
F.AK2
F.AK3
F.AK4
F.AKS
F.AK6
F.PK1
F.PK2
F.PK3
F.PK4
F.PK5
F.PK6

Pier/cap beam longitudinal reinforcement ratio [-]

Pier/cap beam stirrup diameter [mm]

Pier/cap beam stirrup distance [m]

Pier/cap beam concrete Young modulus [GPa]

Pier/cap beam concrete shear modulus [GPa]

Pier/cap beam concrete compressive strength [MPa]
Pier/cap beam reinforcing steel yielding strength [MPa]
Pier/cap beam reinforcing steel Young modulus [GPa]
Dimensions of the bearings [m]

Bearing yielding strength [kN]

Bearing initial stiffness [kN/mm)]

Bearing post-yield stiffness [kN/mm]

Calculated bearing capacity in the longitudinal direction [kN]
Calculated bearing capacity in the transverse direction [kN]
Shallow foundation/pile cap dimension (transverse direction) [m]
Shallow foundation/pile cap dimension (longitudinal direction) [m]
Shallow foundation/pile cap height [m]

Number of piles (longitudinal direction)

Number of piles (transverse direction)

Pile length [m]

Abutment foundation stiffness (Kx) [N/m]

Abutment foundation stiffness (Ky) [N/m]

Abutment foundation stiffness (Kz) [N/m]

Abutment foundation stiffness (Kxx) [Nm/rad]

Abutment foundation stiffness (Kyy) [Nm/rad]

Abutment foundation stiffness (Kzz) [Nm/rad]

Pier foundation stiffness (Kx) [N/m]

Pier foundation stiffness (Ky) [N/m]

Pier foundation stiffness (Kz) [N/m]

Pier foundation stiffness (Kxx) [Nm/rad]

Pier foundation stiffness (Kyy) [Nm/rad]

Pier foundation stiffness (Kzz) [Nm/rad]
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Table E2 Description of BRO1 bridge.

Example Bridge #01
Bridge Name X
Year of construction 2007
Coordinates X
Name of road MO
Global geometry
Superstructure type SSTYPE Pre-cast beams - integrated
Mechanical system SS.SYSTEM Continuous girder
No. of spans SS.NO_SPAN 2
Span lengths [m] SS.SPAN_L 25 25
Deck width [m] SS.BI 10.2
Pier height [m] P.H 55
Pier number (trans. direction) P.NO_PIER 3
Pier distance (trans. dir.) [m] P.DIST 8
Skew angle [°] SS.SKEW 70
Superstructure
Material SS.E, SS.G 35.0 14.6
Cross-section SS.A,SS.J,SS.1Y,SS.1Z 5.601 0.150 0.721 49.984
Height [m] SS.HT 1.10
Height of centroid [m] SS.H2 0.65
Bearing distance [m] SS.B2 10.2
Lineweight [kg/m] SS.W 18275
Piers
Cross-section P.A,P.B 0.8 0.8
Reinforcement P.RO S,PS FI,P.S W 1.000 10 0.1
Material P.EC,P.GC,P.FC,P.FY,P.ES 34.0 14.2 35 500 200
Bearings/joints
Type B.TYPE Monolithic joint
Dimensions B.M1, B.M2, B.M3 -
Material B.FY, B.K0, B.K1 - - -
Capacity B.RDX, B.RDY - -
Seat length [m] B.SEAT 0.6
Fix bearing positions B.NFIX All monolithic
Pier cap beam
Cross-section PC.A,PC.B 1.6 1.0

Reinforcement
Material

Foundation

Type

Dimensions of shallow found.
Pile foundation layout
Found. stiffness (abutment)
Found. stiffness (pier)

PC.RO_S, PC.S FI, PC.S W - =
PC.EC,PC.GC,PC.FC,PCFY,PC.ES - -

F.TYPE Pile foundation
F.A, FB.EM - -
F.A, F.B, FNY, F.NX, F.L 14.4 0
F.AK1-F.AK6 6.1E9 6.1E9
F.PKI1-F.PK6 6.1E9 6.1E9

4 1 13
5.3E8 2.1E10 1.2E10 1.0E13
5.8E8 2.1E10 1.2E10 1.0E13

Notes

Circular piers D = 80 cm with 16 ¢20 rebars. SS-SBS joint shear reinforcement: ABUTMENT - $16/15; PIER - 2¢16/15.
Piles: ABUTMENT - 1x4 (3200 kN); PIER - 1x4 (3500 kN).
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Table E3 Description of BR02 bridge.

Example Bridge #02
Bridge Name X
Year of construction 2005
Coordinates X
Name ofroad MO
Global geometry
Superstructure type SSTYPE Pre-cast beams - integrate
Mechanical system SS.SYSTEM Continuous girder
No. of spans SSNO_SPAN 2
Span lengths [m] SS.SPAN_L 25 25
Deck width [m] SS.B1 18
Pier height [m] PH 8
Pier number (trans. direction) P.NO_PIER 5
Pier distance (trans. dir.) [m] P.DIST 16.2
Skew angle [°] SS.SKEW 70
Superstructure
Material SS.E, SS.G 35.0 14.6
Cross-section SS.A,SS.J,SS.1Y,SS.1Z 9.721 0.240 2.267 259
Height [m] SSHT 1.40
Height of centroid [m] SS.H2 0.85
Bearing distance [m] SS.B2 18.0
Lineweight [kg/m] SSwW 32700
Piers
Cross-section P.A,P.B 0.8 0.8
Reinforcement P.RO_S P.S FI,P.S W 2.450 10 0.1
Material P.EC,P.GC,P.FC,P.FY,P.ES 34.0 14.2 35 500 200
Bearings/joints
Type B.TYPE Monolithic joint
Dimensions B.M1, B.M2, B.M3 -
Material B.FY, B.K0O, BK1 - - -
Capacity B.RDX, B.RDY - -
Seat length [m] B.SEAT 0.6
Fix bearing positions B.NFIX All monolithic
Pier cap beam
Cross-section PC.A, PC.B 1.6 1.0
Reinforcement PC.RO_S PC.S FI,PCS W - = =
Material PC.EC,PC.GC,PC.FC,PC.FY,PCES - - - - -
Foundation
Type F.TYPE Pile foundation
Dimensions of shallow found. F.A, F.B. FM - -
Pile foundation layout F.A, F.B, FNY, F.NX, F.L 19 0 7 1 18
Found. stiffness (abutment) F.AK1-F.AK6 9.2E9 9.2E9 8.4E8 4.0E10 7.9E9 1.0E13
Found. stiffness (pier) F.PKI1-F.PK6 8.9E9 8.9E9 1.1E9 5.0E10 1.2E10 1.0E13

Notes

Circular piers D = 80 cm with 20$28 rebars. SS-SBS joint shear reinforcement: ABUTMENT - ¢16/15; PIER -
2¢16/15. Piles: ABUTMENT - 1x9 (1500 kN); PIER - 1x7 (3000 kN).
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Table E4 Description of BRO3 bridge.

Example Bridge #03
Bridge Name X
Year of construction 2008
Coordinates X
Name ofroad M3l
Global geometry
Superstructure type SSTYPE Pre-cast beams - integrated
Mechanical system SS.SYSTEM Continuous girder
No. of spans SSNO_SPAN 3
Span lengths [m] SS.SPAN_L 25 30 25
Deck width [m] SS.B1 14
Pier height [m] P.H 5.5
Pier number (trans. direction) P.NO_PIER 4
Pier distance (trans. dir.) [m] P.DIST 10.8
Skew angle [°] SS.SKEW 90
Superstructure
Material SS.E, SS.G 35.0 14.6
Cross-section SS.A,SS.J,SS.1Y,SS.1Z 9.004 0.370 1.132 133.7
Height [m] SSHT 1.20
Height of centroid [m] SS.H2 0.75
Bearing distance [m] SS.B2 14.0
Lineweight [kg/m] SSw 32200
Piers
Cross-section P.A,P.B 0.9 0.6
Reinforcement P.RO_S P.S FI,P.S W 0.820 12 0.2
Material P.EC,P.GC,P.FC,P.FY,P.ES 34.0 14.2 35 500 200
Bearings/joints
Type B.TYPE Monolithic joint
Dimensions B.M1, B.M2, BM3 -
Material B.FY, B.K0O, B.K1 - - -
Capacity B.RDX, B.RDY - -
Seat length [m] B.SEAT 0.4
Fix bearing positions B.NFIX All monolithic
Pier cap beam
Cross-section PC.A,PC.B 1.6 0.6
Reinforcement PC.RO_S,PCS FI, PC.S W - - -
Material PC.EC,PC.GC,PC.FC,PC.FY,PC.ES - - - - -
Foundation
Type F.TYPE Pile foundation
Dimensions of shallow found. F.A, F.B. FM - -
Pile foundation layout F.A, F.B, FNY, FNX, F.L 9.6 0 5 2 11
Found. stiffness (abutment) F.AKI1-F.AK6 1.0E10 1.0E10 1.3E9 2.3E10 8.8E9 1.0EI3
Found. stiffness (pier) F.PK1-F.PK6 1.0E10 1.0E10 1.4E9 2.5E10 8.8E9 1.0E13

Notes

Piers with 14 ¢20 rebars. SS-SBS joint shear reinforcement: ABUTMENT - $16/20; PIER - 2¢16/15. Piles:
ABUTMENT - 1x5 (2000 kN); PIER - 2x5 (2300 kN).
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Table ES Description of BR04 bridge.

Example Bridge #04
Bridge Name X
Year of construction 2015
Coordinates X
Name of road M35
Global geometry
Superstructure type SSTYPE Pre-cast beams - integrated
Mechanical system SS.SYSTEM Continuous girder
No. of spans SS.NO_SPAN 3
Span lengths [m] SS.SPAN L 18 30 18
Deck width [m] SS.BI 14
Pier height [m] P.H 9
Pier number (trans. direction) P.NO_PIER 3
Pier distance (trans. dir.) [m] P.DIST 10.8
Skew angle [°] SS.SKEW 76
Superstructure
Material SS.E, SS.G 35.0 14.6
Cross-section SS.A,SS.J,SS.1Y,SS.1Z 7.903 0.197 1.849 ##tit#t
Height [m] SSHT 1.40
Height of centroid [m] SS.H2 0.90
Bearing distance [m] SS.B2 14.0
Lineweight [kg/m] SSW 28950
Piers
Cross-section P.A,P.B 0.9 0.6
Reinforcement P.RO_S,P.S FI,P.S W 1.160 16 0.15
Material P.EC,P.GC,P.FC,P.FY,P.ES 34.0 14.2 35 500 200
Bearings/joints
Type B.TYPE Monolithic joint
Dimensions B.M1, B.M2, B.M3 -
Material B.FY, B.K0, BK1 - - -
Capacity B.RDX, B.RDY - -
Seat length [m] B.SEAT 0.45
Fix bearing positions B.NFIX All monolithic
Pier cap beam
Cross-section PC.A, PCB 1.3 0.8
Reinforcement PC.RO_S PC.S FI,PCS W = = =
Material PC.EC,PC.GC,PC.FC,PC.FY,PC.ES - - - - -
Foundation
Type F.TYPE Pile foundation
Dimensions of shallow found. F.A, F.B. FM - -
Pile foundation layout F.A, F.B, FNY, F.NX, F.L 12 2.4 6 2 15
Found. stiffness (abutment)  F.AK1-F.AK6 6.1E9 6.1E9 1.0E13 2.4E10 5.3E9 1.0E13
Found. stiffness (pier) F.PKI1-F.PK6 1.2E10 1.2E10 1.0E13 4.8E10 1.4E10 1.0E13

Notes

Piers with 20 ¢20 rebars. SS-SBS joint shear reinforcement: ABUTMENT - ¢16/15; PIER - 2¢16/15. Piles:
ABUTMENT - 1x6 (3000 kN); PIER - 2x6 (3000 kN).
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Table E6 Description of BRO5 bridge.

Example Bridge #05
Bridge Name X
Year of construction 2014
Coordinates X
Name ofroad M3
Global geometry
Superstructure type SSTYPE Pre-cast beams - integrated
Mechanical system SS.SYSTEM Continuous girder
No. of spans SS.NO_SPAN 4
Span lengths [m] SS.SPAN_L 13 18 18 13
Deck width [m] SS.B1 10
Pier height [m] P.H 5.5
Pier number (trans. direction) P.NO_PIER 3
Pier distance (trans. dir.) [m] P.DIST 8.4
Skew angle [°] SS.SKEW 70
Superstructure
Material SS.E, SS.G 35.0 14.6
Cross-section SS.A,SS.J,SS.1Y,SS.1Z 4.622 0.118 0.588 38.902
Height [m] SSHT 1.10
Height of centroid [m] SS.H2 0.65
Bearing distance [m] SS.B2 10.0
Lineweight [kg/m] SSwW 17745
Piers
Cross-section P.A,P.B 0.9 0.6

Reinforcement
Material

Bearings/joints
Type

Dimensions
Material

Capacity

Seat length [m]

Fix bearing positions

Pier cap beam
Cross-section
Reinforcement
Material

Foundation

Type

Dimensions of shallow found.
Pile foundation layout
Found. stiffness (abutment)
Found. stiffness (pier)

P.RO S, P.S F,P.S W
P.EC,P.GC,P.FC,P.FY,P.ES

B.TYPE

B.Ml1, B.M2, B.M3
B.FY, B.KO, B.K1
B.RDX, B.RDY
B.SEAT

B.NFIX

PC.A,PCB
PC.RO_S,PCS FI,PC.S W

PC.EC,PC.GC,PCFC,PCFY,PCES

F.TYPE

F.A, FB.FM

F.A,F.B, FNY, FNX, F.L
F.AK1-F.AK6
F.PK1-F.PK6

1.050 12 0.15
34.0 14.2 35 500 200

Monolithic joint

0.7
All monolithic

1.7 0.8

Pile foundation

16.8 0 7 1 11

5.1E9 5.1E9 1.0E13 8.0E9 4.4E9 1.0E13
7.1E9 7.1E9 1.0E13 1.8E10 6.2E9 1.0E13

Notes

Piers with 18 @20 rebars. SS-SBS joint shear reinforcement: ABUTMENT - $16/15; PIER - 2¢16/15. Piles:
ABUTMENT - 1x5 (1000 kN); PIER - 1x7 (1200 kN).
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Table E7 Description of BRO6 bridge.

Example Bridge #06
Bridge Name X
Year of construction 2015
Coordinates X
Name of road M35
Global geometry
Superstructure type SSTYPE Pre-cast beams - integrated
Mechanical system SS.SYSTEM Continuous girder
No. of spans SS.NO_SPAN 4
Span lengths [m] SS.SPAN L 15 17.5 17.5 15
Deck width [m] SS.B1 15
Pier height [m] P.H 7.5
Pier number (trans. direction) P.NO_PIER 4
Pier distance (trans. dir.) [m] P.DIST 12.6
Skew angle [°] SS.SKEW 70
Superstructure
Material SS.E, SS.G 35.0 14.6
Cross-section SS.A,SS.J,SS.1Y,SS.1Z 6.158 0.151 0.768 ###t#
Height [m] SS.HT 1.10
Height of centroid [m] SS.H2 0.70
Bearing distance [m] SS.B2 15.0
Lineweight [kg/m] SS.W 24635
Piers
Cross-section P.A,P.B 0.9 0.6
Reinforcement PRO_S P.S FI,P.S W 1.050 12 0.15
Material P.EC,P.GC,P.FC,P.FY,P.ES 34.0 14.2 35 500 200
Bearings/joints
Type B.TYPE Monolithic joint
Dimensions B.M1, BM2, BM3 -
Material B.FY, B.K0, BK1 - - -
Capacity B.RDX, B.RDY - -
Seat length [m] B.SEAT 0.7
Fix bearing positions B.NFIX All monolithic
Pier cap beam
Cross-section PC.A, PC.B 1.6 0.8
Reinforcement PC.RO_S, PCS FI, PC.S W - - -
Material PC.EC,PC.GC,PC.FC,PC.FY,PC.ES - - - - -
Foundation
Type F.TYPE Pile foundation
Dimensions of shallow found. F.A, F.B. FM - -
Pile foundation layout F.A, F.B, FNY, F.NX, F.L 12 0 6 1 17
Found. stiffness (abutment)  F.AK1-F.AK6 S.1E9 5.1E9 1.0E13 8.7E9 4.4E9 1.0E13
Found. stiffness (pier) F.PK1-F.PK6 6.1E9 6.1E9 1.0E13 1.3E10 5.3E9 1.0E13

Notes

Piers with 18 ¢20 rebars. SS-SBS joint shear reinforcement: ABUTMENT - ¢20/15; PIER - 2¢16/15. Piles:
ABUTMENT - 1x5 (1000 kN); PIER - 1x6 (1200 kN).
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Table E8 Description of BRO7 bridge.

Example Bridge #07
Bridge Name X
Year of construction 2005
Coordinates X
Name of road M7
Global geometry
Superstructure type SSTYPE Pre-cast beams - integrated
Mechanical system SS.SYSTEM Continuous girder
No. of spans SS.NO_SPAN 4
Span lengths [m] SS.SPAN_L 19 22 22 19
Deck width [m] SS.BI1 9
Pier height [m] P.H 8
Pier number (trans. direction) P.NO_PIER 2
Pier distance (trans. dir.) [m] P.DIST 52
Skew angle [°] SS.SKEW 90
Superstructure
Material SS.E, SS.G 35.0 14.6
Cross-section SS.A,SS.J,SS.1Y,SS.1Z 3.638 0.105 0.397 22.179
Height [m] SSHT 1.10
Height of centroid [m] SS.H2 0.70
Bearing distance [m] SS.B2 9.0
Lineweight [kg/m] SSwW 14710
Piers
Cross-section P.A,P.B 0.9 0.6
Reinforcement P.RO S, PS FI,P.S W 3.000 12 0.2
Material P.EC,P.GC,P.FC,P.FY,P.ES 34.0 14.2 35 500 200
Bearings/joints
Type B.TYPE Monolithic joint
Dimensions B.M1, B.M2, BM3 -
Material B.FY, B.K0, BK1 - - -
Capacity B.RDX, B.RDY - -
Seat length [m] B.SEAT 0.6
Fix bearing positions B.NFIX All monolithic
Pier cap beam
Cross-section PC.A, PC.B 1.6 0.8
Reinforcement PC.RO_S, PC.S FI, PC.S W - = =
Material PC.EC,PC.GC,PC.FC,PC.FY,PC.ES - - - - -
Foundation
Type F.TYPE Pile foundation
Dimensions of shallow found. F.A, F.B. FM - -
Pile foundation layout F.A, F.B, FNY, FNX, F.L 7.2 2.4 4 2 17
Found. stiffness (abutment) F.AK1-F.AK6 4.1E9 4.1E9 1.0E13 8.0E9 3.5E9 1.0E13
Found. stiffness (pier) F.PK1-F.PK6 8.2E9 8.2E9 1.0E13 1.4E10 8.4E9 1.0E13

Notes

Piers with 26 ¢28 rebars. SS-SBS joint shear reinforcement: ABUTMENT - ¢$20/20; PIER - 2¢16/20. Piles:
ABUTMENT - 1x4 (2500 kN); PIER - 2x4 (1900 kN).
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Table E9 Description of BRO8 bridge.

Example Bridge #08
Bridge Name X
Year of construction 2006
Coordinates X
Name of road MO
Global geometry
Superstructure type SSTYPE Pre-cast beams - integrated
Mechanical system SS.SYSTEM Continuous girder
No. of spans SS.NO_SPAN 6
Span lengths [m] SS.SPAN_L 11 15 17 17 15 11
Deck width [m] SS.B1 12
Pier height [m] P.H 6
Pier number (trans. direction) P.NO_PIER 3
Pier distance (trans. dir.) [m] P.DIST 8.3
Skew angle [°] SS.SKEW 90
Superstructure
Material SS.E, SS.G 35.0 14.6
Cross-section SS.A,SS.J,SS.1Y,SS.1Z 5.208 0.900 0.423 60.145
Height [m] SSHT 0.90
Height of centroid [m] SS.H2 0.55
Bearing distance [m] SS.B2 12.0
Lineweight [kg/m] SS.W 20232
Piers
Cross-section P.A,P.B 0.8 0.8
Reinforcement P.RO_S,P.S FI,P.S W 1.000 10 0.1
Material P.EC,P.GC,P FC,P FY,P.ES 34.0 14.2 35 500 200
Bearings/joints
Type B.TYPE Monolithic joint
Dimensions B.M1, BM2, BM3 -
Material B.FY, B.KO, BKI1 - - -
Capacity B.RDX, B.RDY - -
Seat length [m] B.SEAT 0.4
Fix bearing positions B.NFIX All monolithic
Pier cap beam
Cross-section PC.A,PCB 1.3 0.8
Reinforcement PC.RO_S, PC.S FI, PC.S W - - -
Material PC.EC,PC.GC,PC.FC,PC.FY,PCES - - - - -
Foundation
Type F.TYPE Pile foundation
Dimensions of shallow found. F.A, F.B. FM - -
Pile foundation layout F.A, E.B, FNY, FNX, F.L 9.6 0 5 1 17
Found. stiffness (abutment)  F.AK1-F.AK6 4.1E9 4.1E9 1.0E13 5.7E9 3.5E9 1.0El3
Found. stiffness (pier) F.PK1-F.PK6 S.1E9 5.1E9 1.0E13 1.1E10 4.4E9 1.0E13

Notes

Piers D = 80 cm with 16 ¢20 rebars. SS-SBS joint shear reinforcement: ABUTMENT - $16/20; PIER - 2¢16/20. Piles:
ABUTMENT - 1x4 (1200 kN); PIER - 1x5 (1700 kN).
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Table E10 Description of BR09 bridge.

Example Bridge #09
Bridge Name X
Year of construction 2008
Coordinates X
Name ofroad M43
Global geometry
Superstructure type SSTYPE Pre-cast beams - non-integrated
Mechanical system SS.SYSTEM Continuous girder
No. of spans SS.NO_SPAN 3
Span lengths [m] SS.SPAN_L 35 45 35
Deck width [m] SS.B1 14
Pier height [m] P.H 4.5
Pier number (trans. direction) P.NO_PIER 4
Pier distance (trans. dir.) [m] P.DIST 12
Skew angle [°] SS.SKEW 60
Superstructure
Material SS.E, SS.G 35.0 14.6
Cross-section SS.A,SS.J,SS.1Y,SS.1Z 8.982 0.306 3.435 137.88
Height [m] SSHT 1.75
Height of centroid [m] SS.H2 1.00
Bearing distance [m] SS.B2 14.0
Lineweight [kg/m] SS.W 29795
Piers
Cross-section P.A,P.B 1.2 1.2
Reinforcement P.RO S,PS F,P.S W 0.868 12 0.2
Material P.EC,P.GC,P.FC,P.FY,P.ES 34.0 14.2 35 500 200
Bearings/joints
Type B.TYPE Monolithic joint and rubber bearings
Dimensions B.M1, B.M2, B.M3 400 500 180
Material B.FY, B.K0, B.K1 - - -
Capacity B.RDX, B.RDY - -
Seat length [m] B.SEAT 0.95
Fix bearing positions B.NFIX At the piers
Pier cap beam
Cross-section PC.A,PC.B 2.4 1.0
Reinforcement PC.RO_S, PC.S FI, PCS W - - -
Material PC.EC,PC.GC,PC.FC,PC.FY,PC.ES - - - - -
Foundation
Type F.TYPE Pile foundation
Dimensions of shallow found. F.A, F.B. FM - -
Pile foundation layout F.A, E.B, FNY, F.NX, F.L 14.4 2.4 7 2 25
Found. stiffness (abutment) F.AK1-F.AK6 1.0E10 1.0E10 1.0E13 2.7E10 1.1E10 1.0E13
Found. stiffness (pier) F.PK1-F.PK6 1.4E10 1.4E10 1.0E13 6.3E10 1.6E10 1.0E13

Notes

Piers D = 120 cm with 20 ¢25 rebars. SS-SBS joint: ABUTMENT - bearing with 73 mm movement capacity; PIER -
2¢16/20. Piles: ABUTMENT - 2x5 (2500 kN); PIER - 2x7 (2500 kN). Dilatation: at the abutments with 30 mm

135




Table E11 Description of BR10 bridge.

Example Bridge #10
Bridge Name X
Year of construction 2006
Coordinates X
Name ofroad M3
Global geometry
Superstructure type SSTYPE Pre-cast beams - non-integrated
Mechanical system SS.SYSTEM Continuous girder
No. of spans SS.NO_SPAN 5
Span lengths [m] SS.SPAN L 25 32 33 32 25
Deck width [m] SS.B1 14
Pier height [m] P.H 7
Pier number (trans. direction) P.NO_PIER 4
Pier distance (trans. dir.) [m] P.DIST 12.3
Skew angle [°] SS.SKEW 60
Superstructure
Material SS.E, SS.G 35.0 14.6
Cross-section SS.A,SS.J,SSIY,SS.1Z 8.574 0.267 2.059 136.43
Height [m] SS.HT 1.45
Height of centroid [m] SS.H2 0.90
Bearing distance [m] SS.B2 14.0
Lineweight [kg/m] SSwW 29535
Piers
Cross-section P.A,P.B 1.2 1.2
Reinforcement P.RO _S,PS FIL,P.S W 0.667 10 0.15
Material P.EC,P.GC,P.FC,P.FY,P.ES 34.0 14.2 35 500 200
Bearings/joints
Type B.TYPE Monolithic joint and rubber bearings
Dimensions B.M1, B.M2, BM3 400 500 180
Material B.FY, B.K0O, BK1 - - -
Capacity B.RDX, B.RDY - -
Seat length [m] B.SEAT 1
Fix bearing positions B.NFIX Two middle piers
Pier cap beam
Cross-section PC.A,PC.B 1.6 1.0
Reinforcement PC.RO_S, PCS FI,PC.S W - - -
Material PC.EC,PC.GC,PCFC,PCFY,PCES - - - - -
Foundation
Type F.TYPE Pile foundation
Dimensions of shallow found. F.A, F.B. F.M - -
Pile foundation layout F.A, F.B, FNY, FNX, F.L 10.8 3.6 4 1 14
Found. stiffness (abutment) F.AK1-F.AK6 8.2E9 8.2E9 1.0E13 1.9E10 9.4E9 1.0E13
Found. stiffness (pier) F.PKI1-F.PK6 6.1E9 6.1E9 1.0E13 2.6E10 1.2E10 1.0E13

Notes

Piers D =120 cm with 24 ¢20 rebars. SS-SBS joint: rubber bearing with 73 mm movement capacity; fix - 2¢16/10 shear
reinforcement. Piles: ABUTMENT - 2x4 (3200 kN); PIER - 1x4 (5300 kN). Dilatation: at the abutments with 50 mm
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Table E12 Description of BR11 bridge.

Example Bridge #11
Bridge Name X
Year of construction 2009
Coordinates X
Name of road M6
Global geometry
Superstructure type SSTYPE Pre-cast beams - non-integrated
Mechanical system SS.SYSTEM Continuous girder
No. of spans SS.NO_SPAN 6
Span lengths [m] SS.SPAN_L 30 45 45 45 45 30
Deck width [m] SS.BI 14
Pier height [m] P.H 7
Pier number (trans. direction) P.NO_PIER 3
Pier distance (trans. dir.) [m] P.DIST 10.5
Skew angle [°] SS.SKEW 90
Superstructure
Material SS.E, SS.G 35.0 14.6
Cross-section SS.A,SS.J,SS.1Y,SS.1Z 9.414 0.325 3.615 142.63
Height [m] SSHT 1.75
Height of centroid [m] SS.H2 1.00
Bearing distance [m] SS.B2 14.0
Lineweight [kg/m] SS.W 32155
Piers
Cross-section P.A,PB 1.2 1.2
Reinforcement P.RO S,PS FI,P.S W 1.040 12 0.1
Material P.EC,P.GC,P.FC,P.FY,P.ES 34.0 14.2 35 500 200
Bearings/joints
Type B.TYPE Monolithic joint and rubber bearings
Dimensions B.M1, B.M2, B.M3 400 500 180
Material B.FY, B.KO, BK1 - - -
Capacity B.RDX, B.RDY - -
Seat length [m] B.SEAT 1
Fix bearing positions B.NFIX Three middle piers
Pier cap beam
Cross-section PC.A,PCB 1.6 1.0
Reinforcement PC.RO S, PCS FI,PC.S W - - -
Material PCEC,PC.GC,PC.FC,PC.FY,PCES - - - - -
Foundation
Type F.TYPE Pile foundation
Dimensions of shallow found. F.A, F.B. FM - -
Pile foundation layout F.A, F.B, FNY, FNX, F.L 12 4.8 5 3 14
Found. stiffness (abutment)  F.AKI1-F.AK6 1.0E10 1.0E10 1.0E13 2.7E10 1.1E10 1.0E13
Found. stiffness (pier) F.PK1-F.PK6 1.5E10 1.5E10 1.0E13 4.0E10 2.2E10 1.0E13

Notes

Piers D =120 cm with 24 @25 rebars. SS-SBS joint: rubber bearing with 73 mm movement capacity; fix - 2¢16/10 shear
reinforcement. Piles: ABUTMENT - 2x5 (2500 kN); PIER - 3x5 (2500 kN). Dilatation: at the abutments with 65 mm
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Table E13 Description of BR12 bridge.

Example Bridge #12
Bridge Name X
Year of construction 2015
Coordinates X
Name ofroad M76
Global geometry
Superstructure type SSTYPE Pre-cast beams - non-integrated
Mechanical system SS.SYSTEM Continuous girder
No. of spans SS.NO_SPAN 7
Span lengths [m] SS.SPAN L 20 5x24 20
Deck width [m] SS.B1 14
Pier height [m] P.H 7
Pier number (trans. direction) P.NO_PIER 4
Pier distance (trans. dir.) [m]  P.DIST 10.8
Skew angle [°] SS.SKEW 90
Superstructure
Material SS.E, SS.G 35.0 14.6
Cross-section SS.A,SS.J,SS.1Y,SS.1Z 8.168 0.263 1.103 130.77
Height [m] SS.HT 1.15
Height of centroid [m] SS.H2 0.65
Bearing distance [m] SS.B2 14.0
Lineweight [kg/m] SSW 28850
Piers
Cross-section P.A,P.B 0.9 0.9
Reinforcement P.RO S, PS FI,P.S W 1.086 12 0.2
Material P.EC,P.GC,P.FC,P.FY,P.ES 34.0 14.2 35 500 200
Bearings/joints
Type B.TYPE Monolithic joint and rubber bearings
Dimensions B.M1, BM2, BM3 400 500 140
Material B.FY, B.KO, B.K1 - - -
Capacity B.RDX, B.RDY - -
Seat length [m] B.SEAT 0.55
Fix bearing positions B.NFIX Two middle piers
Pier cap beam
Cross-section PC.A,PC.B 1.4 0.8

Reinforcement
Material

Foundation

Type

Dimensions of shallow found.
Pile foundation layout
Found. stiffness (abutment)
Found. stiffness (pier)

PC.RO_S, PC.S FI, PC.S W

PC.EC,PC.GC,PCFC,PCFY,PCES

F.TYPE

F.A,F.B.FM

F.A, F.B, FNY, F.NX, F.L
F.AK1-F.AK6
F.PK1-F.PK6

Pile foundation

7.2 2.4 4 2 10
8.2E9 8.2E9 1.0E13 1.6E10 8.9E9 1.0El3
8.2E9 8.2E9 1.0E13 1.8E10 9.2E9 1.0E13

Notes

Piers with 28920 rebars. SS-SBS joint: rubber bearing with 65 mm movement capacity; fix - 2¢16/20 shear
reinforcement. Piles: ABUTMENT - 2x4 (2500 kN); PIER - 2x4 (3000 kN). Dilatation: at the abutments with 50 mm
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Table E14 Description of BR13 bridge.

Example Bridge #13
Bridge Name X
Year of construction 2009
Coordinates X
Name ofroad M31
Global geometry
Superstructure type SSTYPE Cast in-situ concrete slab
Mechanical system SS.SYSTEM Continuous girder
No. of spans SS.NO_SPAN 2
Span lengths [m] SS.SPAN L 25 25
Deck width [m] SS.B1 9
Pier height [m] P.H 8.5
Pier number (trans. direction) P.NO_PIER 2
Pier distance (trans. dir.) [m] P.DIST 3.6
Skew angle [°] SS.SKEW 90
Superstructure
Material SS.E, SS.G 34.0 14.2
Cross-section SS.A,SS.J,SS.IY,SS.1Z 6.343 4214 1.550 22.84
Height [m] SS.HT 1.55
Height of centroid [m] SS.H2 0.85
Bearing distance [m] SS.B2 3.6
Lineweight [kg/m] SSwW 19650
Piers
Cross-section P.A,P.B 0.9 0.6
Reinforcement P.RO_S,PS FLP.S W 2.000 12 0.15
Material P.EC,P.GC,P.FC,P.FY,P.ES 34.0 14.2 35 500 200
Bearings/joints
Type B.TYPE -
Dimensions B.M1, B.M2, B.M3 - - -
Material B.FY, B.KO, B.K1 - - -
Capacity B.RDX, B.RDY - -
Seat length [m] B.SEAT 0.9
Fix bearing positions B.NFIX All monolithic
Pier cap beam
Cross-section PC.A, PCB None -
Reinforcement PC.RO_S,PCS FI,PC.S W - - -
Material PC.EC,PC.GC,PC.FC,PCFY,PCEES - - - - -
Foundation
Type F.TYPE Shallow foundation
Dimensions of shallow found. F.A, F.B. F.M AB: 8.75 2.80 125 9.00 4.00
Pile foundation layout F.A,FB, FNY, FNX F.L - - - - -
Found. stiffness (abutment) F.AK1-F.AK6 1.1E9 1.0E9 1.3E9 1.6E10 4.5E9 3.0E10
Found. stiffness (pier) F.PKI1-F.PK6 1.3E9 1.2E9 1.5E9 2.1E10 7.7E9 3.5E10

Notes

Piers with 22925 rebars. SS-SBS joint: ABUTMENT: 16/10 shear reinforcement; PIER: longitudinal reiforcement + cast
in-situ concrete. Shallow foundation: ABUTMENT: 8.75x2.8 m PIER: 9x4 m.
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Table E15 Description of BR14 bridge.

Example Bridge #14
Bridge Name X
Year of construction 2009
Coordinates X
Name ofroad M31
Global geometry
Superstructure type SSTYPE Cast in-situ concrete slab
Mechanical system SS.SYSTEM Continuous girder
No. of spans SSNO_SPAN 4
Span lengths [m] SS.SPAN L 13 23 23 13
Deck width [m] SS.B1 15
Pier height [m] P.H 6
Pier number (trans. direction) P.NO_PIER 3
Pier distance (trans. dir.) [m]  P.DIST 10
Skew angle [°] SS.SKEW 45
Superstructure
Material SS.E, SS.G 34.0 14.2
Cross-section SS.A,SS.J,SS.1Y,SS.1Z 10.370 5.578 1.827 134.87
Height [m] SSHT 1.35
Height of centroid [m] SS.H2 0.72
Bearing distance [m] SS.B2 10.0
Lineweight [kg/m] SS.W 34780
Piers
Cross-section P.A,P.B 2.5 0.9

Reinforcement
Material

Bearings/joints
Type

Dimensions
Material

Capacity

Seat length [m]

Fix bearing positions

Pier cap beam
Cross-section
Reinforcement
Material

Foundation

Type

Dimensions of shallow found.
Pile foundation layout
Found. stiffness (abutment)
Found. stiffness (pier)

P.RO S P.S FI,P.S W
P.EC,P.GC,P.FC,P.FY,P.ES

B.TYPE

B.M1, B.M2, B.M3
B.FY, B.K0O, BK1
B.RDX, B.RDY
B.SEAT

B.NFIX

PC.A, PC.B
PC.RO_S, PCSS FI,PC.S W

PC.EC,PC.GC,PC.FC,PC.FY,PC.ES

F.TYPE

F.A,F.B.FM

F.A, F.B, FNY, F.NX, F.L
F.AK1-F.AK6
F.PK1-F.PK6

0.785 10 0.2
34.0 14.2 35 500 200

1
All monolithic

None -

Pile foundation

19.2 0 9 1 14

5.1E9 5.1E9 1.0E13 1.2E10 4.4E9 1.0E13
9.2E9 9.2E9 1.0E13 5.1E10 7.9E9 1.0E13

Notes

Piers with 3x12925 rebars. SS-SBS joint: ABUTMENT: 16/20 shear reinforcement; PIER: longitudinal reiforcement +
cast in-situ concrete. Pile: Abutment: 1x5 (2000 kN); Pier: 1x9 (2000 kN).
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Table E16 Description of BR15 bridge.

Example Bridge #15
Bridge Name X
Year of construction 2004
Coordinates X
Name of road MO
Global geometry
Superstructure type SSTYPE Cast in-situ concrete slab
Mechanical system SS.SYSTEM Continuous girder
No. of spans SSNO_SPAN 4
Span lengths [m] SS.SPAN_L 12 22 22 12
Deck width [m] SS.B1 12
Pier height [m] P.H 6.5
Pier number (trans. direction) P.NO_PIER 2
Pier distance (trans. dir.) [m]  P.DIST 7.6
Skew angle [°] SS.SKEW 80
Superstructure
Material SS.E, SS.G 34.0 14.2
Cross-section SS.A,SS.J,SS.1Y,SS.1Z 8.040 3.023 0.899 70.06
Height [m] SSHT 1.15
Height of centroid [m] SS.H2 0.57
Bearing distance [m] SS.B2 7.6
Lineweight [kg/m] SSwW 26200
Piers
Cross-section P.A,PB 0.9 0.6
Reinforcement PRO S, PS FI,P.S W 1.164 12 0.2
Material P.EC,P.GC,P.FC,P.FY,P.ES 34.0 14.2 35 500 200
Bearings/joints
Type B.TYPE -
Dimensions B.M1, B.M2, B.M3 - - -
Material B.FY, B.KO, BK1 - - -
Capacity B.RDX, B.RDY - -
Seat length [m] B.SEAT 1
Fix bearing positions B.NFIX All monolithic
Pier cap beam
Cross-section PC.A, PC.B None -
Reinforcement PC.RO_S, PCS FI, PC.S W - - -
Material PC.EC,PC.GC,PC.FC,PC.FY,PCES - - - - -
Foundation
Type F.TYPE Pile foundation
Dimensions of shallow found. F.A, F.B. FM - - - - - -
Pile foundation layout F.A, F.B, FNY, FNX, F.L 7.2 1.8 5 2 10
Found. stiffness (abutment) F.AK1-F.AK6 6.1E9 6.1E9 1.0E13 2.0E10 3.0E9 1.0E13
Found. stiffness (pier) F.PKI1-F.PK6 7.7E9 7.7E9 1.0E13 1.3E10 4.9E9 1.0E13

Notes

Piers with 20920 rebars. SS-SBS joint: ABUTMENT: 16/15 shear reinforcement; PIER: longitudinal reiforcement + cast
in-situ concrete. Pile: Abutment: 1x8 (1500 kN); Pier: 2x5 (1700 kN).
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Table E17 Description of BR16 bridge.

Example Bridge #16
Bridge Name X
Year of construction 2004
Coordinates X
Name of road MO
Global geometry
Superstructure type SSTYPE Cast in-situ concrete slab
Mechanical system SS.SYSTEM Continuous girder
No. of spans SSNO_SPAN 6
Span lengths [m] SS.SPAN_L 12 14 18 18 14 12
Deck width [m] SS.B1 13
Pier height [m] P.H 8
Pier number (trans. direction) P.NO_PIER 3
Pier distance (trans. dir.) [m] P.DIST 7.2
Skew angle [°] SS.SKEW 70
Superstructure
Material SSE, SS.G 34.0 14.2
Cross-section SS.A,SS.J,SS.1Y,SS.1Z 8.556 2.511 0.765 88.14
Height [m] SSHT 1.05
Height of centroid [m] SS.H2 0.55
Bearing distance [m] SS.B2 7.2
Lineweight [kg/m] SS. W 29050
Piers
Cross-section P.A,P.B 0.6 0.6
Reinforcement P.RO_S,P.S FI,P.S W 2.780 10 0.1
Material P.EC,P.GC,P.FC,P.FY,P.ES 34.0 14.2 35 500 200
Bearings/joints
Type B.TYPE -
Dimensions B.M1, B.M2, B.M3 - - -
Material B.FY, B.K0O, B.X1 - - -
Capacity B.RDX, B.RDY - -
Seat length [m] B.SEAT 1
Fix bearing positions B.NFIX All monolithic
Pier cap beam
Cross-section PC.A,PC.B None -
Reinforcement PC.RO_S,PCS FI,PC.S W - - -
Material PC.EC,PC.GC,PC.FC,PC.FY,PCES - - - - -
Foundation
Type F.TYPE Pile foundation
Dimensions of shallow found. F.A, F.B. FM - - - - - -
Pile foundation layout F.A, F.B, F.NY, F.NX, F.L 9.6 0 5 1 16
Found. stiffness (abutment) F.AK1-F.AK6 4.1E9 4.1E9 1.0E13 8.0E9 3.5E9 1.0E13
Found. stiffness (pier) F.PK1-F.PK6 5.1E9 5.1E9 1.0E13 1.4E10 4.4E9 1.0E13

Notes

D=0.6 m piers with 16925 rebars. SS-SBS joint: ABUTMENT: 20/20 shear reinforcement; PIER: longitudinal
reiforcement + cast in-situ concrete. Pile: Abutment: 1x4 (2500 kN); Pier: 1x5 (2700 kN).
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Table E18 Description of BR17 bridge.

Example Bridge #17
Bridge Name X
Year of construction 2010
Coordinates X
Name of road MO
Global geometry
Superstructure type SSTYPE Reinforced concrete box girder
Mechanical system SS.SYSTEM Continuous girder
No. of spans SSNO_SPAN 5
Span lengths [m] SS.SPAN_L 34 34 34 34 34
Deck width [m] SS.B1 11
Pier height [m] P.H 14
Pier number (trans. direction) P.NO_PIER 1
Pier distance (trans. dir.) [m] P.DIST 0
Skew angle [°] SS.SKEW 90
Superstructure
Material SS.E, SS.G 34.0 14.2
Cross-section SS.A,SS.J,SS.1Y,SS.1Z 6.683 13.380 6.110 47.19
Height [m] SS.HT 2.50
Height of centroid [m] SS.H2 1.50
Bearing distance [m] SS.B2 4.8
Lineweight [kg/m] SSW 27800
Piers
Cross-section P.A,P.B 6 2
Reinforcement P.RO_SP.S FI,P.S W 0.5 16 0.2
Material P.EC,P.GC,P.FC,P.FY,P.ES 34.0 14.2 35 500 200
Bearings/joints
Type B.TYPE Conventional bearings
Dimensions B.M1, B.M2, B.M3 - - -
Material B.FY, B.K0O, B.K1 - - -
Capacity B.RDX, B.RDY - -
Seat length [m] B.SEAT 1.1
Fix bearing positions B.NFIX 1 (support 4)
Pier cap beam
Cross-section PC.A,PCB None -
Reinforcement PC.RO_S, PCS FI,PC.S W - - -
Material PC.EC,PC.GC,PC.FC,PC.FY,PC.ES - - - - -
Foundation
Type F.TYPE Pile foundation
Dimensions of shallow found. F.A, F.B. FM - - - - - -
Pile foundation layout F.A, F.B, F.NY, F.NX, F.L 7.2 7.2 3 3 20
Found. stiffness (abutment) F.AK1-F.AK6 2.3E9 2.3E9 1.5E9 1.6E10 6.9E9 1.0E13
Found. stiffness (pier) F.PK1-F.PK6 2.6E9 2.6E9 1.7E9 1.2E10 1.2E10 1.0E13

Notes

Conventional bearings. Pile: Abutment: 2x4 (1800 kN); Pier: 3x3 (3000 kN). Reinf. rario is only 0.45%.
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Table E19 Description of BR18 bridge.

Example Bridge #18
Bridge Name X
Year of construction 2010
Coordinates X
Name ofroad MO
Global geometry
Superstructure type SSTYPE Reinforced concrete box girder
Mechanical system SS.SYSTEM Continuous girder
No. of spans SSNO_SPAN 6
Span lengths [m] SS.SPAN_L 37.5 50 50 50 50 375
Deck width [m] SS.B1 13.5
Pier height [m] P.H 15
Pier number (trans. direction) P.NO_PIER 1
Pier distance (trans. dir.) [m]  P.DIST 0
Skew angle [°] SS.SKEW 90
Superstructure
Material SS.E, SS.G 34.0 14.2
Cross-section SS.A,SS.J,SS.1Y,SS.1Z 9.660 30.800 18.060 90.28
Height [m] SSHT 3.85
Height of centroid [m] SS.H2 2.55
Bearing distance [m] SS.B2 4.4
Lineweight [kg/m] SSwW 32500
Piers
Cross-section P.A,P.B 4.9 2
Reinforcement P.RO_S,PS FI,P.S W 0.45 12 0.2
Material P.EC,P.GC,P.FC,P.FY,P ES 34.0 14.2 35 500 200
Bearings/joints
Type B.TYPE Conventional bearings
Dimensions B.M1, BM2, B.M3 - - -
Material B.FY, B.K0, B.K1 - - -
Capacity B.RDX, B.RDY - -
Seat length [m] B.SEAT 1.4
Fix bearing positions B.NFIX 1 (suppoert 4)
Pier cap beam
Cross-section PC.A, PC.B None -
Reinforcement PC.RO_S, PC.S FI, PC.S W - - -
Material PC.EC,PC.GC,PC.FC,PC.FY,PC.ES - - - - -
Foundation
Type F.TYPE Pile foundation
Dimensions of shallow found. F.A, F.B. FM - - - - - -
Pile foundation layout F.A, F.B, FNY, F.NX, F.L 9.6 7.2 5 4 20
Found. stiffness (abutment) F.AKI1-F.AK6 5.2E9 5.2E9 2.3E9 4.8E10 1.9E10 1.0E13
Found. stiffness (pier) F.PK1-F.PK6 5.7E9 S5.7E9 3.1E9 4.8E10 3.4E10 1.0E13

Notes

Conventional bearings. Pile: Abutment: 3x6 (2000 kN); Pier: 4x5 (2500 kN). Reinf. ratio is only 0.45%
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Table E20 Description of BR19 bridge.

Example Bridge #19
Bridge Name X
Year of construction 2010
Coordinates X
Name of road M7
Global geometry
Superstructure type SSTYPE Reinforced concrete box girder
Mechanical system SS.SYSTEM Continuous girder
No. of spans SS.NO_SPAN 7
Span lengths [m] SS.SPAN L 36 5x45 36
Deck width [m] SS.B1 17
Pier height [m] P.H 24
Pier number (trans. direction) P.NO PIER 1
Pier distance (trans. dir.) [m]  P.DIST 0
Skew angle [°] SS.SKEW 90
Superstructure
Material SS.E, SS.G 34.0 14.2
Cross-section SS.A,SS.J,SS.1Y,SS.1Z 11.210 39.410 19.810 187.00
Height [m] SSHT 3.50
Height of centroid [m] SS.H2 2.30
Bearing distance [m] SS.B2 6.5
Lineweight [kg/m] SSw 36485
Piers
Cross-section P.A,P.B 6 2.8
Reinforcement P.RO_S,P.S FI,P.S W 1.0 12 0.15
Material P.EC,P.GC,P.FC,P.FY,P.ES 34.0 14.2 35 500 200
Bearings/joints
Type B.TYPE Conventional bearings
Dimensions B.M1, B.M2, B.M3 - - -
Material B.FY, B.K0, B.K1 - - -
Capacity B.RDX, B.RDY - -
Seat length [m] B.SEAT 1.1
Fix bearing positions B.NFIX 1 (support 5)
Pier cap beam
Cross-section PC.A,PCB None -
Reinforcement PC.RO_S, PCS FI,PC.S W - - -
Material PC.EC,PC.GC,PC.FC,PC.FY,PC.ES - - - - -
Foundation
Type F.TYPE Pile foundation
Dimensions of shallow found. F.A, F.B. FM - - - - -
Pile foundation layout F.A, F.B, ENY, FNX, F.L 7.2 14.4 3 6 18
Found. stiffness (abutment) F.AK1-F.AK6 3.4E9 3.4E9 1.5E9 3.2E10 9.2E9 1.0El3
Found. stiffness (pier) F.PK1-F.PK6 5.2E9 5.2E9 3.4E9 6.7E10 2.4E10 1.0E13

Notes

Conventional bearings. Pile: Abutment: 2x6 (2000 kN); Pier: 3x6 (3000 kN). Reinf. ratio is 1%.
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Table E21 Description of BR20 bridge.

Example Bridge #20
Bridge Name X
Year of construction 2004
Coordinates X
Name of road M3
Global geometry
Superstructure type SSTYPE Composite girder
Mechanical system SS.SYSTEM Continuous girder
No. of spans SS.NO_SPAN 3
Span lengths [m] SS.SPAN_L 40 60 40
Deck width [m] SS.BI 14
Pier height [m] P.H 8
Pier number (trans. direction) P.NO_PIER
Pier distance (trans. dir.) [m] P.DIST 0
Skew angle [°] SS.SKEW 70
Superstructure
Material SS.E, SS.G 210.0 80.8
Cross-section SS.A,SS.J,SS.1Y,SS.1Z 0.962 0.150 1.200 14.52
Height [m] SSHT 3.30
Height of centroid [m] SS.H2 2.50
Bearing distance [m] SS.B2 7.3
Lineweight [kg/m] SSW 21300
Piers
Cross-section P.A,P.B 7.3 1.4
Reinforcement P.RO S, P.S FI,P.S W 0.4 20 0.2
Material P.EC,P.GC,P.FC,P.FY,P.ES 34.0 14.2 35 500 200
Bearings/joints
Type B.TYPE Conventional bearings
Dimensions B.M1, B.M2, BM3 - - -
Material B.FY, B.KO, BK1 - - -
Capacity B.RDX, B.RDY - -
Seat length [m] B.SEAT 0.5
Fix bearing positions B.NFIX 1 (support 2)
Pier cap beam
Cross-section PC.A,PCB None -
Reinforcement PC.RO_S, PCS FI,PC.S W - - -
Material PC.EC,PC.GC,PC.FC,PC.FY,PCES - - - - -
Foundation
Type F.TYPE Pile foundation
Dimensions of shallow found.  F.A, F.B. FM - - - - - -
Pile foundation layout F.A, F.B, FNY, F.NX, F.L 4.8 24 2 10 22
Found. stiffness (abutment) F.AK1-F.AK6 7.2E9 7.2E9 2.5E9 2.1E11 2.9E10 1.0E13
Found. stiffness (pier) F.PK1-F.PK6 7.2E9 7.2E9 3.0E9 2.5El1 3.0E10 1.0E13

Notes

Conventional bearings. Pile: Abutment: 2x10 (2000 kN); Pier:

joint 35 and 65 mm at the abutments.

2x10 (3000 kN)

. Pier reinf. ratio is only 0.4%. Expansion
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Table E22 Description of BR21 bridge.

Example Bridge #21
Bridge Name X
Year of construction 2010
Coordinates X
Name of road M6
Global geometry
Superstructure type SSTYPE Composite girder
Mechanical system SS.SYSTEM Continuous girder
No. of spans SS.NO_SPAN 3
Span lengths [m] SS.SPAN_L 75 90 75
Deck width [m] SS.B1 14
Pier height [m] P.H 7
Pier number (trans. direction) P.NO_PIER 1
Pier distance (trans. dir.) [m] P.DIST 0
Skew angle [°] SS.SKEW 90
Superstructure
Material SS.E, SS.G 210.0 80.8
Cross-section SS.A,SS.J,SS.1Y,SS.1Z 0.940 0.150 1.098 15.35
Height [m] SSHT 2.90
Height of centroid [m] SS.H2 2.20
Bearing distance [m] SS.B2 8.0
Lineweight [kg/m] SSW 19700
Piers
Cross-section P.A,P.B 12 33
Reinforcement P.RO S, P.S FI,P.S W 0.2 16 0.15
Material P.EC,P.GC,P.FC,P.FY,P.ES 34.0 14.2 35 500 200
Bearings/joints
Type B.TYPE Conventional bearings
Dimensions B.M1, BM2, BM3 - - -
Material B.FY, B.K0O, BK1 - - -
Capacity B.RDX, B.RDY - -
Seat length [m] B.SEAT 0.5
Fix bearing positions B.NFIX 1 (support 2)
Pier cap beam
Cross-section PC.A,PCB None -
Reinforcement PC.RO_S, PCS FI,PC.S W - - -
Material PC.EC,PC.GC,PC.FC,PC.FY,PCES - - - - -
Foundation
Type F.TYPE Pile foundation
Dimensions of shallow found. F.A,F.B.FM - - - - - -
Pile foundation layout F.A, F.B, FNY, F.NX, F.L 7.2 16.8 3 7 20
Found. stiffness (abutment) F.AKI1-F.AK6 4.6E9 4.6E9 2.0E9 7.0E10 1.2E10 1.0E13
Found. stiffness (pier) F.PK1-F.PK6 6.0E9 6.0E9 3.9E9 1.0E11 2.8E10 1.0E13

Notes

Conventional bearings. Pile: Abutment: 2x8 (2000 kN); Pier:

joint 120 mm.

3x7 (3000 kN). Pier reinf. ratio is only 0.15%. Expansion
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Table E23 Description of BR22 bridge.

Example Bridge #22

Bridge Name

Year of construction
Coordinates

Name of road

X
2004

X

Main road No. 3

Global geometry
Superstructure type
Mechanical system

No. of spans

Span lengths [m]

Deck width [m]

Pier height [m]

Pier number (trans. direction)
Pier distance (trans. dir.) [m]
Skew angle [°]

Superstructure
Material
Cross-section

Height [m]

Height of centroid [m]
Bearing distance [m]
Lineweight [kg/m]

Piers
Cross-section
Reinforcement
Material

Bearings/joints
Type

Dimensions

Material

Capacity

Seat length [m]

Fix bearing positions

Pier cap beam
Cross-section
Reinforcement
Material

Foundation

Type

Dimensions of shallow found.
Pile foundation layout
Found. stiffness (abutment)
Found. stiffness (pier)

SSTYPE
SS.SYSTEM
SS.NO_SPAN
SS.SPAN_L
SS.B1

P.H
P.NO_PIER
P.DIST
SS.SKEW

SS.E, SS.G
SS.A,SS.J,SS.1Y,SS.1Z
SS.HT

SS.H2

SS.B2

SS.W

P.A,PB
P.RO S, P.S F,P.S W
P.EC,P.GC,P.FC,P.FY,P.ES

B.TYPE

B.MI, BM2, B.M3
B.FY, B.K0, BKI
B.RDX, B.RDY
B.SEAT

B.NFIX

PC.A, PC.B
PC.RO_S, PC.S FI, PC.S W

PC.EC,PC.GC,PC.FC,PCFY,PCES

F.TYPE

F.A, F.B.F.M

F.A, F.B, FNY, F.NX, F.L
F.AK1-F.AK6
F.PK1-F.PK6

Composite girder
Continuous girder
4
35 45
11
4.5
2
6.5
90

210.0
0.720
2.30
2.20
6.5
18200

80.8
0.120

2.4 1.2
0.50 16
34.0 14.2

45 35
0.360  9.57
0.15
35 500 200

Conventional bearings

0.5
1 (support 3)

None -

Pile foundation
7.2 24
8.6E9 8.6E9
8.6E9 8.6E9

3 10 13
5.3E9 2.7E11 3.8E10 1.0E13
4.7E9 2.4E11 3.6E10 1.0E13

Notes

Conventional bearings. Pile: Abutment: 3x10 (2800 kN); Pier: 3x10 (2500 kN). Pier reinf. ratio is only 0.45%.

Expansion joint 80 mm.

148




Table E24 Description of BR23 bridge.

Example Bridge #23
Bridge Name X
Year of construction 2012
Coordinates X
Name of road M4
Global geometry
Superstructure type SSTYPE Composite box girder
Mechanical system SS.SYSTEM Continuous girder
No. of spans SS.NO_SPAN 3
Span lengths [m] SS.SPAN L 24 36 24
Deck width [m] SS.B1 14
Pier height [m] P.H 4.5
Pier number (trans. direction) P.NO_ PIER 4
Pier distance (trans. dir.) [m]  P.DIST 12
Skew angle [°] SS.SKEW 60
Superstructure
Material SS.E, SS.G 210.0 80.8
Cross-section SS.A,SS.J,SS.1Y,SS.1Z 1.310 0.570 0.290 18.72
Height [m] SSHT 1.30
Height of centroid [m] SS.H2 1.00
Bearing distance [m] SS.B2 12.0
Lineweight [kg/m] SSwW 23700
Piers
Cross-section P.A,P.B 1.1 0.6
Reinforcement PRO_S,P.S FI,P.S W 2.24 16 0.1
Material P.EC,P.GC,P.FC,P.FY,P.ES 34.0 14.2 35 500 200
Bearings/joints
Type B.TYPE Conventional bearings + shear reinforcement
Dimensions B.M1, B.M2, B.M3 - - -
Material B.FY, B.K0, B.K1 - - -
Capacity B.RDX, B.RDY - -
Seat length [m] B.SEAT 0.5
Fix bearing positions B.NFIX 4 (support 1-2-3-4)
Pier cap beam
Cross-section PC.A,PCB None -

Reinforcement
Material

Foundation

Type

Dimensions of shallow found.
Pile foundation layout
Found. stiffness (abutment)
Found. stiffness (pier)

PC.RO S, PC.S FI, PC.S W

PC.EC,PC.GC,PC.FC,PCFY,PC.ES

F.TYPE
F.A, F.B.FEM
F.A, F.B, FNY, F.NX, F.L
F.AKI-F.AK6
F.PKI-F.PK6

Pile foundation

4.8 14.4

2

1.7E9 1.7E9 9.4E8
3.4E9 3.4E9 1.9E9

6 10
1.9E10 3.5E9 1.0E13
3.9E10 9.8E9 1.0E13

Notes

Conventional bearings + ¢16/20 shear reinforcement at the abutments. Pile: Abutment: 1x6 (2500 kN); Pier: 2x6 (2500

kN). Pier reinf. ratio is 2.24%.
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Table E25 Description of BR24 bridge.

Example Bridge #24
Bridge Name X
Year of construction 2012
Coordinates X
Name of road M4
Global geometry
Superstructure type SSTYPE Composite box girder
Mechanical system SS.SYSTEM Continuous girder
No. of spans SSNO_SPAN 3
Span lengths [m] SS.SPAN_L 35 45 35
Deck width [m] SS.B1 14
Pier height [m] P.H 5.5
Pier number (trans. direction) P.NO_PIER 2
Pier distance (trans. dir.) [m]  P.DIST 7
Skew angle [°] SS.SKEW 60
Superstructure
Material SS.E, SS.G 210.0 80.8
Cross-section SS.A,SS.J,SS.1Y,SS.1Z 1.020 0.330 0.620 15.03
Height [m] SSHT 2.25
Height of centroid [m] SS.H2 2.00
Bearing distance [m] SS.B2 7.0
Lineweight [kg/m] SS.W 22000
Piers
Cross-section P.A,P.B 1.6 1.6
Reinforcement P.RO_S,P.S FI,P.S W 0.80 16 0.2
Material P.EC,P.GC,P.FC,P.FY,P.ES 34.0 14.2 35 500 200
Bearings/joints
Type B.TYPE Conventional bearings
Dimensions B.M1, B.M2, B.M3 - - -
Material B.FY, B.K0, B.K1 - - -
Capacity B.RDX, B.RDY - -
Seat length [m] B.SEAT 0.6
Fix bearing positions B.NFIX 1 (support C)
Pier cap beam
Cross-section PC.A,PCB 1.4 1.4
Reinforcement PC.RO_S, PC.S FI,PCS W 0.8 12 0.2
Material PC.EC,PC.GC,PCFC,PCFY,PCES 34.0 14.2 35 500 200
Foundation
Type F.TYPE Pile foundation
Dimensions of shallow found. F.A, F.B. FM - - - - -
Pile foundation layout F.A, F.B, FNY, FENX, F.L 7.2 12 3 5 16
Found. stiffness (abutment) F.AK1-F.AK6 4.0E9 4.0E9 1.3E9 3.9E10 1.0E10 1.0E13
Found. stiffness (pier) F.PK1-F.PK6 43E9 4.3E9 1.8E9 2.9E10 1.6E10 1.0E13

Notes

Conventional bearings. Pile: Abutment: 2x7 (1500 kN); Pier: 3x5 (1900 kN). Pier reinf. ratio is 0.8%. Expansion joint

50 and 90 mm at the abutments.
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Table E26 Description of BR25 bridge.

Example Bridge #25
Bridge Name X
Year of construction 2013
Coordinates X
Name of road M4
Global geometry
Superstructure type SSTYPE Composite box girder
Mechanical system SS.SYSTEM Continuous girder
No. of spans SS.NO_SPAN 9
Span lengths [m] SS.SPAN_L 40  7-48 40
Deck width [m] SS.B1 14
Pier height [m] P.H 6.5
Pier number (trans. direction) P.NO_PIER 2
Pier distance (trans. dir.) [m] P.DIST 7
Skew angle [°] SS.SKEW 80
Superstructure
Material SS.E, SS.G 210.0 80.8
Cross-section SS.A,SS.J,SS.1Y,SS.1Z 1.020 0.330 0.620 15.03
Height [m] SS.HT 2.25
Height of centroid [m] SS.H2 2.00
Bearing distance [m] SS.B2 7.0
Lineweight [kg/m] SSW 22000
Piers
Cross-section P.A,P.B 1.4 1.4
Reinforcement P.RO_SP.S FI,P.S W 0.40 12 0.2
Material P.EC,P.GC,P.FC,P.FY,P.ES 34.0 14.2 35 500 200
Bearings/joints
Type B.TYPE Conventional bearings
Dimensions B.M1, B.M2, B.M3 - - -
Material B.FY, B.K0O, B.K1 - - -
Capacity B.RDX, B.RDY - -
Seat length [m] B.SEAT 0.6
Fix bearing positions B.NFIX 2 (support 5 6)
Pier cap beam
Cross-section PC.A,PCB 0.8 1.0
Reinforcement PCRO_S, PCS FI,PC.S W 1.000 12 0.2
Material PC.EC,PC.GC,PC.FC,PC.FY,PC.ES 34.0 14.2 35 500 200
Foundation
Type F.TYPE Pile foundation
Dimensions of shallow found.  F.A, F.B. FM - - - - - -
Pile foundation layout F.A, F.B, F.NY, F.NX, F.L 4.8 9.6 2 4 25
Found. stiffness (abutment) F.AK1-F.AK6 2.3E9 2.3E9 1.5E9 1.6E10 6.9E9 1.0E13
Found. stiffness (pier) F.PK1-F.PK6 2.3E9 2.3E9 1.5E9 1.6E10 6.9E9 1.0E13

Notes

Conventional bearings. Pile: Abutment: 2x4 (3000 kN); Pier: 2x4 (3000 kN). Pier reinf. ratio is 0.4%. Expansion joint

150 mm at the abutments.
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Table E27 Description of BR26 bridge.

Example Bridge #26
Bridge Name X
Year of construction 2012
Coordinates X
Name of road M4
Global geometry
Superstructure type SSTYPE Steel girder
Mechanical system SS.SYSTEM Continuous girder
No. of spans SSNO_SPAN 5
Span lengths [m] SS.SPAN_L 50 50 50 50 50
Deck width [m] SS.B1 14
Pier height [m] P.H 5.5
Pier number (trans. direction) P.NO_PIER 2
Pier distance (trans. dir.) [m] P.DIST 9
Skew angle [°] SS.SKEW 90
Superstructure
Material SS.E, SS.G 210.0 80.8
Cross-section SS.A,SS.J,SS.1Y,SS.1Z 1.050 0.010 0.570 14.44
Height [m] SSHT 2.10
Height of centroid [m] SS.H2 1.60
Bearing distance [m] SS.B2 9.0
Lineweight [kg/m] SSwW 15500
Piers
Cross-section P.A,P.B 2 1.2
Reinforcement P.RO_S,P.S FI,P.S W 1.25 16 0.15
Material P.EC,P.GC,P.FC,P.FY,P.ES 340 142 35 500 200
Bearings/joints
Type B.TYPE Conventional bearings
Dimensions B.M1, B.M2, B.M3 - - -
Material B.FY, B.K0, BK1 - - -
Capacity B.RDX, B.RDY - -
Seat length [m] B.SEAT
Fix bearing positions B.NFIX 2 (support 5 6)
Pier cap beam
Cross-section PC.A,PCB None -

Reinforcement
Material

Foundation

Type

Dimensions of shallow found.
Pile foundation layout
Found. stiffness (abutment)
Found. stiffness (pier)

PC.RO_S, PC.S FI, PC.S W

PC.EC,PC.GC,PC.FC,PCFY,PCES

F.TYPE
F.A, F.B.F.M
F.A, F.B, FNY, F.NX, F.L
F.AK1-F.AK6
F.PK1-F.PK6

Pile foundation

7.2 14.4 3 6 18
2.3E9 2.3E9 1.0E9 1.2E10 6.2E9 1.0E13
5.2E9 5.2E9 3.4E9 6.7E10 2.4E10 1.0E13

Notes

Conventional bearings. Pile: Abutment: 2x4 (2000 kN); Pier: 3x6 (3000 kN). Pier reinf. ratio is 1.25%. Expansion joint

150 mm at the abutments.
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Table E28 Description of BR27 bridge.

Example Bridge #27
Bridge Name X
Year of construction 2012
Coordinates X
Name of road M4
Global geometry
Superstructure type SSTYPE Steel girder
Mechanical system SS.SYSTEM Continuous girder
No. of spans SSNO_SPAN 9
Span lengths [m] SS.SPAN_L 22.5 3-45 60 3-45 225
Deck width [m] SS.B1 14
Pier height [m] P.H 5.5
Pier number (trans. direction) P.NO_PIER 2
Pier distance (trans. dir.) [m]  P.DIST 9
Skew angle [°] SS.SKEW 90
Superstructure
Material SS.E, SS.G 210.0 80.8
Cross-section SS.A,SS.J,SS.1Y,SS.1Z 1.050 0.010 0.570 14.44
Height [m] SSHT 2.10
Height of centroid [m] SS.H2 1.60
Bearing distance [m] SS.B2 9.0
Lineweight [kg/m] SS.W 15500
Piers
Cross-section P.A,P.B 2 1.2
Reinforcement P.RO_S,P.S FI,P.S W 1.25 16 0.15
Material P.EC,P.GC,P.FC,P.FY,P.ES 34.0 14.2 35 500 200
Bearings/joints
Type B.TYPE Conventional bearings
Dimensions B.M1, B.M2, B.M3 - - -
Material B.FY, B.K0, B.K1 - - -
Capacity B.RDX, B.RDY - -
Seat length [m] B.SEAT
Fix bearing positions B.NFIX 2 (support 5 6)
Pier cap beam
Cross-section PC.A,PC.B None -
Reinforcement PC.RO_S, PC.S FI,PC.S W - - -
Material PC.EC,PC.GC,PC.FC,PC.FY,PC.ES - - - - -
Foundation
Type F.TYPE Pile foundation
Dimensions of shallow found. F.A, F.B. EM - - - - - -
Pile foundation layout F.A, F.B, F.NY, F.NX, F.L 7.2 14.4 3 6 18
Found. stiffness (abutment) F.AK1-F.AK6 2.3E9 2.3E9 1.0E9 1.2E10 6.2E9 1.0E13
Found. stiffness (pier) F.PK1-F.PK6 5.2E9 5.2E9 3.4E9 6.7E10 2.4E10 1.0E13

Notes

Conventional bearings. Pile: Abutment: 2x4 (2000 kN); Pier: 3x6 (3000 kN). Pier reinf. ratio is 1.25%. Expansion joint

200 mm at the abutments.
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Table E29 Description of BR28 bridge.

Example Bridge #28

Bridge Name

Year of construction
Coordinates

Name of road

X
2012

X

Main road no. 86

Global geometry
Superstructure type
Mechanical system

No. of spans

Span lengths [m]

Deck width [m]

Pier height [m]

Pier number (trans. direction)
Pier distance (trans. dir.) [m]
Skew angle [°]

Superstructure
Material
Cross-section

Height [m]

Height of centroid [m]
Bearing distance [m]
Lineweight [kg/m]

Piers
Cross-section
Reinforcement
Material

Bearings/joints
Type

Dimensions
Material

Capacity

Seat length [m]

Fix bearing positions

Pier cap beam
Cross-section
Reinforcement
Material

Foundation

Type

Dimensions of shallow found.
Pile foundation layout
Found. stiffness (abutment)
Found. stiffness (pier)

SSTYPE
SS.SYSTEM
SSNO_SPAN
SSSPAN L
SS.BI

P.H
P.NO_PIER
P.DIST
SS.SKEW

SS.E, SS.G
SS.A,SS.J,SS.1Y,SS.1Z
SS.HT

SS.H2

SS.B2

SS.wW

PAPB
P.RO S, P.S F,P.S W
P.EC,P.GC,P.FC,P.FY,P ES

B.TYPE

B.M1, B.M2, B.M3
B.FY, B.K0, BKI
B.RDX, B.RDY
B.SEAT

B.NFIX

PC.A, PC.B
PC.RO S, PC.S FI,PC.S W
PC.EC,PC.GC,PC.FC,PC.FY,PC.ES

F.TYPE
F.A, F.B.FM
F.A, F.B, FNY, FNX, F.L
F.AKI-F.AK6
F.PKI-F.PK6

Steel box girder
Continuous girder
2
80 80
15
11.5
2
5
90

210.0
1.150
2.80
2.00
5.0
16500

80.8
1.880

1.5 1.5
1.30 16
34.0 14.2

Conventional bearings

1 (support 2)

1.5 1.5
1.000 20
34.0 14.2

Pile foundation
4.8 12
3.6E9 3.6E9
3.6E9 3.6E9

1.200 16.41
0.15
35 500 200
0.2
35 500 200
2 5 10

1.3E9 3.4E10 1.4E10 1.0E13
1.3E9 3.4E10 1.4E10 1.0E13

Notes

Conventional bearings. Pile: Abutment: 2x5 (2500 kN); Pier: 2x5 (2500 kN). Pier reinf. ratio is 1.3%. Expansion joint

100 mm at the abutments.
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Table E30 Description of BR29 bridge.

Example Bridge #29
Bridge Name X
Year of construction 1990
Coordinates X
Name of road MO
Global geometry
Superstructure type SSTYPE Steel box girder
Mechanical system SS.SYSTEM Continuous girder
No. of spans SS.NO_SPAN 3
Span lengths [m] SS.SPAN_L 110 110 110
Deck width [m] SS.B1 22
Pier height [m] P.H 16.5
Pier number (trans. direction) P.NO_PIER 1
Pier distance (trans. dir.) [m] P.DIST 0
Skew angle [°] SS.SKEW 90
Superstructure
Material SS.E, SS.G 210.0 80.8
Cross-section SS.A,SS.J,SS.IY,SS.1Z 0.860 2.500 4.150 19.20
Height [m] SS.HT 5.20
Height of centroid [m] SS.H2 3.20
Bearing distance [m] SS.B2 9.0
Lineweight [kg/m] SSwW 17500
Piers
Cross-section P.A,PB 13 3.5
Reinforcement P.RO_S PS FI,P.S W 0.15 16  0.25
Material P.EC,P.GC,P.FC,P.FY,P.ES 32.0 12.3 30 500 200
Bearings/joints
Type B.TYPE Conventional bearings
Dimensions B.M1, B.M2, B.M3 - - -
Material B.FY, B.K0, B.K1 - - -
Capacity B.RDX, B.RDY - -
Seat length [m] B.SEAT 0.5
Fix bearing positions B.NFIX 1 (support 2)
Pier cap beam
Cross-section PC.A, PC.B - -
Reinforcement PC.RO_S, PCS FI,PCS W - - -
Material PC.EC,PC.GC,PC.FC,PCFY,PCEES - - - - -
Foundation
Type F.TYPE Pile foundation
Dimensions of shallow found.  F.A, F.B. FM - - - - - -
Pile foundation layout F.A, F.B, FNY, F.NX, F.L 4.8 12 2 5 25
Found. stiffness (abutment) F.AK1-F.AK6 43E9 4.3E9 8.3E8 4.2E10 2.3E10 1.0E13
Found. stiffness (pier) F.PKI-F.PK6 43E9 4.3E9 1.7E9 6.3E10 2.5E10 1.0E13

Notes

Conventional bearings. Pile: Abutment: 2x5 (2000 kN); Pier: 2x5 (4000 kN). Pier reinf. ratio is 0.15%. Expansion joint 70

and 140 mm at the abutments.
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Table E31 Description of BR30 bridge.

Example Bridge #30

Bridge Name

Year of construction
Coordinates

Name of road

X
2012

X

Main road no. 86

Global geometry
Superstructure type
Mechanical system

No. of spans

Span lengths [m]

Deck width [m]

Pier height [m]

Pier number (trans. direction)
Pier distance (trans. dir.) [m]
Skew angle [°]

Superstructure
Material
Cross-section
Height [m]

Height of centroid [m]
Bearing distance [m]
Lineweight [kg/m]
Piers

Cross-section
Reinforcement
Material

Bearings/joints
Type

Dimensions

Material

Capacity

Seat length [m]

Fix bearing positions

Pier cap beam
Cross-section
Reinforcement
Material

Foundation

Type

Dimensions of shallow found.
Pile foundation layout
Found. stiffness (abutment)
Found. stiffness (pier)

SSTYPE
SS.SYSTEM
SSNO_SPAN
SS.SPAN_L
SS.B1

P.H
P.NO_PIER
P.DIST
SS.SKEW

SS.E, SS.G
SS.A,SS.J,SS.1Y,SS.1Z
SSHT

SS.H2

SS.B2

SSwW

P.A,PB
P.RO S,P.S F,P.S W
P.EC,P.GC,P.FC,P.FY,P.ES

B.TYPE

B.MI, B.M2, B.M3
B.FY, BKO0, BKI
B.RDX, B.RDY
B.SEAT

B.NFIX

PC.A, PC.B
PC.RO_S,PC.S FI, PC.S W
PC.EC,PC.GC,PC.FC,PC.FY,PCES

F.TYPE
F.A, F.B.F.M
F.A, F.B, FNY, F.NX, F.L
F.AK1-F.AK6
F.PK1-F.PK6

Steel box girder
Continuous girder

8

6
14
11
2
5.5
90

210.0
1.140
2.50
1.80
5.5
16500

1.5
1.30
34.0

6-80

80.8
1.75

1.5
16
13.1

Conventional bearings

1 (support 5)

L.5
1.000
34.0

1.5
20
13.1

Pile foundation

7.2

9.6

2.9E9 2.9E9
4.3E9 4.3E9

60
0.950 16.30
0.15
35 500 200
0.2
35 500 200
3 4 10

8.8E8 1.9E10 1.1E10 1.0E13
1.5E9 3.1E10 2.3E10 1.0E13

Notes

Conventional bearings. Pile: Abutment: 2x4 (2200 kN); Pier: 3x4 (2500 kN). Pier reinf. ratio is 1.3%. Expansion joint

350 mm at the abutments.
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Appendix F: Damage limit states for the examined bridges

Median capacity values for LS1-LS3 limit states of PMG-I bridges (for the parametric

study) and of portfolio bridges are shown in Table F1 and F3, respectively (COV values are

presented in Table 6.2). Further details about Bearing 1 and 2 associated with each bridge

class is shown in Table F2.

Table F1 Median capacity values of PMG-I bridges for LS1-LS3 damage limit states.

Pier Bearing 1 - deformation [m] Bearing 2 - deformation [m] Backfill
Shear [kN] Flexural [%)] Longitudinal Transverse Longitudinal Transverse Deformation [m]
Configuration LS1 LS2 LS3 LS1 LS2 LS3| LSI LS2 LS3 LSI LS2 LS3| LSt Ls2 LS3 LSI LS2 LS3|LSI LS2 LS3
W08 P04 L15 S2| 784 784 784 0.28 0.30 0.38(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45(0.03 0.06 0.3
S3| 784 784 784 0.28 0.30 0.38(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45]|0.03 0.06 0.3
S4| 784 784 784 0.28 0.30 0.38(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45]|0.03 0.06 0.3
P04 L30 S2| 873 873 873 0.28 0.30 0.38(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45(0.03 0.06 0.3
S3| 873 873 873 0.28 0.30 0.38(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45]0.03 0.06 0.3
$4| 873 873 873 0.28 0.30 0.38(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45]|0.03 0.06 0.3
P08 L15 82| 757 757 757 0.28 0.30 0.38(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45(0.03 0.06 0.3
S3| 757 757 757 0.28 0.30 0.38(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45]|0.03 0.06 0.3
S$4| 757 757 757 0.28 0.30 0.38(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45(0.03 0.06 0.3
P08 L30 S2| 801 801 801 0.28 0.30 0.38(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45(0.03 0.06 0.3
S3| 801 801 801 0.28 0.30 0.38(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45]0.03 0.06 0.3
S4( 801 801 801 0.28 0.30 0.38(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45(0.03 0.06 0.3
W14 P04 L15 S2| 800 800 800 0.28 0.30 0.37(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45(0.03 0.06 0.3
S3| 800 800 800 0.28 0.30 0.37(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45]0.03 0.06 0.3
S$41 800 800 800 0.28 0.30 0.37(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45(0.03 0.06 0.3
P04 L30 S2| 915 915 915 0.28 0.30 0.37(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45]0.03 0.06 0.3
S3| 915 915 915 0.28 0.30 0.37(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45]0.03 0.06 0.3
S$4| 915 915 915 0.28 0.30 0.37(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45(0.03 0.06 0.3
P08 L15 S2| 765 765 765 0.28 0.30 0.37(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45]|0.03 0.06 0.3
S3| 765 765 765 0.28 0.30 0.37(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45]0.03 0.06 0.3
S$4| 765 765 765 0.28 0.30 0.37(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45(0.03 0.06 0.3
P08 L30 S2| 822 822 822 0.28 0.30 0.37(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45]|0.03 0.06 0.3
S3| 822 822 822 0.28 0.30 0.37(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45(0.03 0.06 0.3
S$41 822 822 822 0.28 0.30 0.37(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45(0.03 0.06 0.3
‘W20 P04 L15 S2| 809 809 809 0.28 0.30 0.36(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45]|0.03 0.06 0.3
S3| 809 809 809 0.28 0.30 0.36(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45(0.03 0.06 0.3
S$41 809 809 809 0.28 0.30 0.36(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45(0.03 0.06 0.3
P04 L30 S2| 939 939 939 0.28 0.30 0.36(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45]|0.03 0.06 0.3
S3| 939 939 939 0.28 0.30 0.36(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45(0.03 0.06 0.3
$41 939 939 939 0.28 0.30 0.36(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45]0.03 0.06 0.3
P08 L15 S2| 769 769 769 0.28 0.30 0.36(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45]0.03 0.06 0.3
S3| 769 769 769 0.28 0.30 0.36(0.002 0.05 0.5 0.002 0.05 0.8 [0.002 0.05 0.3 0.002 0.05 0.45(0.03 0.06 0.3
S4| 769 769 769 0.28 0.30 0.36[0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45]|0.03 0.06 0.3
P08 L30 S2| 835 835 835 0.28 0.30 0.36(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45]0.03 0.06 0.3
S3| 835 835 835 0.28 0.30 0.36(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45(0.03 0.06 0.3
S4| 835 835 835 0.28 0.30 0.36(0.002 0.05 0.5 0.002 0.05 0.8 0.002 0.05 0.3 0.002 0.05 0.45]0.03 0.06 0.3
Table F2 Explanation of Bearing 1 and 2 associated with different bridge classes.
Bridge Bearing 1 Bearing 2 BR
PMG-I Monolithic joint Type 2 at the abutments Monolithic joint Type 2 at the piers 1-8
PMG-NI Elastomeric bearing at some piers and the abutments Monolithic joint Type 2 at other piers 9-12
SLAB Monolithic joint Type 1 at the abutments Monolithic joint Type 2 at the piers 12-16
BR23 Monolithic joint Type 2 at the abutments Conventional bearings at the piers 23
OTHER Conventional bearings at the abutments Conventional bearings at the piers Other
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Appendix G: Fragility parameters of the examined bridges

The following tables illustrate the system fragility curve parameters (median: 0Og;
dispersion: PBg) based on the parametric fragility analysis of PMG-I bridges (Table G1), and
the fragility analysis of portfolio bridges (Table G2).

Table G1 Fragility curve parameters for PMG-I bridges.

LSl LS2 LS3
Correlation No Full No Full No Full
Configuration 0; By 0, By 05 By 0; By 0; By 0; By
Wo08 P04 L15 S2 2.95 0.36 2.95 0.36 7.72 0.39 9.25 0.42 7.46 0.41 9.25 0.46
S3 2.66 0.35 2.66 0.35 6.15 0.41 8.41 0.43 5.91 0.45 9.17 0.54
4 2.20 0.32 2.21 0.33 4.38 0.39 5.80 0.42 4.10 0.41 5.95 0.49
P04 L30 S2 1.31 0.39 1.31 0.39 3.25 0.42 4.00 0.45 3.28 0.49 4.36 0.54
S3 1.26 0.38 1.26 0.38 2.61 0.48 3.54 0.52 2.52 0.50 3.78 0.57
4 1.12 0.45 1.13 0.46 2.05 0.52 2.52 0.54 2.01 0.55 2.73 0.60
P08 L15 S2 2.66 0.35 2.66 0.35| 16.45 0.26 18.71 0.27| 19.16 0.37 24.34 0.41
S3 2.23 0.32 2.23 0.32| 10.85 0.22 11.14 0.22| 15.64 0.36 20.24 0.37
4 1.61 0.35 1.61 0.35 8.87 0.35 10.28 0.33] 10.01 0.47 14.96 0.55
P08 L30 S2 1.18 0.38 1.18 0.38 7.22 0.39 7.70 0.38 9.44 0.46 11.36 0.48
S3 1.08 0.42 1.08 0.42 5.39 0.55 5.90 0.54 6.33 0.59 8.01 0.61
4 1.02 0.60 1.02 0.60 3.95 0.76 4.30 0.78 4.51 0.77 5.29 0.80
W14 P04 L15 S2 2.91 0.37 2.92 0.37 7.14 0.36 9.39 0.41 6.85 0.40 9.49 0.46
S3 2.60 0.34 2.60 0.34 5.80 0.39 8.18 0.39 5.50 0.43 8.80 0.51
4 2.09 0.36 2.09 0.36 4.33 0.38 6.37 0.40 4.01 0.41 6.91 0.50
P04 L30 S2 1.36 0.38 1.37 0.39 3.28 0.38 4.25 0.39 3.30 0.45 4.62 0.47
S3 1.24 0.43 1.26 0.44 2.63 0.47 3.75 0.51 2.53 0.51 4.26 0.59
4 1.04 0.46 1.06 0.47 1.89 0.45 2.55 0.52 1.85 0.48 2.79 0.57
P08 LI5 2 2.72 0.34 2.72 0.34| 16.25 0.25 20.06 0.27] 17.26 0.29 23.29 0.35
S3 2.20 0.32 2.20 0.32| 11.39 0.23 1191 0.24| 15.93 0.36 22.03 0.36
4 1.70 0.35 1.70 0.35 9.18 0.29 9.55 0.29| 12.32 0.45 18.16 0.45
P08 L30 S2 1.24 0.39 1.24 0.39 8.28 0.35 8.65 0.35| 12.99 0.45 15.54 0.40
S3 1.16 0.44 1.16 0.44 5.98 0.48 6.58 0.48 7.64 0.53 10.23 0.54
4 1.00 0.58 1.00 0.58 4.08 0.67 4.67 0.68 4.75 0.66 5.97 0.67
W20 P04 L15 S2 2.93 0.38 2.94 0.39 6.91 0.36 9.56 0.40 6.61 0.39 9.73 0.45
S3 2.59 0.36 2.59 0.35 5.43 0.38 8.11 0.38 5.07 0.40 8.58 0.47
4 2.00 0.37 2.00 0.37 4.09 0.36 6.39 0.38 3.85 0.41 7.01 0.49
P04 L30 S2 1.35 0.39 1.35 0.39 3.37 0.36 4.65 0.39 3.38 0.43 5.15 0.47
S3 1.30 0.43 1.31 0.44 2.70 0.41 3.90 0.44 2.63 0.45 4.33 0.51
4 1.05 0.45 1.07 0.47 1.91 0.44 2.64 0.47 1.84 0.48 2.88 0.54
P08 L15 S2 2.67 0.35 2.67 0.35| 14.93 0.25 18.35 0.25| 15.46 0.30 21.20 0.37
S3 2.24 0.32 2.24 0.32( 11.70 0.25 12.06 0.25| 15.60 0.35 21.70 0.31

4 1.69 0.37 1.69 0.37 8.35 0.31 8.62 0.31| 10.53 0.42 1531 0.38
P08 L30 S2 1.18 0.42 1.18 0.42 8.31 0.33 8.92 0.33] 10.66 035 14.17 0.39
S3 1.19 0.44 1.19 0.44 5.88 0.46 6.36 0.45 8.13 0.56 10.11 0.54
4 1.01 0.56 1.00 0.55 4.59 0.71 5.16 0.69 5.49 0.74 7.06 0.76
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Table G2 Fragility curve parameters for portfolio bridges.

LSl LS2 LS3
Correlation No Full No Full No Full
Configuration 0, By 0, By 05 By 05 By 0; i 0, i
BR 01 2.01 0.39 2.28 0.43 4.70 0.34 5.39 0.37 4.70 0.34 5.39 0.37
02 1.99 0.38 2.24 0.43 6.69 0.27 8.07 0.31 6.73 0.27 8.08 0.31
03 0.65 1.35 0.81 1.22 3.15 0.44 4.46 0.49 3.16 0.46 4.52 0.50
04 1.53 0.36 1.66 0.37 8.08 0.31 9.16 0.32] 14.09 0.37 17.83 0.40
05 1.82 0.33 2.01 0.37 5.08 0.38 6.04 0.42 5.20 0.40 6.11 0.43
06 2.22 0.37 2.50 0.37 9.66 0.33 12.04 0.34| 10.90 0.39 14.70 0.45
07 1.21 0.47 1.32 0.50 4.45 0.51 5.16 0.55 4.51 0.53 5.21 0.56
08 1.40 0.37 1.54 0.38 2.89 0.43 3.53 0.49 2.90 0.44 3.56 0.47
09 1.03 0.50 1.49 0.55 1.03 0.51 1.47 0.58 1.02 0.50 1.49 0.55
10 1.69 0.72 2.28 0.71 1.70 0.71 2.28 0.67 1.71 0.71 2.25 0.71
11 1.34 0.73 1.80 0.68 1.39 0.69 1.83 0.65 1.40 0.71 1.82 0.65
12 1.81 1.26 2.59 0.88 2.56 1.32 3.77 0.83 2.84 1.37 4.17 0.85
13 2.28 0.39 2.47 0.43 8.52 0.40 10.49 0.44 9.51 046 11.13 0.47
14 1.61 0.34 1.78 0.39 2.74 0.34 3.19 0.38 2.75 0.34 3.21 0.38
15 1.48 0.38 1.63 0.39 4.00 0.42 5.04 0.46 4.20 0.44 5.26 0.50
16 1.40 0.42 1.64 0.43 1.84 0.45 2.38 0.48 1.82 0.45 2.35 0.47
17 4.30 0.58 4.40 0.59 7.30 0.56 7.98 0.57 8.32 0.53 8.90 0.57
18 2.89 0.73 3.04 0.74 5.36 0.66 5.80 0.69 6.22 0.67 6.69 0.67
19 5.13 0.62 5.64 0.60 6.13 0.58 7.34 0.57 6.64 0.53 7.62 0.54
20 2.04 1.19 2.08 1.21 5.94 0.44 6.21 0.45 6.68 0.43 7.09 0.46
21 3.49 0.54 3.46 0.56 6.67 0.50 6.82 0.51 7.26 0.53 7.43 0.55
22 1.35 0.65 1.49 0.66 3.34 0.37 3.82 0.39 391 0.37 4.33 0.40
23 1.24 0.46 1.34 0.46 6.90 0.38 7.46 0.40] 16.92 041 21.27 0.40
24 0.99 0.51 1.12 0.50 0.99 0.49 1.13 0.50 0.99 0.48 1.12 0.50
25 0.76 1.33 1.06 1.18 0.76 1.34 0.99 1.37 0.75 1.33 1.06 1.19
26 1.73 0.68 1.94 0.71 3.58 0.46 4.14 0.51 4.32 0.43 5.21 0.49
27 1.59 0.68 1.94 0.70 3.53 0.46 4.47 0.51 441 0.42 5.59 0.48
28 3.60 0.74 3.82 0.75 5.11 0.70 5.45 0.71 6.54 0.64 7.07 0.65
29 5.26 0.62 5.40 0.62 7.06 0.54 7.44 0.54 7.51 0.51 7.94 0.52
30 2.55 1.37 3.13 0.89 4.51 0.79 5.00 0.80 6.14 0.74 6.99 0.77
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Appendix H: New scientific results in Hungarian

1. Tézis (Simon and Vigh 2013a, 2015¢, 2016b)

Megvizsgaltam Magyarorszag szeizmikus veszélyeztetettségét €s Osszehasonlitd vizsgalatot

végeztem helyszini és az Eurocode 8-1 altal javasolt szabvanyos spektrumok kozott.

I/a

I’b

I/c

I/d

Egy valdsziniiségi szeizmikus veszélyeztetettségi vizsgalati rendszert és egy altalanos
feltételes intenzitasjellemzé alapi  rekordkivalaszté rendszert alkalmaztam
magyarorszagi koriilményekre, valamint létrehoztam egy ingyenesen hozzaférhetd,

mesterséges rekord generalo programot.

Megmutattam, hogy magyarorszagi helyszinek esetén a tervezési szinthez tartozo
veszélyeztetettséghez mérsékelt magnitidoju (<5.5) és kis epicentralis tdvolsagu (<10
km) foldrengések jarulnak hozza leginkébb, valamint hogy a varhatd szignifikans

rengésidod 10 s alatt van.

Ramutattam, hogy magyarorszagi helyszinek esetén az Eurocode 8-1 altal javasolt 2-
es tipusu spektrum jobban jellemzi a tényleges helyszini spektrumot, mint az 1-es

tipusu spektrum.
A kiilonboz6 intenzitasjellemzok elemzésével igazoltam, hogy a hidak szerkezeti
valaszait a szerkezeti valaszt dontéen meghatarozo rezgés periodusidejéhez rendelhetd

spektralis gyorsulas és a spektralis intenzitas irja le legjobban.

1I. Tézis (Simon and Vigh 2015a; Simon et al. 2016)

Kidolgoztam egy torékenységi vizsgalat alapu kiértékeld keretrendszert magyarorszagi kozati

hidak szeizmikus teljesitoképességének meghatirozasara.

II/a

/b

Il/c

Részletesen kidolgoztam 5 kiilonallo (adatbazis, szeizmikus teher el6allitd, numerikus
modell  generdld, szeizmikus analizis ¢és  kiértékeld) modult, melyek
Osszekapcsolasaval automatizaltam a kiértékelési folyamatot.

Elemeztem az adatbdzis alkalmazhatdsagat a teljes hiddllomany szeizmikus
teljesitoképességének kiértekelése szempontjabol. Kimutattam a meglévd adatbazis

crer

A teljes hidallomanyt megfeleléen jellemzd 8 tipusszerkezetet hataroztam meg, és
jellemeztem a tipusszerkezetek legfontosabb szerkezeti paramétereit. Létrehoztam egy

30 reprezentativ hidbol all6 hidportfoliot.
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I11. Tézis (Simon and Vigh 2014, 2015b, 2016a)

Kozelité linedris modalis vélaszspektrumon alapuld paraméteres vizsgalatot hajtottam végre

monolit kapcsolatu stirlibordés és lemezhidakra.

IIl/a

111/b

/e

Kidolgoztam a szerkezetek linearis numerikus modelljét és javaslatot tettem a hattoltés

hatasanak modellezésére linearis modalis valaszspektrum analizis esetén.

Meghataroztam a kritikus kialakitdsok és komponensek korét tipikus hidszerkezetek
esetén, és megmutattam, hogy a felszerkezet, a hidf6, a hattdltés és az alapozas
viselkedése megfeleld; a monolit kapcsolatok teherbirasa elégtelen, foleg a hidfo-
felszerkezet kapcsolat esetén. Tipikus pillérvasalast feltételezve megmutattam, hogy
hosszabb hidaknal (>50 m) alacsonyabb pillérek (<5 m) esetén a nyirasi, mig

magasabb pillérek (>5 m) esetén a hajlitasi teherbiras kritikus.

Az Eurocode 8-2 szerinti szabvanyos kiértékelés alapjan egy eldzetes becslést adtam a

kritikus stribordas és lemezhidak szamara.

1V, Tézis (Simon 2012, 2013; Simon and Vigh 2015b, 2016a; Simon et al. 2016)

Paraméteres torékenységi vizsgalatot hajtottam végre monolit kapcsolat stirlibordas hidakra,

valamint elvégeztem 30 olyan meglévd szerkezet torékenységi vizsgalatat, melyek jol

reprezentaljak a hidallomany tipikus hidszerkezeteit.

IV/a

IV/b

IV/c

Kidolgoztam az egyes tipusszerkezetek nemlinedris numerikus modelljét.
Kidolgoztam és kalibraltam a nyirdsi vasalassal ellatott monolit kapcsolat ciklikus
numerikus modelljét. Nemlinedris Winkler-agyazasti gerendamodellen alapuld
cOlopalapozasi modellt hoztam létre, melynek paramétereinek felvételére az Eurocode

7-tel és a magyar tervezési elvekkel 6sszhangban adtam javaslatot.

Elemeztem a kiilonb6z6 modellezési és analizissel kapcsolatos feltételezések
szerkezeti valaszokra gyakorolt hatdsidt. Ramutattam a monolit kapcsolat ciklikus
viselkedésének és az iitkzések modellezésének a fontossagara. Megmutattam, hogy a
geometriai bizonytalansag elhanyagolhatd, mig az anyagjellemzok és a talajjellemzék

bizonytalansaga jelentdsen befolyasolhatja a szamitott tonkremeneteli valoszintiséget.

A komponens torékenységi gorbék alapjan meghataroztam a kritikus hidkomponensek
korét. Igazoltam a paraméteres vizsgalat kovetkeztetéseit monolit kapcsolati
stiribordéds ¢és lemezhidakra, valamint megmutattam, hogy a pillér nyirasi
tonkremenetele dominans szamos hidtipus esetén. Radmutattam, hogy a hagyomanyos

sarus acél gerendahidak viselkedése kedvezobb, hajlitasi tonkremenetel jellemezhetd.
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IV/d Kiértékeltem tipikus kozuati hidak megbizhatosagat, a megbizhatosagi index alapjan

Osszehasonlitottam az  egyes szerkezetek szeizmikus teljesitoképességét.
Megmutattam, hogy a nem megfeleld szerkezeti kialakitds és a szeizmikus tervezés
hidanya extrém alacsony megbizhatdsdgi indexet eredményezhet, valamint hogy az

EC8-2 alapu tervezéssel 2 koriili megbizhatosagi index érheto el.

V. Tézis (Simon and Vigh 2013b, 2013c; Simon et al. 2015)

Javaslatot tettem a kritikus szerkezetek megerdsitési modjaira, valamint 0j szerkezetek

tervezéséhez tervezési koncepciokat adtam meg.

V/a

V/b

V/ic

Réamutattam, hogy a hidféknél monolit kapcsolat, a pilléreknél hosszirdnyu fix és
keresztiranyban mozg6 saruk alkalmazasa optimalis kialakitds maximum 100 méteres
autopalya feliiljaro hidak esetén.

Kiértékeltem két reprezentativ kritikus hid megerdsitési modszereit. Megmutattam,
hogy a pillérek szénszal erdsitésti polimeres erdsitése optimalis, helytakarékos
megoldas olyan esetben, amikor a megbizhatosag kis mértékii ndvelése sziikséges, mig
beton kopenyezéssel jelentds ndvekedés érhetd el. Nem megfeleld szerkezeti kialakitas

esetén a szeizmikus szigetelés koltséghatékony megoldas.

Ertékeltem az Eurocode 8-2 altal javasolt ekvivalens linedris analizis moédszer
pontossagat nemlinearis 1dOtorténeti analizis segitségével; és javaslatot tettem a
modszer modositott alkalmazéasidra szeizmikus szigetelések koncepcionalis

tervezéséhez, melynek alkalmazhatosagat igazoltam egy valos hidmeger6sités soran.
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