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: Mean energy difference of two seismic records

: Parameters of adjust of a Miranda damage index

: Total, beginning and final skew angle of a bridge

: Significance level

: Beta parameter of the Newmark’s algorithm

: Weight factors

: Gamma parameter of the Newmark’s algorithm

: Density in pier and girder elements

: Global and maximum drift

: Maximum top displacement of a structure

: Yield top displacement of a structure

: Dirac delta function

: Incremental maximum displacement vector of a section

: Out of balance load vector of a section

: Time increment

: Residual moment of a pier

: Strain tensor in a point

: Undamaged compression strain of the unconfined concrete
: Weight factor depending of the state of stress in a point

: Maximum and ultimate curvature of an element

: Empirical parameter of a Park et al. damage index

: Mean of a probabilistic variable

: Global ductility of an element

: Amplitude of the modulating function of a seismic signal
: Amplitude of the modulating function of a seismic modified

signal

: Standard deviation of a statistical variable
: Standard deviation of a statistical sample
: 95% confidence interval for the standard deviation of a

statistical sample

: Maximum and minimum principal stresses in a point

: Stress tensor in a point

: Elastic stress tensor in a point

: Undamaged compression stress of the unconfined concrete
: Inelastic stress tensor in a point

: Equivalent stress tensor in a point

: Maximum displacements of pier i due to rotation of its base

and due to external actions

: Maximum displacement, velocity and acceleration vectors of

the bridge piers

: Phase angle
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: Rotation of girders left and right to pier i

: Statistic of the chi-square goodness of fit test

: Curvature function of a pier

: Frequency of the 7/ mode shape

: Bearings height

: Ground acceleration associated to the degree of freedom 7

: Peak ground acceleration

: Parameter of the isotropic damage model

: Average daily traffic of a bridge

: Total cross section area, cross section area of concrete and cross.

section area of steel in piers

: Percentage of the Value-Added-Lost per month
: Classification of loss of function of Chinese bridges
: Damaged area of piers

: Damaged area of a j subsection of piers

: Cross section area of girders and bearings elements

: Dimension of the cross section of piers at base

: Base Vulnerability Rating of a bridge

: National Economic Value Added

: Correlation coefficients

: Capacity of a structure

: Convergence criterion

: Percentage of population affected by earthquake hazard
: Coefficient of variation of a statistical variable

: Vulnerability piers rating

: Capacity demand ratio

: Damping matrix of a structural system

: Damage or degradation in a point

: Detour length

: Central damage factor of a damage state

: Damage probability matrix

: Damage state

: Pier damage indices

: Monthly Gross National Product

: Statistic of the Kolmogorov-Smirnov goodness of fir test
: Global mean damage index of a bridge

: Global functional damage index of a bridge

: Global mean damage index of DiPasquale y Cakmak
: Amplitude vector

: Elastic constitutive tensor in a point

: Correction factor of an importance index of a bridge
: Expected frequency of a statistical sample

: Initial Young’s modulus of piers

: Young’s modulus for the damaged piers

: Young’s modulus of reinforced concrete, concrete and

reinforced steel materials

: Conditional mean of two statistical variables

: Cyclic frequencies of the system

: Uniaxial compression and tensile strength of concrete
: Damage function

: Marginal probability distribution
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: Effective forces vector

: Force acting in a structure

: Top external force of a pier

: Inertial force in pier

: Elastic forces in pier i by the rotation of adjoins girders

: Elastic forces in piers i-1 and i+/ by the rotation of adjoin

girders

: Damage criterion in a point

: Theoretical accumulated distribution function

: Empirical accumulated distribution function

: Gravitational acceleration

: Specific dissipated energies in uniaxial tension and

compression

: Logistic transformation of k independent variables
: Shear modulus of bearings elements

: Fracture energy in a point

: Monotonic scalar function

: Gradient of deterioration of an element

: Height of the cross section of piers

: Distance in plan between bearings

: Height of piers

: Null hypothesis of a statistical goodness of fit test
: Alternative hypothesis of a statistical goodness of fit test
: Transversal inertial moment of piers

: Indirect Economic Lost index

: Importance index of a bridge

: Intensity of the seismic action

: Inertial of the damaged cross section of piers

: Global inertia of damaged piers

: Bending stiffness of a pier

: Proportion of concrete and steel cross section area in piers

: Parameters of the constitutive concrete law

: Statistical Kolmogorov-Smirnov goodness of fit test

: Equivalent rotational stiffness at base in piers

: Stiffness matrix of a structural system

: Equivalent stiffness matrix

: Number of classes of a statistical sample

: Characteristic length of an element

: Distance between global neutral axis and j subsection neutral

axis

: Girder length or bridge length

: Likelihood function

: Maximum bridge length in a database

: Pier length

: Mass associated to the degree of freedom i

: Order of a polynomial fitting function for generated artificial

signals

: Multiple degree of freedom system

: Modified Mercalli Intensity

: Section and yield moment of an element
: Moment equation for each pier

: External moment equation of a pier
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Miu(*) : Internal moment equation of a pier
M : Mass matrix of a structural system
n : Compressive strength — tensile strength ratio
e : Number of critical sections in a structure
n, : Number of piers of the bridge
My : Number of structures of analysis
nm : Number of materials in a structure
n(i) : Number of sample points less than x;
NT : Factor representing critically of traffic congestion
N : Number of elements in a statistical sample
N, Ny N; : Numbers of affected regions, economic sectors and moths used to
estimate the indirect economic loss
Ny : Reference support length
Ny : Number of damage state
Nyotuis : Number of joints in a bridge
N : Number of spans in a bridge
O, : Observed frequency of class i
Pi : Associated name of each pier of the bridge
P Py : Probability of failure of a structure and of structural elements
Popy : Generalised probability of failure of structures with different
materials
Pg : Percentage of the main reinforcing steel of piers
q : Distributed mass in pier /
r : Damage threshold in a point
r : Initial threshold value (material property) in a point
R : Percentage of restoration of a structure
RC : Reinforced concrete
RT : Factor of nature of a bridge route
RV : Bridge length of the longest bridge in a database ratio
R. : Curvature ration of a bridge
R, : Resistance of an structure
R; : Total force in pier i due to girders rotation
RC; : Residual capacity of a structure
hY : Continuous minimum bearing support length
SDOF : Single degree of freedom system
! : Time
t, b 1 1y : Thickness of the box cross section of bridge piers
T : Fundamental period of the system
i : Initial period of each mode shape
Ty : Final period of each mode shape
Tr : Restoration time associated to a central damage factor
TOL : Tolerance
Vi : Vulnerability index of a bridge
Var(xy, ...,xy) : Variance of a statistical sample
3 : Statistical mean of variable x
Xi : Element 7 of variable x
Kot Lopear : Minimum and maximum values of variable x
(xm,xnp Yose : 95% confidence interval of the mean value
Xy Xa; X3 : Reference system
XIC'G X ;-‘G : Coordinates of the neutral axis of the section of piers
Y : Parameters of a vulnerability index of a bridge
Y : Curvature angle of a bridge
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Chapter 1
Introduction

Currently, numerous existing bridges can suffer damage of different considerations when
subjected to seismic actions of certain magnitude. The failure of these systems can be the
origin of enormous economical losses (direct and indirect) that can collapse economic
activities. Therefore, simplified and reliable evaluation tools of the current state of these
structures are necessary for the subsequent decision making on rehabilitation and damage
mitigation plans (Chang et al., 1998).

Studies on the seismic vulnerability of bridges are still far from the standard reached for
buildings, and more research in this field is necessary. The future researches should include
standard procedures, easy to be applied, close to the reality, and thus, more rigorous. In
subsequent researches, the attention should be directed especially to damage detection and
evaluation techniques.

1.1 - Seismic behaviour of bridges during the last severe earthquakes

During the Loma Prieta (1989, M=7.1), Northridge (1994, M=6.7) and Hyogoken-Nanbu
(1995, M=6.9) earthquakes, important damages and considerable economic losses occurred in
different transportation systems, in spite of the fact that these earthquakes are sometimes
designated as "moderate magnitude". These earthquakes also caused the collapse and partial
failure of many highway bridges. Some of the reported damage in bridges are summarised
below for each one of these events (Moehle 1995, Nakajima 1996, and O 'Rourke 1996).

1.1.1- Loma Prieta

The 1989, October 17, earthquake (maximum Modified Mercalli Intensity MMI=IX)
caused damage and collapse of bridges in an area of 60 miles away from the epicentre, located
in the Santa Cruz Mountains. Sixty-two lives were lost during this earthquake, including
forty-one deaths from the collapse of the Cypress Viaduct, and one death from the partial
failure of the San Francisco-Oakland Bay Bridge.

The impact of the earthquake includes, also, significant economical losses; for example
due to out of service of the Bay Bridge or closed to traffic of five viaducts of the San
Francisco Freeway System. The earthquake required an economical spending for more than
$6000 millions, $1800 million of which were used in the transportation system. The total
damage in the state bridges system totalised about $300 million, most of them for structures
on soft soil (Basdz and Kiremidjian 1998, Bastz and Kiremidjian 1995, EQE International
1989, and Miranda 1996).

About 5% of all the bridges that were affected by the earthquake sustained damage, the
majority localised in the San Francisco Bay area. Thirteen of the state-owned bridges in the
Bay area suffered major damage and were closed to traffic following the earthquake. In the
highway system were reported three important bridges collapsed. In addition to these
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structures, ten bridges were closed by structural damage; four of them presented damage at
the San Francisco Freeway system, principally for shear fracture and/or shear failure of
columns and knee joints or connectors.

1.1.2- Northridge

Most of the Los Angeles metropolitan transportation systems survived the earthquake
(January 17, 1994, maximum MMI=IX) with minimal or easily repairable damage. However,
extensive damage or collapse of several highway bridge structures, designed and built
between last half of the sixties and the firsts half of the seventies, caused widespread
disruption after the earthquake. The damaged bridges are mostly state bridges in Los Angeles
and Ventura Counties, where the highest peak ground acceleration were recorded.

The repair cost for the six collapsed bridges totalised $132.08 millions. All of them were
of concrete box girder type with multiple spans, constructed with pre-1971 design standards.
Despite the relative low level of ground shaking, high skew, irregularity in substructure
stiffness and inadequate seat width in some cases caused the collapse of these bridges.

The behaviour of bridges during the earthquake indicates that great part of the damage
would be avoided with the current design requirements. In summary, portions of the four
regional-greater highways were closed during several months due to seismic damages. This
system interruption produced traffic collapse and economic losses. Among 1200 bridges of
the Northridge zone, seven had severe damages and 230 required moderate or small repairs,
according to the report of Housner and Thiel (1995).

A complete information above the reported damages can be consulted in: DesRoches and
Fenves (1998), Housner and Thiel (1995), Moehle (1995), Olshansky (1997), Thomas et al.
(1998), Priestley et al. (1994), and Gémez et al. 1999a 1999b.

1.1.3- Hyogoken-Nanbu (Kobe)

The Kobe city suffered an important earthquake (intensity 7 of the Japanese scale) the
January 17", 1995. The earthquake has been officially named Hyogo-ken Nambu earthquake,
but it is also referred to as the Great Hanshin earthquake or simply the Kobe earthquake.

Damage to the transportation system was severe and widespread. This damage
occasioned the rupture of the communication between Osaka and Kobe, only re-established in
precarious conditions three weeks after the 17" of January. The main causes of damage of the
transportation system has been attributed to the high vicinity of the structures to the fault line,
important vertical components of the ground movements, severe ground settlements, and the
inadequate detailing (R/C confinement/shear reinforcement, connection between substructure
and superstructure) comparing to the current practice (EQE International 1995, Pinto 1999,
and Sanchez-Sénchez 1996). The combination of steel and concrete piers has been used in
elevated roads, apparently without specific criteria. In addition, the single pier is the most
common solution of these elevated structures. The mixture of materials and the lack of
redundancy contributed also to the damage (Pinto 1999).

All of the highways and expressways transportation systems between Nishinomiya and
Kobe were severely damaged during the earthquake. The damage statistics reported 320
bridges with damage, 27% from those suffered greater structural damage. The type of
damages in bridges consisted of: cracking, spalling and buckling of rebars in RC piers leading
to excessive top deformations an causing the deck to fall down. In the epicentral zone, the
Hanshin Highway suffered considerable damage in almost 28 kilometres of its Routes 3 and
5. On Route 3, constructed between thirty and twenty years ago, two spans of simply-
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supported steel girders fell off their pier caps because of the large displacement on the girders.
Several steel piers could not support the dead load and were literally torn apart because the
local buckling. On Route 5, opened to traffic in 1994, the Nishinomiya Harbour Bridge
collapsed in a segment and had several piers damaged.

1.2 - Objectives

The effects of last important earthquakes are an example of the damage that can be
expected in zones with important urban areas. Entire collapse of the communication systems,
the infrastructures and the social and economical life may be expected from strong and
moderate earthquakes. Nevertheless, the advances in the earthquake engineering have
essentially contributed to the upgrading of new designs codes and have not yet been applied to
retrofitting programs of existing structures, thus explaining the degree of damage. Thus,
strong efforts must be put in the retrofitting of existing structures vulnerable to earthquakes.
Research in this area leading to definition of simple guidelines is urgently needed.

As known, different methodological paths to define the current state of structures are
available. In previous publications (Gémez et al. 1999a and Goémez et al. 1999b), the
characteristics of the principal methodologies for estimating the seismic vulnerability of
highway bridges were discussed with detail. Among these, in this research work we opted to
explore the use of analytical models, mainly considering simplified and reliable schemes for
the definition of possible damage in bridges.

This work is divided in two principal sections. The first section includes six chapters
where the state-of-the-art of the seismic vulnerability of bridges is discussed. Thus, in chapter
two the theoretical background of the evaluation methods to obtain the vulnerability of
structures is commented. In addition, chapters three to six describe in detail the existing
methodologies to evaluate the vulnerability of bridges, classifying as: (1) vulnerability index,
(2) mathematical analyses, (3) experts and statistical evaluations, and (4) statistical
evaluations of the observed damages.

In the second section of this work a simplified methodology to estimate the seismic
vulnerability of reinforced concrete bridges with simple pier bent and elastic girders is
proposed and evaluated. The methodology is applied to a real bridge, built 30 years ago. This
second section is subdivided in four chapters. In the firsts two, the elastic and the non-linear
procedures of evaluation are discussed. The non-linear procedure includes an analytical
methodology to estimate the local pier damage, using a continuous damage model, and the
global bridge damage. Thereinafter, an analytical process to consider the generation of
artificial seismic actions compatible with the velocity spectrum of deterministic records is
described in chapter nine, considering thus the uncertain nature of the seismic action. Finally,
in chapter ten, the application of the proposed analytical procedure to estimate the seismic
vulnerability of the real bridge is included. The obtained damage results show that the studied
bridge would suffer only a minor damage when subjected to a seismic action similar to that of
the considered seismic scenario.

The proposed methodology was compared with previous experimental and analytical
results obtained from commercial codes. It is shown that the simplified methodology is less
computational time consuming and can provide reliable values of the maximum damage
suffered by the bridge piers.
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The analysis of bridges subjected to possible seismic action has grown in interest in the
last years, principally due to the poor behaviour that these structures had during the
earthquakes of Northridge in 1994 and Kobe in 1995. This growing interest produced
numerous studies focused on the evaluation of the impact of various seismic actions in
different types of structures.

To evaluate the seismic risk of any structure it is necessary to use a vulnerability model.
There are several available models proposed for different structures, whose quantitative or
qualitative results provide the possible damage of the system submitted to seismic action. The
existing models have different levels of complication. Usually, simple vulnerability models
use statistical analysis and the more complex ones make use of structural and probabilistic
analyses.

In spite of the huge interest that the seismic behaviour of the bridges has produced in the
last years and of the large number of bridges designed with old codes, only a few studies have
been aimed to determine generic models for the seismic vulnerability of bridges. The few
existing general projects use a number of simple models starting from calibration and analysis
of data and the possible damage ranges.

In this chapter, the principal characteristics of the techniques for evaluating the
vulnerability of bridges will be commented, making emphasis on the principal existing
applications in next chapters.

2.1. Sources of data

The general objective of any vulnerability analysis is to predict the physical damage with
as few as possible number of uncertainties. An ideal analysis has sufficient available damage
data obtained through inspection after earthquakes and makes thereafter a regression analysis
for similar systems.

In risk studies, it is necessary to make use of the available information by means of
different types of forecast experiments to evaluate the damage produced by earthquake. These
experiments can be real, that is performed in real structures or specimens, or virtual, based on
numerical analysis or experts opinion. The selection of a given type of experiment is a
function of the description of the external action, structural type, damage level and overall
cost, as it can be observed in figure 2.1 (Dolce 1997)

The experiments in real structures provide huge results, but need equipment for data
recording and therefore tend be expensive. The laboratory experiments give detailed
information, but in occasions turn out to be very expensive and can be not repeated in many
structures, the information is being thus deterministic. Furthermore, most of the models are
scaled prototypes and they do not reproduce exactly the behaviour of the real systems.
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EXPERIMENT
REAL VIRTUAL
| I
NATURAL EXPERIMENTAL NUMERICAL EXPERT
Earthquake description | Detailed/Rough Detailed Detailed Rough

Structure description | Detailed/Rough Detailed Detailed Detailed/Rough
Damage description | Detailed/Rough Detailed Detailed Detailed/Rough

Apparent Apparent Mechanical Apparent/

+Mechanical Mechanical

Overall Costs Low/High High Low Very low

Figure 2.1 Experiments for damage prediction

The numerical experiments are convenient due to their lower cost and the quantity of
information they provide, though the results are dependent on the accuracy level considered in
the structural and action model. The expert experiments (figure 2.1) are based on the opinion
of different professionals, starting from their experience and knowledge on a given area. This
type of experiments is of low-cost and can be reliable.

To estimate the damages, one can combine different types of experiments; for example,
the numerical experiments are often completed with calibrations or laboratory validations. In
each case, within the estimate of the vulnerability, one should perform those experiments that
provide the best possible estimation with the lowest costs.

2.2. Evaluation methods
2.2.1. According to the employed technique

Several criteria have been used in the past to classify the different methodologies for
vulnerability evaluations. One of the most complete has been recently proposed by Petrini and
Corsarnegro (describing in Dolce et al. 1994 and Dolce 1997), in which they classify the
methodologies as direct, indirect, conventional and hybrid.

2.2.1.1. Direct techniques

Direct techniques provide in a single step the prediction of the damage caused by a given
earthquake; the most frequently used are the typological and the mechanical methods, which
can be described as follows.

1. The typological methods consider constructions as samples of classes, which are
defined by materials and techniques and by some other factors that can affect the
seismic response. The vulnerability is expressed by the conditional probability
that a structure of a certain type will suffer a damage level for a given earthquake
intensity. The evaluation of the probability distributions is based on the damage
observed in past earthquakes. These techniques require quite simple field
researches, but are valid only in a statistical sense and cannot be applied to single
constructions.
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The typological methods are generally supported by the characteristics of the
database and the information about the structural behaviour to select degrees of
qualitative vulnerability as, for example, moderate damage, severe damage or
collapse. The degrees of vulnerability are assigned as intervals of values of the
damage index, which evaluates a series of parameters that, to the judgement of the
authors, are determinant for the seismic response of the systems. The selection of
the parameters of each model is made considering the knowledge of the response
of the structural typology before earthquakes. Additionally, different categories
are associated to each parameter, for example, if the parameter selected is the
material that composes the system, the categories can be steel, reinforced
concrete, wood, etc. For each category, values that fix the vulnerability are
obtained; so, a steel category will have a greater value and a smaller vulnerability
that a wood category.

In these vulnerability models, the database plays an important role. If the
available data are scarce or confusing, the degree of reliability obtained in the
modelling can be misleading. In some occasions, these databases are not available
and some statistic vulnerability models are performed trough statistics regression
or simplified experimental expressions.

The typological methods are common in the creation of models for buildings,
but very scarce for other type of structures. The existing models of vulnerability
of bridges include as important parameters for the behaviour of the structure
variables such as: year of construction, span between piers, support soil,
construction material type, foundation type, etc.

2. The mechanical methods for seismic vulnerability estimation predict the seismic
effects by means of suitable mechanical models of structures. Usually, very
simple models, like single-degree-of-freedom systems with limited ductility, are
used. The damage can be expressed by an index, which is often the ratio of the
plastic deformation undergone by the model and the maximum deformation
capacity, while the seismic action is characterised by its acceleration. This method
is similar to the usual engineering approach for the evaluation of the structural
safety and can be applied to both individual construction and urban ones.
However, its effectiveness is limited to constructions whose seismic behaviour
can be easily described by simple models. Examples of these methods for
buildings can be observed in Giilkan et al., 1996, and Singhal and Kiremidjian,
1997.

When the databases for a region are scarce or not reliable, or when low
seismicity zones are studied, the mechanical methods are the best tool. As a
counterpart, these methods are more expensive than the statistic ones and will
have the reliability of the structural models, of the definition of the damage
indices and of the selection of the seismic excitation for the analyses.

2.2.1.2 Indirect techniques
The indirect techniques determine a vulnerability index in a first step and a relationship

between damage and seismic intensity in a second step. This evaluation technique is of
usefulness in the seismic analysis of large structural groups.
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2.2.1.3 Conventional techniques

The conventional techniques are essentially heuristic and introduce a vulnerability index
independently of the damage prediction. They are used to compare different constructions
belonging to the same area, based on some factors whose contribution to the seismic
resistance is calibrated by experts. The indices give a relative measure of vulnerability in a
given area and are difficult to compare for different types of constructions (e.g. masonry
versus RC structures) because of the differences in the factors considered in the evaluations.

The reliability of the results of conventional methods is determined by the quality of the
estimated physical characteristic and by the capacity/demand models that are used. The
models less reliable qualify the capacity through empirical equations and the demand through
simplified dynamical or static analysis (Dolce et al. 1994, Dolce 1997, Yépez et al. 1995, and
Yépez 1996).

2.2.1.4 Hybrid techniques

These techniques combine elements of the previous methods with expert’s opinion. The
hybrid techniques are developed taking those aspects of each technique that are useful to
solve a particular problem.

2.2.2. According to input, method and output

A different method of classification could examine separately each of the three
fundamental steps that characterise the methodological path and qualify a vulnerability
analysis: input, method and output. The input indicates the type of available data, the method
is the technique used to evaluate the seismic vulnerability of the structures and output
represents the obtained results.

Updating such type of classification requires just adding new classes in any of the three
steps that turn out to be incomplete. In the research of Dolce (1997) five classes of input, three
classes of method and two classes of output have been considered, as can be observed in
figure 2.2. In this figure, the absolute and the relative vulnerability are comprehended as:

® Absolute vulnerability. Vulnerability functions (fragility curves) which represent the
average damage as a function of the seismic intensity, or, alternatively, conditional
distribution of damage given the seismic intensity (damage probability matrices). Due
to the great application of these concepts and their usefulness, they are described in
the following paragraph in detail.

® Relative vulnerability. Heuristic/empirical or experimentally drawn vulnerability
indices, for which no correlation with damage and seismic intensity is available; they
only permit to classify the constructions according to their seismic vulnerability.

According to the above classification, the methods to evaluate the seismic vulnerability
described in the previous section are classified by Dolce et al. (1997) as indicated in table 2.1.
As it can be observed in this table, the direct methods use earthquake data and the qualitative
and geometric information on the structures, use statistical techniques and the results are
expressed as the absolute vulnerability.
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\

Previous damage data

Geometrical and qualitative characteristics
Input Mechanical characteristics

Seismic characterisation of the site
Geological and geothecnical data of the site

N v
<

/-
Statistical
Method Mechanical
Based on expert’s judgement
/
- ~N
Absolute vulnerability
Output Relative vulnerability
- /
Figure 2.2 Classes of input, method and output proposed by Dolce
Input | Method 1 Output
Direct typological techniques
1) Damage 1) Statistical 1) Absolute vulnerability
2) Geometrical/qualitative data - -
3) Seismic characterisation - =
Direct mechanical techniques
3) Mechanical characteristics 2) Mechanical 1) Absolute vulnerability
4) Seismic characterisation - 2) Relative vulnerability

Conventional techniques
2) Geometrical/qualitative data | 3) Expert judgement I 2) Relative vulnerability
Indirect techniques
1) Damage 1) Statistical 1) Absolute vulnerability
2) Geometric/qualitative data, - -
relative vulnerability

4) Seismic characterisation - -
Table 2.1 Different methodological paths for seismic vulnerability estimation

The mechanical methods require as input the mechanical characteristics, use mechanical
methods and obtain as result the absolute vulnerability. In the case of conventional
techniques, the process starts from geometric/qualitative characteristics, it is based on expert’s
judgement and the result obtained is the relative vulnerability. Finally, the indirect methods
use the same path that the direct methods. Nevertheless, in this case, the qualitative
characteristics are treated in such a way to obtain the relative vulnerability index (as in the
conventional method) and the relationship between damage, vulnerability and the intensity
index.

Independently of the methodology used, the estimation of the vulnerability depends on
the quality of the available data, on the accuracy of the method used and on the reliability of
the damage prediction. The selection of one specific way to be followed depends on many
aspects such as: available data, quality of the desired results, type of the system to be
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evaluated, seismic hazard of the zone, available tools, importance of the system, economic
availability, etc.

2.3. Damage probability matrices and fragility curves

As commented previously, the absolute vulnerability can be defined using two concepts:
damage probability matrices and/or fragility curves. The damage probability matrices (DPM)
are discrete expressions of the conditional probabilities P[D=j/i], which means the probability
of obtaining a damage equal to j, due to an excitation of size equal to i. For example, from
statistical methods the average probability damage (j) for structures having different
typologies can be obtained, for an earthquake of intensity (i). The DPM can be obtained by
means of any of the techniques described in the previous paragraph and they should consider
the uncertainties that govern its evaluation. For buildings, there are many researches, which
evaluate the vulnerability of structures in different areas. These researches include, in many
cases, practically exhaustive statistical evaluations and representations by means of DPM and
continuous curves. Examples of this type of matrices can be found in the ATC-13 (1985) for
many structural typologies.

Another way of obtaining the damage index is by means of the fragility curves, which are
graphic relationships or functions that express in a continuous form the vulnerability of the
structure in function of the size of the earthquake. For example, such curves could relate the
average damage of a specific structural typology and different seismic intensities. Some
vulnerability functions in bridges evaluated with data provided by ATC-13 will be shown
later.

It is fundamental the selection of the parameter that expresses the size of the seismic
excitation in obtaining the damage probability matrices or the fragility curves. Generally
speaking, in research projects is common to characterize the ground motion by means of
macroseismic intensity scale, mainly due to the lack of other data. The use of the seismic
intensity as a measure of the seismic hazard has sometimes a subjective character; it is
recommend instead the use of instrumental measures. However, currently few of the seismic
vulnerability projects include this type of measures.
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One of the ways to determine the seismic vulnerability of bridges is the assignment of the
overall seismic rating of the structures in study. This evaluation procedure is based on the
subjective assignation of values, from different parameters that characterise the seismic
behaviour of the structures or the influence of these in its environment, to add a representative
global value of its fragility. The selection of the component parameters of each model is
based on the experience acquired by the analysis of the damages produced by past
earthquakes and the professional experience of the designers of models.

The parameters selected in this type of evaluation are configured, normally, in three
principal groups, such as structural parameters, importance of the structure, and foundation
and site characteristics. The structural parameters have as objective to distinguish the
structural aspects that make systems more or less vulnerable, while the characterisation of the
structure as a lifeline (whose operation is primordial after an earthquake) is considered
through the parameters included in the importance group. Finally, the foundation and site
characteristic parameters have as objective to distinguish the different foundation effects and
the influence of the seismicity of the area. Each one of the selected parameters of the
evaluation model is divided in one or several categories, also distinguishing aspects more or
less vulnerable. Summarising, to higher is the overall seismic rating; to more vulnerable is the
bridge.

Currently, various models of evaluation of the vulnerability of bridges, by assignment of
the overall seismic rating, have been proposed. As a rule, the selection of the parameters
considered as primordial, its division in categories and the assignment of the values to each
category differentiate such proposals. In this chapter will be commented the principal
evaluation models of the vulnerability of bridges, before the description of the principal
parameters used by them.

3.1 Parameters

The principal parameters used in the currently models to evaluate the vulnerability index
of bridges subjected to seismic action are:

e Year of built. Most bridges defects are found in older bridges rather than ones, which
reflect the state-of-the-art design. Though, a bridge built with current design codes is
not a guarantee of adequate seismic performance, it is sure that an old bridge has
greater probabilities of severe damages.

e Superstructure type. This parameter indicates the influence of the superstructure type
in the bridge behaviour. Bridges with continuous superstructures and supports that can
withstand large translational deformations usually remain serviceable with minor
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repairs. However, bridges with discontinuous superstructure and/or brittle supporting
members are usually severely damaged because of the liquefaction phenomenon.

Alignment of the bridge. When a bridge is subjected to dynamic load, the
superstructure of an irregular section can suffer important amplifications. To analyse
this parameter the skew and curvature angles are used, defined the skew angle as the
angle between the support centreline and a line perpendicular to the bridge centreline.
Right and much curved superstructures are associated to the less and the most
vulnerable bridges, respectively (Ren and Gaus 1993).

Number of expansion joinfts. Superstructure discontinuities, such as expansion joints,
will affect the overall stability of the bridge. The superstructure will provide any
redundancy if it is possible the collapse of the bridge.

Bearing type. The vulnerability rating for bearings reflect the susceptibility of the
bridge to a bearing failure. There are, basically, four types of bearings used in bridge
constructions (ATC-6 1981). One type, the rocker bearing, is generally constructed of
steel and rolls on a curved surface. It is the most seismically vulnerable of the bridge
bearings because it usually has a large vertical dimension, is difficult to restrain and
can become unstable after a limited movement. Another type of bearing, the roller
bearing (usually of steel) is stable during an earthquake, except that it can become
misaligned and horizontally displaced. The third type is the elastomeric bearing pad
(constructed of natural or synthetic elastomer and relies on the distortion of this
material) is very stable during an earthquake, although it has been known to "walk
out" under severe shaking. The last bearing type is the sliding bearing (relies on the
sliding of one surface over another) which consist of asbestos sheet placed between
two concrete surfaces.

In vulnerable structures, serious failure usually is due to loss of support resulting
from large relative transverse or longitudinal movement at the bearings. The expected
movement at a bearing is dependent on many factors and can be not easily analysed.
Because it is difficult to predict relative movement, the minimum support length,
given by Seismic Codes, may be used as the basis for checking the adequacy of
longitudinal support lengths.

Classification. The studied bridge can be classified as regular and irregular. A bridge
is called irregular if differential stiffness, differential pier heights, or large elevation
changes exist. An irregular bridge could sustain more damage than a regular structure.

Piers type. Most of the possible damage than a bridge can suffer is related with the
typology, configuration, height, union type and reinforcements of its piers. Some of
the currently models define this parameter conform to the form of the cross section
and disposition of the piers; others consider the material and union of pier with the rest
structural elements. The most commons types of bridge piers are multicolumn, single
and hammer piers. Between these, the single pier type is the most vulnerable.

Substructure material. A better behaviour of bridges with steel substructures has been
reported in past earthquakes. Then, this kind of bridges is the less vulnerable.
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Minimum support length. The minimum support lengths for bearings seat must be
greater than the actual support length. Otherwise, during an earthquake there is a
chance that the bearing seat will lose support, resulting in failure of the superstructure.

Abutment type. Abutments failures during earthquakes do not usually result in total
collapse of the bridge. Therefore, the abutment vulnerability rating should be based on
damage that would temporarily prevent access to the bridge. One of the mayor
problems observed in past earthquakes has been the settlement or fill at the abutment,
principally due to superior construction or fills, the absence of water and the generally
wider and better-retained bridge approaches (ATC-6 1981). Additional abutment fill
settlements are possible in the case of abutment failures due to excessive seismic earth
pressures or seismic forces transferred from the superstructure.

Foundation type. Many structures have failed in spite of having a satisfactory design,
mainly due to problems in its foundation and the surrender soil. This parameter tries to
evaluate the geological and topographic conditions of the soil of support, the type of
foundation and the material of it. Deeper and less dense soils are associated to
conditions that are more vulnerable.

Liquefaction potential. This parameter determines the most significant type of ground
instability of the soil, although other types, such as slope instability or fills settlement,
can result in bridge damage during an earthquake. The ground and foundations
displacements induced by the liquefaction effect have been a major cause of bridge
damage during past earthquakes. Therefore, lateral spread displacements caused
failures and, in some cases, collapsed of bridges during the Alaskan (U.S.A.), Limon
(Costa Rica) and Kobe (Japan) earthquakes. Nearly all of the bridge damages by
liquefaction was at rivers or other water crossing, where delicately sloping alluvial or
fill deposits liquefied and spread laterally. These types of deposits (loose, satured,
granular sediment beneath gently sloping ground or near incised channels) are highly
vulnerable to liquefaction and lateral spread.

The value of this parameter is normally based on a qualitative assessment of
liquefaction susceptibility. Considering the lack of easy methodologies for evaluate
the liquefaction effect at bridge sites, Youd (1998) proposes a systematic application
of standard criteria for assessing liquefaction susceptibility at bridge site. In his
method, Youd evaluate ground displacement potential and assess the vulnerability of
bridges to damage induced by liquefaction. With this first evaluation, the bridges with
low hazard are classified easily and bridges with significant hazard are suggested for a
more detailed study. If the available bridge-site information is insufficient to complete
the liquefaction hazard analysis, then Youd utilised simplified seismic, topographic,
geologic, and hydrologic criteria to prioritise the site for further investigation.

The principal steps and logic path for the Youd screening procedure are listed in
figure 3.1. In the assessing liquefaction hazard, the recommended procedure is to start
at the top of the path, perform the required analysis for each step, and finalized with
bridge classification. As can be observed in figure 3.1, the Youd procedure is divided
in the following steps:

o The first step of the screening procedure is the regional evaluation of
liquefaction susceptibility. This step includes analysis such as: prior
evaluation, geologic analysis, seismic hazard evaluation and water table
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evaluation. In each one of these aspects, if the evaluation indicate very low
liquefaction hazard, the bridge site is classified as low hazard and low priority
for further investigation, and the evaluation for that site is complete. If the
geologic criteria indicate a higher susceptibility rating, the site is classified as
possible liquefiable, and the screening proceeds to the next step.

The second general step in the screening procedure analyses situations where is
present a lack of confidence information or where regional evaluations do not
consider low susceptibility to liquefaction. Within this step are evaluated the
screening for extra sensitive clays, the soil classification and the analysis of
penetration test (standard penetration and cone penetration tests) to prove the
possibility of liquefaction in the interested site.

Liquefaction by itself is not a cause of bridge damage. Structural damage
occurs when liquefaction induces intolerable ground displacements or
deformations or loss of foundation bearing strength. Then, this final general
step estimates the ground displacement hazard, analyzing the possibility of
embankment or slope instability, slope deformations, lateral spread
displacement, ground settlement, and bearing capacity.

The detailed procedures to complete the above steps can be consulted en Youd
(1992). Summarising, application of the screening procedure of Youd analysed the
principal effects that can produce liquefaction at bridge site. Starting from these
analyses, the soils are classified in one of the following four possible outcomes:

@]

Confirmed high liquefaction hazard. These sites should be given very high
priority for additional investigation and development of possible mitigation
measures. Prioritisation at this level should consider the importance of the
bridge, the age of bridges, its vulnerability, and the current state of the
structure.

Confirmed liquefaction susceptibility, but unknown hazard. Sites with
confirmed surface liquefiable sediments or sensitive clay layers, but unknown
ground failure hazard, should be given high priority for further investigation.
Bridges involved water crossing should be given priority for further
investigation.

Insufficient information to assess liquefaction resistance or strength-loss
potential. Where insufficient information is available, additional site
investigations will be required to fully evaluate liquefaction hazard. These
investigations include additional laboratory and experimental testing. Sites
with water crossing are more vulnerable. Sites with geologic conditions
indicative of liquefaction susceptibility should be given priority over sites
assessed as having moderate and lesser susceptibility.

Low hazard and low priority for further investigation. Sites categorized as low
priority for further investigation do not need further studies.
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Maintenance state. With the time, any structural system can see diminished its
resistance by the action of external loads. The application of maintenance programs
can detect and remedy the structural damage. A structure that has rehabilitate recently
can be considered less fragile that other of similar type, of the same age and without
changes (Maldonado et al 2000a).

Construction procedure. This parameter analyses the importance of the constructive
procedure in the seismic response of the system, for the superstructure and for the
substructure.

Non-structural elements. This parameter analyses the effects that external elements
can have in the bridge behaviour and the performance of other vital lines that are
transported through of it.

Importance of the bridge as a vital transportation line. The importance of a bridge
is a difficult attribute to quantify and although there have been many attempts to do
so; there is a little consensus about a preferred methodology. Some of the models that
evaluate the vulnerability index of bridges use the estimation of the importance of a
bridge as a necessary parameter. The importance of a bridge is evaluated, in these
researches, by means of subjective analysis of characteristics such as the Average
Daily Traffic (ADT), the presence of other facilities, the quantity of affected persons
by the structural failure or the relationship and connection with other structures.

Generally, more rigorous methodologies to evaluate the importance of highway
bridges include traffic volume, detour length, the presence or absence of utilities and
some form of functional classification, for example emergency route and/or defence
route. Few or the methodologies, if any, considers network redundancy and socio-
economic issues, both of which are even more difficult to quantify than the early set of
attributes.

In the U.S.A. coterminous, almost every state uses a different methodology to
evaluate the importance of bridges. In some of these methodologies are implicated
subjective assignations; while in others are used statistical expressions. In any way, the
existing methodologies are based on the assignation of an importance or critical value;
the structures with a greater value will be classified as more important and pondered
for investigations that are more detailed or for future retrofitting programs (Thomas et
al. 1998). The more common variables used in these models are:

o The quantity of traffic that crosses the structure during a given period of time,
usually the ADT.

o The detour length, used to arrive to the nearest bridge to the structure of
analysis, evaluating thus the possibility of alternate routes when the failure of
the system is presented.

o The index that identify the bridge and route nature, distinguishing between
principal arteries, emergency routes or defence routes, streets, railroad and
secondary routes.

o The index that identifies the utility of the route of the bridge and the one that
crosses it, classifying as essential or little useful.
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o Total length of the bridge and, in some cases, the width of the girder.

o The index that identifies the importance of the facilities that are crossed by the
bridge, usually to divide residences and offices or stores and parking zones. In
addition, when a bridge crosses a river or a railroad is analysed.

Equation 3.1 is an example of the proposed empirical expressions for to obtain the
importance index of bridges (/7). This equation is the result of comparative analyses of
the principal methods used in the United State and of statistic studies based on expert’s
surveys (Thomas et al. 1998).
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where:
"carry" indicates the critical route, "cross” indicates the critical route under the
bridge
ER = 1.1 and 1.0 for confirmed emergency route and others, respectively
RT 4y = Factor for nature of route: 1.1 for Interstate route or principal artery
and 0.9 for all other routes and railroad bridges
DL 4, = Factor representing criticality of detour length:
= 1.2, for detour length (DL) >155 km,
= 1.0, for 80 km < DL < 155 km,
= (.9, for 15 km < DL < 80 km,
= (.8, for 5 km < DL < 15 km,
=().7, for DL £5 km,
= 1.0, for bridges carrying railroads.
NT.arry = Factor representing criticality of traffic congestion:
= (ADTcarry/ Ave ADT)“S and 0.8 for bridges carrying railroads
ADTcqyy = Average Daily Traffic on the bridge
L = bridge length (m)
RT.,.ss = Factor for nature of route
= (.8 for all routes and 0.0 for no route or structure under the bridge
NT,..ss = Factor representing criticality of traffic congestion
= (ADT ross/ Ave ADT)**
RV.0ss = Ratio of bridge length to longest bridge in the database = L / L,
Ave ADT = Average ADT,,, in the classification database
Lmax = Maximum bridge length (m) in the classification database

The bridges ranked by means of equation 3.1 were designated as "critical",
"essential" and "others" A bridge was defined as critical if its rank is major than the
95™ of the bridge rank percentiles. In the same way, essential bridges have a rank
major than the 65™ of the bridge rank percentiles and bridges with a rank letter than
these 65" values are defined as others.
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In some models as analysis parameter is included the seismic hazard of the zone, through
the macroseismic intensity or by means of the peak ground acceleration. However, as these
methods are applied to evaluate the vulnerability of structures of a specific zone, not always
its evaluation is determinant.

3.2 Proposed models
3.2.1. Procedure of the ATC 6-2

One of the first procedures to define the seismic vulnerability of bridges was developed
by the ATC (ATC-6 1981 and ATC-6-2 1983) and represents the initial step in taking
measures for retrofitting this type of structures. The ATC 6-2 applies hybrid techniques, a
combination of statistical methods and conventional techniques. The evaluation of the
vulnerability is based on three main conditions: structural characteristics needed to determine
the vulnerability index, seismicity on the bridge site and importance of the structure as a vital
transportation link. The seismic rating of a bridge is accomplished by making independent
ratings of the bridges in each one of these areas. The scores are added to arrive at an overall
seismic rating according to the following procedure.

|. Vulnerability rating - Vulnerability ratings assume any value between 0 and 10. In
general, a 0 value means a very low vulnerability; a value of 5 means moderate collapse
vulnerability or a high loss of function vulnerability; and a value of 10 means high
collapse vulnerability.

Although the performance of a bridge is based on the interaction of all its
components, it has been observed during past earthquakes that certain bridge components
are more vulnerable to damage. These are the bearings, piers and footings, abutments and
foundations. Among these, bearings seem to be the most economically retrofitted. For
this reason, the seismic vulnerability rating is determined by examining the bearings
separately from the other structural members. The vulnerability ratings of the remainder
of the structure may be determined as the greatest of the vulnerability ratings of each of
the others components that are vulnerable to failure. The vulnerable features of each of
these components and methods for calculating their vulnerability ratings are:

Bearings. A suggested step-by-step method for obtaining the vulnerability rating
of the bearings is the following:

e Determine if the bridge has non-vulnerable bearing details. Such bridges would
include: (1) continuous structures; (2) continuous structures whose skew is less
than 20°, or the skew is greater than 20° but less than 40° and the length-to-width
ratio of the bridge deck is less 1.5; (3) the bearing seat on the abutment is
continuous in the transverse direction and the bridge has in excess of three girders;
and, (4) the support length is equal to or greater than one half the minimum
required support length. If the bearing details are non-vulnerable, a vulnerability
rating of 0 can be assigned and the remainder steps for bearings omitted.

e Determine the vulnerability to structural collapse or loss of bridge access due to
transverse movement. When transverse restraint is subject to failure, girders are
vulnerable to collapse if either of the following condition exists: (1) individual
girders are supported on individual pedestals or piers; and (2) the exterior girder in



Chapter 3 17

a 2- or 3- girder bridge is near the edge of a continuous bearing support. In either
of these cases, the vulnerability rating should be 10. When bearings are vulnerable
to a falling over failure but structure collapse is unlikely, the vulnerability rating
should be 5.

Determine the vulnerability of the structure to collapse or loss of accessibility due
to excessive longitudinal movement. If the longitudinal support length measured in
a direction perpendicular to the support is less than one, but greater than a half of
the required longitudinal support length, the vulnerability rating shall be assigned a
value of 5, unless in addition rocker bearings are vulnerable to toppling, in which
case a value of 10 should be used. If the longitudinal support length is less than a
half of the required longitudinal support length, then a vulnerability rating of 10
should be assigned.

Piers and foundations. The following step-by-step procedure may be used to

determine the vulnerability of piers and footings:

Assign a pier and footing vulnerability rating of 0 to bridges localised in zones of
moderate seismicity (with an acceleration coefficient less than 0.29 for the USA
case).

Assign vulnerability rating of O if bearing keeper plates or anchor bolts are
assumed to fail, eliminating the transfer of load to piers or footings.

If piers and footings have adequate transverse steel as required by Seismic Codes,
assign pier vulnerability rating of 0.

Calculate the Base Vulnerability Rating (BVR), which is an indicator of the
vulnerability of a pier to sudden shear failure. The BVR shall be assigned
according to the following equation:

L
BVR=13-6 u (3.2)
P Fb

where: L, is the effective pier length, in feet; Ps is the percent of the main
reinforcing steel; F is a framing factor (1 for multiple pier bents fixed at one end; 2
for multiple pier bents fixed in both extremes, 1.5 for single pier bent fixed at the
top and bottom-box girders; and, 1.25 for single pier bent fixed in both extremes
and a girder with not box section); and b is the transverse pier dimension, in feet.

The vulnerability of piers rating, CVR, will be between 0 and 10, it will be
taken equal to BVR minus the points shown for each one of the following
conditions:

1. Peak ground acceleration a,,, < 0.4 (three points).

2. Right structure. Skew < 20° (two points).
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3. Continuous structures with diaphragm abutments of approximately equal
stiffness, in which the length-to-width ratio of the deck is less than four (one
point).

4. Grade 40, or below, reinforcement (one point).

The maximum value that can be subtracted from BVR is of four points, unless
larger CVR are calculated in the following point.

Values of CVR less than zero or greater than 10 should be assigned values of
0 and 10, respectively. For single-pier bents supported on pile footings unreinforced
for uplift, or poorly confined foundations, the C'VR is function of the peak ground
acceleration.

Abutments. The model of the ATC 6-2 uses the following systematic procedure

for determining the vulnerability rating for the abutments, except in unusual cases; the
maximum abutment vulnerability rating will be 5:

Determine the vulnerability of the structure to abutment fill settlement. When fill
settlement are estimated to be greater than six inches (0.15 m), assign
vulnerability rating for the abutment of 5.

For bridges with earth retaining abutments with skews greater than 40° and where
the distance between the seat and the bottom of the foundation footing exceeds
3.05 meters a vulnerability rating of 5 should be assigned.

Liquefaction. The procedure is based on the following steps:

Determine the susceptibility of foundation soils to liquefaction. High susceptibility
is associated with: (1) foundation soil providing lateral support to piles or vertical
support to footings like average saturated loose sands, silty sands, non plastic silts;
and, (2) similar soils underlay abutments fills. Moderate susceptibility is associated
with similar conditions where average soil conditions may be described as medium
dense. Low susceptibility is associated with dense soils.

Determine the potential extent of liquefaction related damage where susceptible
soil conditions exist.

In general, bridges subjected to severe liquefaction related damage shall be
assigned a vulnerability rating of 10. This rating may be reduced to 5 for single
span bridges with skew less than 20° or rigid box culverts with floors.

Bridges subjected to major liquefaction related damage shall be assigned a
vulnerability rating of 10. This rating may be reduced to between 5 and 9 for
single-span bridges with skew less than 40° rigid box culverts with floors, and
continuous multi-span bridges with skew less than 20° provided with:

1. Reinforced concrete piers are continuous with the superstructure and have a
CVR less than 5 and height in excess of 25 feet (7.63 m).
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2. Steel piers are in excess of 25 feet high (7.63 m).

3. Discontinuous piers with the superstructure and shifting of the superstructure
will no result in instability.

e Bridges subjected to moderate liquefaction related damage should have a
vulnerability rating of 5. This rating should be increased to between 6 and 10 if the
vulnerability rating for the bearings is greater than or equal to 5.

2. An evaluation of the local seismicity will provide values between zero and ten for this
characteristic.

3. For this last characteristic, the bridges are classified in two groups. The first include the
essential structures by means of Social/Survival and Security/Defence requirements. The
second classification is for all other bridges. Bridges classified as essential may have
assigned ratings between 6 and 10, while the remainders may have ratings between 0 and
5. The evaluation of these ratings are subjective, conform to the bridge traffic, the
presence of other facilities, the quantity of affected persons by the structural failure and
the relationship and connection with other structures.

The model of the ATC 6-2 estimates the total vulnerability of the structure adding the
values of each one of the three characteristics by assigned weights. The weights, in
percentage, can be equal (33.3%) for all the characteristics or different in function of their
importance. For example, if the structures to analyse are within a region with similar
seismicity, the weights for this characteristic is zero and the remaining weights are modified
to reach the 100%. If the two remaining characteristics are rating equal, the weights are 50%
for vulnerability of the structure and 50% for its importance. Thus, as a result, the model
provides ratings between 0 and 10.

For structures more complex or for more detailed evaluations of an existing bridge, the
ATC 6-2 proposes to evaluate the fragility of the bridges through a hybrid technique,
combination between the previous statistic studies and applications of conventional
techniques, by means of the determination of Capacity/Demand (C/D) ratios. These
expressions are the relation between the available capacity of structures before an earthquake
and the demand to support external action. The available capacity is obtained, in global form
or for particular elements, through analysis that can be elastic or non-linear. The basic
equation to determine the seismic C/D relationships is:

R(: - ZQs

Q!!Q

C/D= (3.3)

where Rc is the nominal capacity (in displacement or force) of the element; EQ‘. are the total

demands (forces or displacement) for cases with different seismic load and Qpp is the
demand (force or displacement) for seismic design charges.

The C/D rations are calculated with the nominal capacity, without any alteration factors
by uncertainties in resistance and dimensions. This calculation is thus accomplished to
estimate the best possible the failure of the element. Elements with ratios smaller than one
indicate possible faults before future earthquakes. The ratios C/D should be calculated for
those elements that cause the greater damage problems.
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Parameters Sub-areas I Values
Structural characteristics
Superstructure Discontinuous superstructure 5
Continuous superstructure 0
Number of expansion joints | There are not expansion joints 3
2 or 3 expansion joints 4
4 or more expansion joints )
Bearing type Sliding bearing 0
Elastomeric bearing pad 3
Roller bearing -4
Rocker bearing 5
Alignment Depending of the skew angle 1-5
Year of built Depending of the Seismic Code 1-10
Application of the current Seismic Code 0
Classification Regular bridges 0
Irregular bridges 5
Height of the piers Height of the piers <5 m 0
Height of the piers > 5 m 5
Support length Support length < Nd (equation 3.4) 0
Support length > Nd (equation 3.4) 5
Importance of the bridge as a vital transportation link
Average Daily Traffic ADT < 2000 vehicles 0
(ADT) 2000 vehicles < ADT < 10 000 vehicles 3
ADT > 10 000 vehicles 10
Detour length (DL) DL < 4 miles (6.4 km)
2 miles (3.2 km) < DL < 4 miles (6.4 km) 5
DL > 4 miles (6.4 km) 10
Foundation and site characteristics
Soil profile Depending of the studied soil 1-10
Liquefaction potential Null susceptibility to soil liquefaction 0
Moderate susceptibility to soil liquefaction 5
Greater susceptibility to soil liquefaction 10
Abutment height 0 m < abutment height < 4.6 m 0
4.6 m < abutment height < 9.1 m 5
abutment height > 9.1 m 10

Table 3.1 Parameters of the Pezeshk et al. model

3.2.2. Model of Pezeshk et al.

In general, the seismic retrofitting process can be divided into three mayor steps:
preliminary screening, detailed screening and design of retrofit measures. A preliminary
screening for bridges retrofitting is proposed by Pezeshk et al. (Chang et al. 1995 and Pezeshk
et al. 1993). This preliminary screening methodology requires access to a seismic inventory of
all bridges to be screened, followed by the execution of a numerical rating system.

In his research, Pezeshk et al. propose a preliminary vulnerability evaluation by means of
a detailed information, considering three principal areas: a) structural characteristics; b)
importance of the bridge as a vital transportation link; and, c) foundation and site
characteristics. Each of these areas are divided into several sub areas which are given a score,
determined on the basis of its relation to the effect of seismic damage due a moderately strong
earthquake. The maximum score is of 100 points, 50 distributed in different structural
parameters, 20 for its importance and 30 for foundation and site characteristics. In table 3.1,
the parameters used by Pezeshk et al. are shown. In this table, are also presented the
considered sub areas for each parameter and the fragility values of these.
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Variable Description Variable Description
Y, Peak ground acceleration Y Type of foundation
Y, Design specifications Ys Material of the substructure
Y3 Type of superstructure Yy Structural irregularity
Yy Shape of the superstructure Yio Soil conditions
Y5 Internal hinges Y Liquefaction
Ys Type of pier Y2 Seat length

Table 3.2 Parameters of the Kim model

As was commented, the fragility by lost of support is defined comparing the real support
length in the bridge with a reference support length. In the model of Pezeshk et al. (1993), the
reference support length, Nd, is obtained by means of equation 3.4.

Nd =12+0.03L+0.12H (3.4)

where L is the length of the bridge deck to the adjacent expansion joint or to the end of the
bridge deck,. L is the sum of L, and L,, the distance to either side of the hinge. For single
span bridges, L is equal the length of the bridge deck (in ft). / is the average height of piers
supporting the bridge deck to the next expansion joint (// = 0 for single span bridges).
Otherwise, H is the average height of the two adjacent piers, in feet.

If the structure to be analysed has been seismically retrofitted, this method subtract 5
points to the 100 outlined. The seismic vulnerability of the studied structure is determined by
the simple addition of the assigned values, ¥;, to the selected parameters. Then, the Pezeshk et
al. vulnerability index, V1, is defined as:

VI, =%.%Y, (3.5)

A bridge with 100 points represents an ideally perfect bridge and that with O points one
without seismic resistance. Additionally, the authors estimate that all the structures analysed
are located within the same seismological region. Therefore, they are submitted to the same
seismic hazard category and it is not granted any weight to this aspect.

The methodology outline by Pezeshk et al. was applied as a preliminary screening in
Memphis, USA (Chang et al. 1995 and Pezeshk et al. 1993) and in Istanbul, Turkey (Can and
Yiiziigiillii 1995). The obtained results helped to separate structures with a more reduced
capacity.

3.2.3. Seong Kim model

The model proposed by Kim (Ren and Gaus 1996) was developed starting from the idea
to use only the information on inventory and inspection data to construct the model. Kim
identifies 12 statistical parameters that represent the seismic behaviour of bridges. These
parameters are described in table 3.2.

To difference of the model of Pezeskh et al., Kim includes as analysis parameter the
seismicity of the zone (parameter Y;) and considers for each selected parameter four
categories of valuation. In table 3.3 parameters, categories and the its associated values of
vulnerability of the model of Kim are indicated. To a greater fragility of a parameter, a greater
value is assigned to it.
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Variables | Classification B Rate cm:/tribution
(%)
Y, 1 apx<0.1g, 2; 0.1g < a,,,<0.2g, 0.141 31.4
3;0.2g < Ay <0.3g, 4; 0.3 < Ay
Y, 1; after 1981 0.456 10.4
2; 1972 - 1980
3; 1940 - 1971
4; before 1940
Y; 1; cable-stayed, suspension or single span bridges 0.114 5.5

2; arch or monolithic girders and piers or trusses

3 continuous girders and trusses

4; simply-supported girders and trusses — multi spans or
2 level or more elevated structures

Y, 1; straight 0.437 73
2; 20-45° skewed or 45-90° curved

3; 45-60° skewed or 90-180° curved

4; more than 60° skewed or 180° curved
Ys 1; none 0.089 5.6
2; yes with cable restrainers or seat length > 12°

3; yes with 6 (0.15 m) < seat length < 12 (0.30 m)
4; yes with seat length < 6” (0.15 m)

Ys 1; monolithic multi-pier bent or solid 0.029 0.4
2; pinned multi-pier bent
3; monolithic single pier
4; pinned single pier

Y 1; single pier shaft -0.024 22
2; spread footing
3, piled footing
4; pile bent

Y 1; steel 0.034 0.2
2; ductile concrete

3; non-ductile concrete

4; timber, masonry or other old materials
Y, 1; none 0.278 34
2; any 2-pier heights differ by more than 1.25 times
3; any adjacent pier heights differ by more than 1.25
times

4; any adjacent pier heights differ by more than 1.5
times

Y 1,2,3, or 4 for different soil types in the USA Code 0.188 4.4
Y 1; LSI<S, 5<LSI<25, 0.932 20.5
3; 25<LSI<100, 4; 100<LSI
Y12 1; good, 2; fair, 0.511 8.7
3; poor, 4; extremely poor

C=-3.84
g = gravity acceleration, a,,, = peak ground acceleration and LSI = Youd and Perkins factor that characterise

the effect of liquefaction
Table 3.3 Parameters, values and rate conditions for Kim model

The calculus of parameter Y5 requires the numbers of hinges and the seat lengths of the
spans in the bridge. The number of hinges (Njins) can be indirectly obtained by subtracting
from the span number (N,,) the total pier number (1,), in accordance with the following
expression:

Noi: =N o =0, =1 (3.6)

Joint 4V span P
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e

The parameter Yy is expressed as a shape factor, which is calculated by the following
relationships:

a.wkuw =Q; — a_,f

I

¥ (3.7

cur

_ L
R,
where Oggen 15 the skew angle; a; and oy are the skew angle to the beginning and final of the
structure; Yo is the curvature angle; L is the length of the bridge and R¢ is the curvature radio.
On the other hand, the parameter Y, takes into account the appropriateness of seat length
(continuous minimum bearing support length) in the performance of the system. When no

information is provided, Kim proposed the calculation of the minimal support length by
means of the following expressions:

N, =8+0.02L+0.08H  dy, <0.19¢

N, =12+003L+0.12H  dyy >0.198 (3.8)

§ = Njyoflip 10-19

where Ny is the minimum bearing support length; L is the length of the bridge deck to the
adjacent expansion joint; H is the pier height; d is the ground acceleration as percentage of

gravity and S is the continuous minimum bearing support length.

Starting from the values of the selected parameters (tables 3.2 and 3.3), Kim proposes
two vulnerability indices, one lineal and the other non-linear. The lineal index, equation 3.9,1s
the addition of the product of the values of the parameter and its weight factor f;. In the report
describing this model (Ren and Gaus, 1996), no reference is made to the selection procedure
for the constant values of each parameter, though it is supposed that these values are related to
statistical adjustments between the results of the model and the actual damages in the
referenced bridges.

Vg =ZmB Y)+C (3.9)

The rank of the lineal seismic index was classified into five categories, used t0 define
qualitatively the extent of damage in the bridge. These five categories are:

e No damage, VI = 0.

e Minor damage, VI ki = 1. Damage which does not directly deteriorate bearing capacity
such as: deformation of secondary member of steel structures, small cracks in reinforced
concrete member or settlement and cracks of retaining walls.

o Moderate damage, VI ki = 2. Damage which directly deteriorates bearing capacity such
as: buckling of primary members of steel structures, major cracks of reinforced concrete
members lager than 1 mm, failure of bearing supports Or moderate movements of
substructure. Permanent and/or temporary repair is possible.
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Variable Description Variable Description
Y, Seismic code Yy Soil type
Y, Superstructure type Yi2 Abutment type
Ys Superstructure form Yi3 Support length of abutments
Y, Internal joints Yy Bearings type
Y; Superstructure material Yis Conservation state
Yo Pier type Yie Constructive procedure of girders
Y, Foundation type Y17 Constructive procedure of piers
Y Pier material Yis Liquefaction potential
Yo Longitudinal irregularity Yio Non structural elements
Yo Support length - -

Table 3.4 Parameters of the Maldonado et al. model

e Severe damage, V7 x; = 3. Severe damage which is likely to produce the collapse of the
superstructure starting from the substructure such as: extensive spalling-off of concrete
and rupture of reinforcements of reinforced concrete members, extensive failure of
concrete supporting bearings or extensive movement of substructure including settlement
and lateral movement. Permanent and/or temporary repair impossible.

e Collapse, VI g; = 4. Collapse of bridge.
For non-linear statistical models, the index designed by Kim as a damage index, but

which rigorously speaking represents a risk index (because it consider the seismic hazard, ¥;),
is obtained as:

VI, =Y, x(Z2.(8, 1)) (3.10)

where Vlk; is the vulnerability index; ¥; are the parameters that affect the vulnerability of the
bridges; Y, is the value of the first parameter and f; are constants. It can be observed in
expression 3.10 that the first factor is considered of primary importance in this index. For
non-linear model, there are only three estimated risk ranges:

e Minor damage, Vik, < 1.5.
e Moderate damage, /.5 < Vg, < 2.5.
e Mayor damage, Vik,> 2.5.
According to the table 3.3, some of the factors are more dominant than others are. The
most significant factors in this model (by descending order) are: the intensity of peak ground

acceleration, the effect of liquefaction, the design specifications and the seat length of
support. The sum of these factors is 71%, which is almost 3/4 of the total contribution.
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Variables

Classification

Functions

Y

1; after 1995

2; between 1975 and 1994
3; between 1968 and 1974
4; before 1968

Y,

1; cable-stayed, suspension or single span
2; arch, frames or with two or more spans
3; simply-supported girders with two or more spans

Y;

1; straight

2; skew angle < 20°

3; skew angle between 20° and 45°

4; curved bridges or skew angle > 45°

Y,

1; without internal hinges

2; with internal hinges and real support length > N,
(equation 3.11)

3; with internal hinges and
0.5N,. <real support length <N,

4; with internal hinges and real support length < N,
in any case

1; steel

2; reinforced or pretressed concrete
3; wood

4; masonry or others

Yy

1; without piers, solid wall piers or frame piers
2; pile bent piers
3; multiple span piers

4; single column piers, hammerhead piers or piers with

deficient design

Y;

1; pile-piers

2; piles

3; superficial with multiple span piles
4; superficial with single span piles

1; steel

2; reinforced or pretressed concrete
3; wood

4; masonry or others

Yy

1; without piers

2; height of 2 piers # more than 1.25 times

3; height of 2 adjacent piers # more than 1.25 times
4; height of 2 adjacent piers # more than 1.5 times

Yio

1; real support length > 1.5N, (equation 3.11)
2, Ny <real support length < 1.5N,

3; 0.5N; < real support length < 1.0N,

4; real support length < 0.5V,

/Y

—

1; rock

2; granular and dense soil or consolidated clay
3; medium sands

4; soft to medium clays

Table 3.5 Parameters, classification and functions of the Maldonado et al. model
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Y,

1; closed, with frontal wall and/or counterfort
2; opened

3; reinforced earth

4;spill-trough

Y);

1; without internal hinges

2; bridges with internal hinges and support length > N
(equation 3.11)

3; with internal hinges and 0.5
N,. < real support length <N,

4; with internal hinges and support length < N,
in any case

1; with seismic isolation or dissipation elements
2; elastomeric bearings

3; sliding bearings

4; metallic bearings

Yis

1; good conservation state

2; apparently good conservation state

3; reasonable doubt of the conservation state
4; bad conservation state

1; cast in place concrete

2; prefabricated beams

3; prefabricated sections with epoxy joint
4; prefabricated sections with dry joint

1; cast in place concrete
2; prefabricated in a simple piece
3; prefabricated sections

Yis

1; without liquefaction potential

2; unknown liquefaction potential

3; with liquefaction potential

4; with liquefaction potential and single, hammerhead or
bad designed piers

1; there are not non-structural elements or not affect
bridge behaviour

2: there are non-structural elements but unknown influence
in the bridge behaviour

3; there are non-structural elements that affect bridge
behaviour

3.2.4. Maldonado et al. model

A recent model which permits to obtain the vulnerability index of bridges was proposed
by Maldonado et al. (Maldonado et al. 2000a, Maldonado et al. 2000b). Similar to the Kim
model, Maldonado et al. define a series of parameters of analysis classified in four categories,
being the last one the most vulnerable. After various studies, the parameters selected were the
19 that are shown in table 3.4. In table 3.5 are indicated the four categories used in the

Table 3.5 Parameters, classification and functions of the Maldonado et al. model. Continuation

evaluation of the vulnerability of each one of the parameters of table 3.4.

For this model, the minimum length of reference of the bearing, used to evaluate
parameters Y, Y;p and Y3, is determined by means of the simplified expression proposed by

the ATC (ATC-6 1981), that is:
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N, =305+25L+10 H (3.11)

where Ny is the minimum length of reference of the bearing, L is the bridge length, and H is
the height of the adjacent piers.

Starting from the values of the selected parameters (tables 3.4 and 3.5), Maldonado et al.
(2000a y 200b) propose the following weight factor as a vulnerability index:

19
2 BY
VI, = 2Pt (3.12)

E: ﬂf’

where Vi, is the vulnerability index, f; are weight factors, and Y; are the model parameters.

The evaluation of the parameters and of their respective weight is based on the arithmetic
of the Fuzzy Sets, which is applied in cases of subjective or imprecise information. As a rule,
the methodology of the Fuzzy Sets considers that each parameter of the model is qualified
through a membership function. In addition, the methodology of the Fuzzy Sets requires the
utilization of linguistic variables to qualify each parameter of the model.

In the case proposed by Maldonado et al. (2000a) the degree of vulnerability is assigned
through the linguistic variables: not vulnerable, little, moderate, high and very high, with
associated values of 0, 3, 5, 7 and 9, respectively. The membership functions were calculated
by means of interpolation of the results generated through expert’s opinion. The membership
functions obtained for the 19 parameters of this model are shown in the figures of the third
column of table 3.5. These figures have fragility values (in ordinate) between 0 and 9 and
membership functions (in abscissa) normalised to one. In all these figures are distinguished
three or four types of graphics related to the vulnerability categories 1, 2, 3, and 4. For the
definition of the weight factors, f;, a similar procedure was followed, which allowed
concluding that the parameters Y;; and Y, are those with less influence and Y5, Yy Yo, Yy,
Y;1, Y3 and Y5 are the most important of the method.
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As it is known, there are a whole variety of structural models to evaluate the behaviour of
structures. For bridges, the structural models go from the simplest of a single-degree-of-
freedom to the most complex than require important computational efforts in time and space.
In this chapter, some individual evaluation models of the seismic vulnerability of bridges
through structural analysis will be commented. In general, the procedures selected in each
case depend on the data and tools available, the accessible economic expenses and the quality
of the results to be obtained.

4.1. Single-degree-of-freedom equivalent model (SDOF)

A way to estimate the behaviour of existing structures is by modelling them as single-
degree-of-freedom systems (SDOF). Several methods for developing an equivalent SDOF
system from a MDOF (multi-degree-of-freedom) system have been proposed in the literature,
one of them is given by Miranda (1993 and 1996). The technique of Miranda can be adapted
for bridge structures, if the structural behaviour really follows the fundamental mode of
vibration.

In his research, Miranda proposes to estimate the fragility of the structure by comparing
the maximum lateral displacement and ductility demands (due to seismic action) with their
corresponding capacities. This comparison of demands and capacities is made both at the
global level and at local level. The use of this simplified method provides a vulnerability
function through the relationship that exists between the damage index and the maximum
displacement. Summarising, the simplified evaluation of the existing structure consists of the
following steps:

e Construction and calibration of linear and non-linear models of the structure.
e Non-linear pushover static analysis.

e With the results of the previous steps, ductility demands and drift indices are obtained.
Their values are defined by means of the following expressions:

r.max

He =
O @.1)
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where: 0;, .y is the maximum top displacement, Oy is the yield top displacement, H is
the total height, 4 is the global ductility and y¢ is the global drift index.

e Development of an equivalent SDOF model of the structure.

e Non-linear time history analyses, using the equivalent model to estimate the global
displacement and global ductility demands. Alternatively, one can use inelastic
strength demand spectra and inelastic displacement demand spectral (deterministic or
probabilistic).

 Evaluation of the fragility of the structure, using the vulnerability function defined by
expression 4.2.

DI =1.0-exp| In(0.5)| Lams 4.2)
DI

In this expression DI is the damage index that varies from 0 (no damage) to a

maximum value of 8, ap; and Bpy are parameters and .. is the maximum drift. The

parameters depend on the drift index associated with the onset of damage and the
maximum drift index that can resist the specific structural typology. The parameters can
be derived from correlation studies from exhaustive data or quantities provided by
codes.

4.2. Model of Hristovski and Ristic

In their researches, Hristovski and Ristic (1996) propose an evaluation methodology, as
well as a monitoring and maintenance procedure of bridge structures. Their primary objective
is the elaboration of a priorities list for the rehabilitation of these structures and the analysis
and localisation of possible inadequate structural behaviour before earthquakes. To achieve
this purpose, three types of indices are suggested: critical, seismic vulnerability and
usefulness. The critical index evaluates the importance of the structure as emergency system
and as lifeline link during an event of collapse. The vulnerability index characterises the
structural fragility before failure by earthquakes, while the stress-deformation state and the
rupture state under service charges are reflected by the usefulness index. The two last indices
are obtained by means of non-linear dynamic and static analysis.

The vulnerability index is governed by the diagnosis of the current state of structures,
which is obtained by means of evaluations of the characteristic parameters. Among the many
diagnosis parameters the following can be cited: rheological characteristics of concrete and
steel, soil-structure effect, geothecnical profiles, strength characteristics of the materials,
stress state, dynamic characteristics of the system, etc.

The effectiveness of the parameters selected is assessed through field inspections,
experimental tests and dynamical analyses. During the field inspections, all the irregularities
and general states of the elements are established. Destructive and non-destructive
experimental tests permit to obtain the properties of materials. In some of the bridges,
Hristovski and Ristic used standard refraction and seismic dispersion methods to obtain
different properties as elasticity modulus, Poisson coefficient and shear modulus of the soil.
The dynamic characteristics (period, damping and modes of vibration) are estimated by using
the environmental vibration method.
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All the parameters compiled in field studies and laboratory tests are used to define
mathematical models for analysis and, then, iteratively, are obtained the remaining
parameters. An additional proposal of Hristovski and Ristic (1996) includes the evolution of
the variation of the selected parameters, through functions and gradients of deterioration
measured in fixed time intervals. If there is a permanent follow-up of the incremental values
of the parameters, positive or negative, it is possible to define continuous functions for each of
them. For example, if the damping parameter is related to the variable Q, as function as the
time Q = Q(1), its gradient of deterioration is defined as:

GD(f) = % 4.3)

where: GD(1) is the gradient of deterioration in a given time instant and d/df is the differential
operator of the function Q(z).

The functions of the parameters and of its gradients of deterioration help to procure an
adequate monitoring of the structure, whose immediate consequence is the detection of the
degradations and the increase of the vulnerability. Thus, this method would be a line opened
in the prevention and damage mitigation.

4.3. Seismic capacity assessment for bridge piers

To evaluate the efficiency of different techniques for retrofitting of old structures in Italy,
Ciampoli (1994) analyses the behaviour of multi-span RC bridges piers. In his research,
Ciampoli considers that the piers are the critical elements of the structure and he assumes that
the failure of only one pier determines the failure of the whole system. Ciampoli has
estimated the effectiveness of the alternative upgrading techniques by means of the fragility
curves of original and upgraded design states.

This research examined simply-supported or continuous reinforced concrete bridge decks
(with four spans of five meters), resting on three vertical piers (of hollow circular section)
with the height varying between 10 to 40 meters. The summary of the hypotheses made
during the study is:

e The variation of the height of the piers along the bridge (three cases).
e The way in which the deck is supported (simply supported or continuous).

* Applying the Monte Carlo method to assesses the seismic fragility of the bridge.
The random variables of analysis, are: (1) the rotational and translational stiffness
of the soil springs; (2) the elastic flexural rigidity of the piers; (3) the length of the
plastic hinge zone; (4) the yielding moment and the ultimate curvature of the
plastic hinge; (5) the empirical parameter of the damage index (equation 4.4); and,
(6) the elastic stiffness and the yield displacement of the isolation devices. All
random variables were log-normally distributed, starting from the mean and the
values of the coefficients of variation.

e The seismic input is characterised by the peak ground acceleration in the range
0.10 to 0.45 g and by a total duration of 27 seconds. Three artificial accelerograms
were calculated.
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e Two different retrofit techniques were compared: the first determines an increase
of the flexural capacity and shear strength of the piers and the second modifies the
structural response by means of isolation devices in place of the existing bearings.
The first intervention consists in the jacketing of the pier with a shotcrete cover
and the addition of steel reinforcement (two cases).

The damage in the critical sections is obtained by using the damage index of Park and
Ang (Park et al 1985), which is a weighted sum of the ratios between the maximum ductility
of the plastic hinges and the energy dissipated. This index is expressed as:

L
(7. +AJ'UM|‘_ do
9 M.s',y 9:.-

u

DI = (4.4)

where: L is the length of the element, 6,,, is the maximum curvature, 6, is the ultimate
curvature, M; is the section moment, M, is the yielding moment and A is an empirical
parameter, whose mean value can be calibrated as function of the degree of confinement of
the concrete core. When DI =1.0 (the maximum value), the bridge pier suffers the total
collapse (and so does the entire bridge). If DI = 0.4, the bridge shows a high level of damage,
which compromises its use and requires extensive repair work.

The failure probability of each bridge had been evaluated as:

P =1-TJa-P,) 4.5)

I'=I.HF

where: P, is the failure probability of the structure, P, is the failure probability of the pier /

of the system and 7, is the number of piers.

The failure probabilities corresponding to the original and the reinforced bridges are
represented in fragility curves as those of the figure 4.1. In this figure are represented, as an
example, the fragility curves for one of the proposed models: simply supported deck with the
height of the piers of 10, 20 and 30 meters. The letters O, I, a, b, ¢, d and f represent the
original structure, the structure retrofitted with steel jacketing and the several types of
interventions with the incorporation of isolation devices, respectively. As it can be observed
in the figure 4.1, the incorporation of steel jacketing modified not much the failure
probabilities of the structure while; the use of isolation mechanisms can arrive to decrease
substantially such failure probabilities.

4.4. Quantification of behaviour coefficients for curved RC bridges

Vaz and Bairrao (Vaz and Bairrao 1996 and Vaz 1994) propose a methodology for the
assessment of behaviour coefficients to be adopted in the design of RC bridges. These
behaviour coefficients are usually used to correct the effects of non-linear behaviours that
elastic designs do not consider. This research uses the concept of vulnerability function as a
fundamental tool for the computation of the probability of failure of the whole structure.

The procedure of Vaz and Bairrao is based on the theory of the reliability of structures,
where is estimated the forces F that acted in the structures and the resistance R, that they have.
The intensity of the forces is measured by a real variable, x. Failure occurs when this variable
reaches the resistance R,.. Assuming that F* and R, are independent random variables, it is
possible computed the probability of failure as:
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Figure 4.1 Failure probability. Simply supported deck and piers of 10, 20 and 30 meters

Py = [ Sr 0., R, = [ F, ) (o (4.6)

or, equivalently,

)

P, = [(1=F, (x)) f;, (x)dx 4.7)

where: fr(x) and fg.(x) are the density of probability functions of the forces and resistance,
respectively, and Fr(x) and Fg.(x) are the cumulative probability functions of F and R,
respectively.

In this context, the probability characterisation of the variables F and R, is unknown.
However, the definition of failure of a structure can be based on the failure of its elements or
on values of parameters that define its overall behaviour.

4.4.1. Estimation of the vulnerability function

For the estimation of the vulnerability function for bridges, Vaz and Bairrao assumed that
the structure failure depends of its element failure and essentially incorporate the following
steps:

1. Definition of the control variables, as the variables that describe the earthquake action
effects on the structure. The selection of the type and number of control variables is a
consequence of the conditions defined for the failure of the elements.

2. Computation of the control variables by linear analysis, considering the characteristic
value of the earthquake actions.
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%

Design the structure using the results of the linear analysis corrected with the behaviour
coefficients to be assessed.

Evaluation of the vulnerability function, defined as a non-linear function relating the
values of the parameters describing the loading (%) with the values of the control variables
(¢), i.e. the relation between ground motion size and damage. This step is most difficult in
the process due to it requires a huge computational effort for the non-linear analyses.

The method described for the above steps requires non-linear analyses for each level of

the peak ground acceleration considered. The value of the vulnerability function is estimated,
for each ground motion level, as the mean value of the maximum values of the control
variables obtained for several input seismic records. To translate the numerical results of the
non-linear analyses to a single function representing the overall structural resistance is a very
difficult process. To achieve this function, Vaz y Bairrao evaluate the above four step in the
next separated points:

Assignation of a probability distribution of the control variables at the critical sections.
Usually, it is acceptable the adoption of a lognormal distribution.

For a given value of the earthquake size (parameter A), it is compute, for each critical
section, the local probability of failure Pj,. This failure is evaluate taking the ordinate of
the cumulative function corresponding to the density function in equation 4.8. The global
probability of failure, the bridge failure, is evaluate as:

Proy =1- H (A= P) (4.8)
i=l

where: Py, represents the global probability of failure for the actual value of the
parameter / and n, is the number of critical sections. The equation (4.8) assumes that the
bridge failure is accomplished by the failure of all independent critical sections.

The procedure can be extended if the structure has more than one material. In that case,
the probability Py, shall be estimate for all the materials and a generalised probability of
failure Pgg,) can be calculated. The probability Pgp takes into account the behaviour of
several critical sections and several materials. The general probability is given by:

e

PS(-’!) =1= H (l - Pj'(h) )m (49)

m=1
where: nm is the number of materials considered.

Repeating the procedure for all the values of the parameter s, so a generalised
vulnerability function is obtained and the corresponding cumulative function F, as well,
whose meaning is similar to Fg.(x) in equation 4.6. The probability of failure is then
computed by:
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Figure 4.2 Bridge models used by Vaz and Bairrao.

P, = [ f,(WE.(V (h))dh (4.10)

where f(h) is the density of probability function of the ground motion (hazard) and
F.(V(h)) is the cumulative probability of the resistance of the structure.

4.4.2. Example of application

To apply the procedure of the vulnerability function of bridges, Vaz and Bairrao propose
as structural models regular bridges, with three and five piers of hollow circular sections and
pier heights between 14 m to 28 m. In addition, these models consider variations of the
curvature radii with values of 250 m, 500 m and an infinite value (straight bridge). The
general layout of the bridges used is schematically shown in figure 4.2. Considering the above
conditions and the behaviour coefficients, a total of 36 different structures were designed and
analysed

After the evaluation of the dynamic characteristics of bridges, the structures were
idealised by spatial models with beam elements, considering six degree of freedom per node.
Additionally, the deck of the spatial models was assumed as an elastic element with
distributed weight.

Normally, any quantity describing the response of the structures can be used as control
variables. In the particular case of Vaz and Bairrao, the maximum values of strains in each
critical section of the bridge were selected as control variables, principally due to the intuitive
characteristics of these quantities and the used of a fibre model. Therefore, the only results
retained from the non-linear analyses were the maximum compressive strains at the concrete
and the maximum tensile strains at the steel reinforcement in each critical section, taking into
account that these two materials defined the local failure conditions.
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Figure 4.3 Fragility curves of straight bridges

The earthquakes were represented by probability functions of the peak ground
acceleration. The extreme type I distribution (considering a 50 years reference period and
peak ground acceleration ag) were assumed by Vaz and Bairrao. As an example, the
probability of failure obtained for the straight longitudinal axis bridges have been plotted
against the fundamental transverse frequency in figure 4.3, as a fragility curve. In this figure
can be observed that the structural vulnerability increases when the natural frequencies in the
transverse direction decrease.

Vaz and Bairrao concludes that further research is need, considering more complex
structural types, the real behaviour of decks and bearings by vertical accelerations, higher
values of the peak ground acceleration, improvement in the numerical models (although this
conduce to increase the computational costs) and the study of the structures with the
simultaneous action of all the earthquake components.

4.5. Seismic fragility curves of bridges using a finite element model

The approach to fragility curves adopted by Mullen and Cakmak (1997) is one in which
the relationship between damage and seismic intensity is obtained trough numerical
experiments, with artificial events and damage responses of bridges. The damage responses
were obtained using non-linear dynamic time history analysis of structural models with a new
3D-pile damage element. The random nature of the above relationship is considered by
creating a finite number of realisations first of the system and then of the input motions.

In next sections will be described the steps followed by Mullen and Cakmak in their
analytical procedure to obtain fragility curves for bridges. For a more detailed information
about the formulation of the 3D-damage pier model, it should be consulted the report of
Mullen and Cakmak (1997).

4.5.1. Hypothesis of the analysis
In its analysis, Mullen y Cakmak considered the following hypothesis:
e 3D damage element. One of the most important aspects inherent to the evaluation of
the vulnerability of bridges is the prediction of damage response to seismic events,

principally for pier elements. Common design and analytical procedures for highway
bridges have tended to ignore the 3D nature of response and its effect on damage



36 Seismic models of bridges

estimation, primarily due to the complexity this introduce to the problem.
Unfortunately, in most cases, the 2D approximation not always reproduces the real
behaviour and more detailed analyses have required. Attendant to this aspect, Mullen
and Cakmak developed a 3D approach to take the damage response of RC highway
bridge piers, submit to a flexure state. The formulation proposes by Mullen and
Cakmak is consistent with basic principles of continuum mechanics and offers a
unique approach to fiber modelling of reinforced concrete piers.

The formulation of Mullen and Cakmak is based on the formulation of a new
element. This new element considers behaviours such as concrete tensile cracking,
concrete softening and spalling and plasticity of longitudinal reinforcement up to
fracture strains. Additionally, confinement effects of transverse reinforcement on
concrete strength and ductility are considered. The proposed model incorporate the
constitutive law, the kinematics and continuity by means of a fiber approach, where
the coupling between normal and shear stress and strains components is neglected.

The formulated element considers the damage through the variation of the secant
stiffness of an element of two nodes. This element adopted a lumped mass formulation
and it is based on the no-warping Bernoulli-Euler assumption for kinematics of a
cross-section during combined axial and biaxial flexure deformation. The stiffness of
this element, base on a local element reference system, is integrated by means of a
fiber approach; considering discrete section areas with material characteristics
constant in each section. Over each of these areas is evaluated the time-dependent
variation of the principal axes (translation and rotation) of the cross-section for the
integration process of the element stiffness.

e Constitutive laws. The tangent stiffness of the element is derived considering the
implementation constitutive laws of the materials at every point of the element.
Mullen and Cakmak selected two stress-strain relations for concrete material (confined
and unconfined) and one for steel fibers.

4.5.2. Fragility curves

Mullen and Cakmak (1997) considered the maximum (inter)story drift ratio as a damage
index for use in fragility analyses of 3D bridge systems. This index was used because it
shown to be one of the most reliable-damage indices for building columns. The maximum
(inter)story drift ratio is defined as the maximum relative displacement of the column ends
normalised with respect to the building height. In bridges case there is only one "story". If
Or.max 18 the maximum relative pier end displacement, the drift damage index used is defined
as:

DI =—== (4.11)

where: DI is the damage index and H is the height of the taller pier.
The variables selected as random variables for the analysis were:

e [ = elastic modulus of the concrete.
e [, = elastic modulus of the trilinear curve of steel elements.

e 0p° =undamaged compression stress of the unconfined concrete.
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No. |8, max (%) | Classification Material damage behaviour
1 0.4 Light Moderate unconfined concrete degradation
2 0.8 Minor Moderate confined concrete degradation
3 1.2 Moderate Severe confined concrete degradation
4 >1.6 Severe Confined concrete crushing; bar fracture

Table 4.1 Damage limit state classification

Deck section

Pier with spiral
reinforcement

Figure 4.4 MRO bridge scheme

® kj, kp= free parameters of the constitutive concrete law.
o £°(0.20p)= undamaged compression strain of the unconfined concrete.

These variables were chosen because they were considered representative of the non-
linear response of the structural model. For convenience, all the variables were considered
uncorrelated. The random variables E,, E, o;° were assumed to be normally distributed with
mean given by the calibration values of the pier model and coefficient of variation of 0.1. The
remaining variables, k;, k» and £°(0.20p), were assumed to be uniformly distributed within a
prescribed range value.

For each damage limit state, i, the value of fragility, Py, is defined as the conditional
probability of exceeding the damage state, DI ', given and excitation of intensity, 7,/ (with
PGA values as measure of intensity), as expression 4.12.

Py =P[DI>D% -p‘]:I‘F"'(D!"J (4.12)

where: F is the cumulative probability distribution for DI’ at intensity ;.
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Figure 4.5 Model of the selected structure
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Figure 4.6 Fragility curve for the bridge

The classification of the damage limit states, using the displacement damage index, that
was proposes by Mullen and Cakmak is indicated in table 4.1. This classification is
principally based on material damage behaviour. The value for severe damage of 0.0016 is
close to the value of interstory drift of 0.02, which is considered a severe damage limit state
for buildings.

4.5.3. - Example

The formulation of Mullen and Cakmak is used to model the piers of a bridge, for which
is obtained the global damage. The modelled bridge is the one represented in figure 4.4,
located in El Centro, California.

This bridge is a RC two-span continuous overpass with a single-pier bent at the deck
midlength. The deck is a three-cell box-girder, which is integral with the solid pier cap located
at the centre and integral with the RC abutment walls at the ends. The bridge was modelled
using a finite element with formulations of pier damage (as are shown in figure 4.5). The FE
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model includes a linear, homogeneous and isotropic deck-element and a fiber pier model with
spiral reinforcement detailing and consideration of the confinement effect. The consequence
of the surrounding soil at abutments and pier foundation is considered by means of stiffness
and mass elements. The artificial records are obtained starting from real records registered
during the Imperial Valley earthquake. With the above procedure a set of 30 realisations were
generated.

For the modelled structure and for the random variables, the responses to the defined
seismic action were obtained. Through these responses the damage index were calculated.
Mullen and Cakmak accomplished a minimum least square linear regression analysis of the
random input motion results to obtain fragility curves. An example of these continuous curves
between drift damage and earthquake size is shown in figure 4.6. Thus, if Pr= 0.5, is seen that
values of PGA of 0.4, 0.55, 0.7, and 1.0g are required to achieve light, minor, moderate, and
severe damage limit state, respectively.
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Models based on expert’s judgement

In this chapter will be discussed the methodology used by the Applied Technology
Council (ATC-13 1985 and ATC-25 1991) to determine the seismic vulnerability, at national
level, of the common bridge typologies existing in the United States of America. The
evaluation proposal by the ATC to obtain damage probability matrices (DPM) and fragility
curves is based on rigorous statistic analysis of expert's opinions about the general behaviour
of the structures. As opposed to the methods commented in chapter three, the methodology of
the ATC does not assign a global value of fragility to each bridge, in its place provides
qualitative classifications of damage states and works with those values. Additionally, the
ATC methodology is different of the methodology followed by the examples that are
explained in the next chapter six, in that the statistic analyses are accomplished based on the
experts opinions and not on real damage data.

In the ATC-25, the principal objective is the estimation of the indirect and direct probable
costs of the systems submitted to different seismic action. To obtain these costs, it was: (1)
digitised the more complete data inventories; (2) estimated the damage probability matrices;
(3) calculated the fragility curves; and, (4) characterised the continuous functions of residual
capacity. In the following paragraphs, the methodology followed in the ACT-25 for the
calculation of the costs produced by seismic action will be discussed, making special
emphasis on the bridge structures.

5.1. Data inventory

As it was commented previously, an adequate and exhaustive summary of the data can
leads to correct results; however, sometimes this is not possible due to economical, political
or technical conditions. In ATC-25, a comprehensive national digitised data set on the
highway system was obtained. The system includes state and federal highways, but excludes
county and local roads. The data include the location of the different facilities and some
information of them as, for example, the number of spans or the number of bents. The studied
structures are, as a rule, systems adequately designed against lateral loads and earthquakes.
They are structures mainly built after the seventies and include systems composed of steel,
RC (principally), masonry and wood. The database used in this research includes 144 785
bridges.

5.2. Damage probability matrices (DPM) of the ATC-13

In the ATC-25 were not estimated the damage probability matrices (DPM) of the
structures, since these were taken from the ATC-13 (1985). Such DPM are obtained for all the
structural typologies in the American State of California. In ATC-13, a number of
classification was assigned to all the structures, starting with its seismic behaviour and
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function. For bridges, in ATC-13, the assigned classification and the reference numbers
associated to each class are:

Bridges: [ Number
e Conventional (spans less than 150 m)
Multiple/single spans 24
Continuous/monolithic 25
e Greater (spans with more than 150 m) 30

The DPM proposals in the ATC-13 are in accordance with the format shown in table 5.1.
This table is the result of the application of Delphis method, which uses questionnaire
formulation. The information is obtained from individual expert’s answers, repetition of the
questionnaires (for information feedback) and, finally, statistical of the answers. In these
questionnaires, the experts assign a damage factor and a weight to each structural typology
with various degrees of deterioration. Therefore, the values provided by each expert are based
on the experience and the quality of theirs answers. The results obtained from the
questionnaires are the average and standard deviation of the random variable "damage
factor", for which a function of probability distribution is fitted. For this case, the probability
distribution selected to this variable is the Beta function.

Finally, the probabilities (as shown in table 5.1) for each considerate damage state and
earthquake size, are obtained through the following expression:

X+l

P(X))= [fr(x)dx  j=0L.,N, (5.1)

in which: P(X ;) is the probability of a damage factor between x; and x;+/;
YJ = U [Fy(xj +1D)-F(x, )] is the mean damage state; F(x) is the cumulative Beta

probability distribution, and Ny; is the total number of damage states.

Table 5.1 is a format example used in the ATC-13, but also shows the DPM obtained for
the classification number 25 (monolithic bridges with span length smaller than 150 m.). Thus,
if in California occurs an earthquake of intensity IX on the Modified Mercalli Intensity scale
(MMI), it can be concluded that this type of bridges has a probability of 56.5% to suffer light
damage.

5.3. Loss of function and restoration times

These functions are obtained by means of statistics from restoration time and loss of
function of different structural groups. Such functions are also the result of the research
developed by the ATC-13 and are estimated through a similar process as for the damage
probability matrices, that is, through statistics of expert’s judgements.

In the questionnaires proposed at this stage, it is considered: (1) it was not urgent to repair
the damaged structure; (2) there are unlimited resources for its repair; and (3) there is a plan
for repairing the structures. Thus, the restoration times are obtained starting from the expert’s
opinion, for percentages of restoration of 30%, 60% and 100%.
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Damage |Damage |Central Probability of damage (%)
State Factor |Damage MMI intensity and damage state
(%) (%) VI | VII | VI | IX X XI | XII
None 0 0 93.6 | 81 | 0.9 - - - -
Soft 0-1 0.5 64 | 778 | 17.6 - - - -
Light 1-10 5 - 14.1 | 78.6 | 56.5 - . -
Moderate 10-30 20 - - 29 1435| 1.8 | 1.2 0.7
High 30-60 45 - - - - 98.2 | 36.8 | 5.7
Great 60-100 80 - - - - - 619 | 39.1
Collapse 100 100 B - - - . 0.1 | 54.5

The damage states are described as:
None = No damage
Soft = Minor damage of some elements, not required reparation
Light = Mean damage located in some components, generally repair is not required
Moderate = Mean damage located in many components, some repair is required
High = Extensive damage that requires greater repair
Great = Great scattered damage, it has to be decided between repairing or demolishing
Collapse = Total destruction of the greater part of the system
Table 5.1 DPM for conventional bridges (class number 25, ATC-13)

DS NEXP M30 S30 M60 S60 M100 S100
Soft 4 0.3 04 0.3 0.4 1.1 1.3
Light 4 1| 1.3 2.2 3.0 8.4 6.2
Moderate 4 33.8 33.9 52.7 43.7 84.4 60.7
High 4 84.4 60.7 146.3 87.4 303.6 72.0
Great 4 419.8 112.1 592.0 87.2 686.0 217.6
Destruction 4 - - - - 752.9 180.9

DS = Damage state
NEXP = Number of consulted experts
M30 and S30; M60 and S60; and M100 and S100 = Mean and standard deviation of the experts
Jjudgements for a percentage of restoration of the 30%, 60% and 100%, respectively.
Table 5.2 Loss of function and restoration times, in days. Conventional bridges (ATC-13)

The structures were again classified, according their commercial function. The
commercial group of the bridges, highway systems (group 25), is constituted by: important
bridges, tunnels, conventional bridges, conventional highways, roads without toll, streets of
cities and terminal stations. For each category and for each commercial group, factors of
importance were determined, also through expert’s judgement, to evaluate the global
behaviour within each commercial group.

An example of the obtained loss function and restoration times matrices for conventional
bridges is shown in table 5.2. From this table can be concluded, for example, that there are
necessary, in average, 592 days to obtain a 60% of reparation, when the structure has suffered
a greater damage state.

5.4. Fragility curves
Starting from the damage probability matrices, loss of function and restoration times

matrices of the ATC-13; the fragility curves for each structural typology and for each seismic
scenario have been obtained. The fragility curves are represented by the repair cost, expressed



Chapter 5 43

as a fraction of the total value of the element. On the other hand, the restoration curves
indicate the capacity of the structure as a function of the elapsed time since the earthquake
occurred. The calculus process of these curves considers:

1. Determination of continuous relation between seismic damage and earthquake size. To
achieve these relations, statistical regressions of the form were performed:

DMG = exp(c,)MMI* (5.2)

where: DMG is the central damage factor for each damage state; MM/ is the size of the
earthquake and ¢; and c¢; are the regression coefficients, starting from data of the
ATC-13, for each class of bridges. A damage curve of the form shown in figure 5.1 is
thus determined for conventional highway bridges.

2. Data on time-to-restoration for different social function groups are use to perform the
following regression, which gives a continuous relation between the damage state and the
corresponding restoration time:

T, =exp(c;)DMG* (5.3)

where: Ty is the restoration time, in days; DMG is the central damage factor for each
damage state; and, c; and cy are the regression coefficients. Regressions of the above
form are performed for each group using the data of ATC-13 on restoration times for
30%, 60% and 100% restoration.

3. The regressions obtained from the previous two steps are used to arrive at the restoration
curves. The restoration curve for each bridge group and for each intensity is obtained by
fitting a straight line through the three points corresponding to 30%, 60% and 100%
restoration time. The regression line has the following equation:

R=c,+(c,)T,) (5.4)

where: R is the percentage restored, 7% is the restoration time, in days, and, ¢s and ¢4 are
the regression coefficients.

Figure 5.2 shows the restoration times relation (in days) versus the residual capacity for
conventional bridges in California. This figure also indicates the values of the regression
coefficients, calculated for several MMI intensities.

5.5. Direct damage

The economic impact of disruption of lifelines is function of the economic losses from
damage. These costs were divided into that occasioned by direct and indirect damage. Direct
damage is defined as damage resulting directly from ground shaking or other collateral
causes, such as liquefaction. For each structural class, it is expressed in terms of cost of repair
divided by replacement cost and varies from 0 to 1.0 (0% to 100%).



- Models based on expert’s judgement

Conventional bridges

D=100%

D=50%

D=0%

VI VI VIII 1% X
Modified Merealli Intensity (MMI)

Figure. 5.1 Fragility curves for conventional bridges in USA
CA= Structures in California, NC= zones of strong intensity outside of California and O = others

R R=100% i
| (MMI VI

: MMI IX
; MMI X
d
u
. ]
! R=50% MMI 2. L

| 6 0297 0907
g 7 0272 0.759
2 i 8 009 0.049
P 9 0074 0021
2 10 -0.094 0004
i R=0% R =cs * days + ¢;
t
g } }

30 &0 90 120 150 180 210 240 270 300 330 365
Elapsed time in days

Figure 5.2 Residual capacity for conventional bridges in California.

In the ATC-25 the direct cost is determined using (1) estimations of ground shaking
intensity provided by the seismic risk model, (2) inventory data specifying the location and
type of structure affected, and (3) fragility curves that relate seismic intensity and site
conditions to expected damage.

In ATC-25, the analysis approach to estimate direct damages considers both damage
resulting from ground shaking and damage resulting from liquefaction. Damage due to other
collateral loss causes, such as landslide and fire following earthquake, are not included
because of the unavailability of inventory information and the lack of available models for
estimating these losses.
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Figure. 5.3 Residual highways capacity in the epicentral region after a given seismic scenario

The analysis approach used for estimating the direct seismic damage assigns, for an
earthquake scenario, MMI levels to each 25 km grid cell in the affected region, together with
the magnitude and the fault rupture location. Damage states were then estimated for each
affected lifeline component in each grid cell, using the fragility curves calculated previously.
Damage due to liquefaction was estimated using the probability of ground failure in each grid
cell, according to the soil conditions. After the damages due to the seismic ground motion and
the liquefaction were established, the total direct damage was calculated. As suggested in
ATC-13, the total direct damage being simply the sum of damage due to the earthquake with
the damage due to liquefaction, being this sum always equal to or less than 1.0 (100%).

For comparative purposes, four damage states are considered by ATC-25: (1) light
damage (1-10% replacement value); (2) moderate damage (10-30% for the replacement
value); (3) heavy damage (30-60% of the replacement value); and (4) major damage up to
failure (60-100% of the replacement value).

5.6. Indirect economic losses

The indirect costs are the economic effects produced by the interruption of the activities
after an earthquake. These indirect effects are nowadays very important, however, only a few
projects have been directed to their evaluation (Chang et al., 1998).

A simple approximation of the evaluation of these indirect losses is developed in the
ATC-25 for the lifeline systems in the United States. The proposed methodology is based on
the estimation of the interruption time of the lifeline services by direct damage and the
determination of the resulting economic losses of this interruption. The procedure is divided
into two parts:

e Evaluation of the interruption of the service of the system. The interruption of the service
of the structures resulting from direct damage is quantified in residual capacity plots that
define the percentage of function restored as a function of time. The curves are estimated
for each structure type using: (1) the time-to-restoration curves, (2) estimation of the
seismic motion intensity by means of seismic hazard models, and (3) inventory data
specifying the location and type of structure affected.
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The continuous functions evaluated at point 5.4 (as those of figure 5.2) are applied
directly as curves of restoration times if the lifeline components are site-specific systems,
such as bridges. For extended regional networks (pipelines or highways), special analysis
procedures were used (see ATC-25 1991). The use of the restoration curves origin the
residual capacity, defined by means of “structures interruption plots™ that show
restoration in one-month-interval step function. Initially, these step functions were
computed for each structure in a region, and then averaged over all structures of the same
type of the region using the following equation:

RC; = i(C,.xRJ )!26‘,. (5.5)

i=1

where: RC; is the residual capacity at time step j, C; is the capacity of structure i (obtained
from databases or considerate equal for all the structures, generally the more probable
value), R; is the restoration of structure 7 at time step j, and ny is the number of structures.
An example of such restoration curves for highways group, to which belongs bridges,
is showed in figure 5.3. In this figure, one can see that immediately after the earthquake
the system losses 95% of its capacity, being its total restoration achieved after 420 days.

Indirect economic losses. Indirect economic losses are estimated for each structural
system and seismic scenario using the residual capacity plots and economic tables. The
equation used to calculate indirect economic losses is as follows:

=
(]
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where IEL is the Indirect Economic Loss, N; is the number of affected regions, N> is
the number of economic sectors, N3 is the number of months the structural system has
loss in capacity, 4z is the percent "Value-Added-Lost" per month, By, is the national
percent U.S.A. "Economy Value Added", Cjg is the percent of population affected,
and Dy is the monthly "Gross National Product". The economic value is the
production cost less the materials cost, for each economic sector. This and the
percentage of the economic value of the nation are determined by governmental
economic sectors.

5.7. Recent researches on loss assessment

After the publication of the ATC-25, the researches that evaluate losses occurred during

earthquakes have increased. This increase is mainly due to the huge economic loss produced
by recent earthquakes and to the constant development of the computational models. Some of
the most recent researches on this topic can be consulted in Alarcén (1997), Bourque (1997),
Brookshire et al. (1997), D"Ayala et al. (1997), Eguchi et al. (1997), Hwan et al. (1997), King
(1996), King et al. (1997), Kircher et al. (1997a and 1997b), MacCormak (1997), Olshansky
(1997), Rojahn et al. (1997), Shinozuka et al. (1997), Werner et al. (1997), Whitman et al.
(1997), and Who (1997).
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Among these, evaluations of losses in the highways system, especially for bridges, are
reported in Brookshire et al., Eguchi et al., King et al., Rojahn et al., Werner et al., and
Whitman et al. The aspects improved in previous researches included:

1. The acquisition and managing procedures of data (Eguchi, 1997, Rojahn et al. 1997),
including the application of Geographical Information Systems and telemetric
systems.

2. The estimation of the earthquake size using real and simulated records (Whitman et al.
1997).

3. The improvement of the damage probability matrices. Some researches include the
estimation of damage caused by post-earthquake fire and other collateral effects as
landslide and fault displacement (Kiremidjian et al 2001).

4. The improvement of the loss of function matrices, considering for its evaluation
aspects as: the percentages of deaths and injured, rates of loss in contents, people
translation, time delays, etc (Rojahn et al. 1997, Whitman et al. 1997, King et al.
1997).

For the last point, numerous researches are being conducted now, principally to develop
reliable models to estimate traffic flows when one or several components of a
communication system are collapsed.
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The last type of methodologies to determine the seismic vulnerability of bridges is
included in the statistic evaluations of damage data produced by past earthquakes. This type
of procedures is used in places where the available information is sufficient to achieve
adapted statistics conclusions; therefore, its application is restricted to zones with low or
moderate seismicity.

The procedures that will be commented in forward are based on statistic studies of the
damages produced in different structural typologies, to assign qualitative values of the
damage states, and to build damage probability matrices and fragility curves for each

typology.
6.1. DPM for transportation systems after Tangshan earthquake

The 1976 Tangshan earthquake caused important damage to people, building structures
and lifeline system. To comprise the earthquakes effects on bridges and to decrease their
damage, Xueshen and Shuming (1995) defined some damage probability matrices (DPM) for
the transportation system in Tangshan region. The DPM obtained were based on statistics of
loss dates of roads and bridges damages by the 1976 earthquake.

To get the DPM for bridges affected by Tangshan earthquake, five levels of damage were
selected: scarcely damaging, slightly damaging, damaging, heavily damaging and devastating.
Description of each level is as follow:

e Scarcely damaging. Bridges that have not been affected by earthquakes damage.

o Slightly damaging. There are not damages in the main load structure of the bridge. The
structure has some cracks, but these not affected the load force of the structure. The bridge
can be used after slight repair.

e Damaging. The main bridge structures were damaged or there are local damages.
Therefore, additional structure elements are heavily destroyed. The piers and abutments
have been lightly dipped and deformed. There are some small cracks in piers and union
zones. The seat support is displaced and displacements occurred in main girders. The road
approach is dipped. All of these problems have decreased the structural behaviour, so
normal use will be possible if the bridge is repaired.

e Heavily damaging. The main bridge structures were heavily damaged. Bridge piers and abutments have
been dipped. Horizontal displacement and inhomogeneous subsidence are obvious. All of these problems
have produced a structure in a dangerous state; thus, it is impossible to use it normally without heavy repair
and transforms.
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State Intensity
6 7 8 9-11
Devastating 0 0.038 0.052 0.289
Heavily damaging 0 0.019 0.287 0.267
Damaging 0 0.192 0.316 0.177
Slightly damaging 0.167 0.076 0.052 0.067
Scarcely damaging 0.833 0.769 0.289 0.200
Table 6.1 Damage Probability Matrix for Tangshan bridges
State Intensity
7 8 9 10-11
ALr 0.020 0.050 0.250 0.285
Bir 0.080 0.263 0.125 0.250
CiLr 0.900 0.680 0.625 0.464

Table 6.2 Loss of function matrix for Tangshan bridges

e Devastating. The structure of the bridge is fallen; its piers and abutments are broken to
fall. These bridges should not be used, so they will be demolished.

In this investigation, also, three classification of loss of function were used, these are
defined as Ap, Bir and Cpr. The classification Ar is assigned when interruption of the traffic
system take place. Bridges not used until important repair are included in Bir class, and Cir
class is for structures with normal function.

All the bridges located in the affected region were classified conform its typology,
damage level and classification of loss of function. Additionally, for each bridge was assigned
the intensity level (Chinese scale) suffered during the earthquake.

Based on the statistic methods, only one (because of less of data) DMP matrix of bridges
was obtained; this matrix is showed in table 6.1. Thus, conform to table 6.1, a bridge has a
probability of 0.287 of suffered a heavily damaging state when an earthquake with a Chinese
scale of 8 had occurred. Table 6.2 presents the loss of function matrix of bridges. Conform
this last table; a bridge has a probability of 0.250 of sustained interruption of the traffic
system (ALr) when an earthquake of intensity of 9 acted over it.

6.2. Evaluation of bridge damage data from The Loma Prieta and Northridge
earthquakes

During the Loma Prieta (1989) and Northridge (1994) earthquakes existing bridges were
damaged, principally those designed before the current California seismic code, implemented
in 1971. Bridge damage data from these earthquakes were used by Basoz and Kiremidjian
(Bas6z and Kiremidjian 1995 and 1998, and Kiremidjian and Basoz 1997) to define fragility
curves. Reports of bridge damage were analysed by these researches to evaluate its
characteristics and correlated them to observed or estimated ground motions levels and repair
cost. The research aims were to produce guidance on the seismic assessment, screening,
evaluation and retrofitting of transportation systems. Forward, the procedure followed by
Basoz and Kiremidjian will be outlined.
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6.2.1. Database characteristics

The first step for this kind of researches is the compilation of a comprehensive database
on bridge damage and repair cost, as was done by Xueshen and Shuming, 1995. This database
can be used for comparative studies on bridge damage and for to identify the needs for better
data collection and post-earthquake investigation. The collected database by the Californian
bridges, compiled for each earthquake, unclose:

e Structural characteristics, abutment type, number of spans, type of superstructure and
substructure, age, etc.

e Damage states for damaged bridges, minor and mayor for bridges damaged during the
Loma Prieta earthquake, and minor, moderate, mayor and collapse for those damaged
in the Northridge earthquake.

e Repair cost, including total estimated repair cost for a bridge, repair cost ratio, and
more detailed information on repair work and cost for each bridge that was repaired.
The repair cost ratio was defined as the ratio of repair cost to replacement cost of a
bridge.

e Soil type and peak ground acceleration at bridge sites.

Basoz and Kiremidjian consider that the damage states of bridges are a function of the
damage state of its components, such as abutments, substructures, connections and bearings.
To define a set of preliminary damage states for components of concrete bridges, expert's
opinion were consulted by means of a questionnaire. At this questionnaire, Baséz and
Kiremidjian ask to several experts if different damage conditions for each bridge components
are feasible to group in each damage level. In addition, the questionnaire consults for damage
conditions that can be assigned to the damage levels.

6.2.2. Classification of bridges. Data sets

Several data sets were used for statistical analyses, considering that similar characteristics
are expected to suffer similar damage under a given action. Therefore, aspects such as bridge
material, quality of the information, type of structural elements, bridge regularity, or the level
of seismic action were used to classify the studied bridges.

6.2.3. Correlation studies

The data on bridge damage were compiled in form of damage frequency matrices, which
are the number of bridges with each level of observed damage at different PGA levels. Then,
the damage probability matrices were obtained for each group of bridges. These were used to
define empirical fragility curves, by means of correlation analyses.

For the correlation studies were applied a logistic regression analysis, which are part of
the applied statistics. The objective of this kind of analysis is to find the best fitting model to
describe the relationship between an outcome and a set of independent variables. A logistic
regression model is used as a multivariate technique for estimating the probability that an
event occurs (Aldrich and Nelson 1984).
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6.2.4. Results

Fragility curves, results of the correlation studies followed by Bas6z and Kiremidjian,
will be commented in next sections. The description of the results is shown for Loma Prieta
and Northridge earthquakes in separate points.

6.2.4.1. Loma Prieta earthquake

In the San Francisco Bay area were located 4785 bridges, 76 of them damaged by the
Loma Prieta earthquake. In the analysis were only used 2329 of these structures (state
bridges) to conform the next data sets:

e 2131 structures were gathered in the highway bridge data set, classifying by
superstructure and substructure. 1883, (80%) bridges are concrete structures and 73%
were designed using pre-1971 design standards.

869 bridges were included in concrete highway bridge data set, considering concrete
superstructure and concrete substructure for multiple span bridges and concrete
superstructure for single span bridges.

e Bridges with regular structural characteristics were selected from the concrete
highway bridge data set to form regular bridge data set. This set is considered in
order to evaluate the effect of structural component types on bridge damage. This data
set summarised 1112 bridges. 67% of these bridges were designed according to pre-
1971 design standards; almost 50% of the systems had monolithic abutments; 80% of
the structures were multiple spans bridges and 2/3 of the multiple span bridges had
multiple piers per bent.

The damage report for bridges include 76 damaged structures, identified with minor or

major damage. Minor damage referred to damage of keeper plates and anchor bolts,
spalling and cracking of piers, cracking of abutments walls, shear failure, joint shear
failure, approach settlement and damage to restrainers. On the other hand, major
damage includes total or partial collapse, as well as damage to bearings and anchor
plates and significant cracking and spalling of the piers.

80% of the 76 damage bridges were designed by pre-1971 design standards. Only one
bridge designed according to recent design standards sustained major damage. In
addition, 43 of the 76 damaged bridges were structures with concrete super and sub-
structure subjected to PGA of 0.10g or larger. Due to lack of some information
available, only 28 of the 62 concrete bridges, which were reported as damaged, were
included in the correlation data set. Only six of correlation data set elements
suffered major damage.

Empirical fragility curves were developed from the damage matrices. As an example of
the results obtained by Basoz and Kiremidjian (Bastz and Kiremidjian 1995 and 1998, and
Kiremidjian and Basoz 1997), figure 6.1 shows the fragility curves obtained for bridges built
between 1940-1971. In these figures, the left plot represents the probability of being in or
exceeding a damage state versus the earthquake size; while the right represents the probability
of being in a damage state for a given earthquake size.
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Figure 6.2 Empirical fragility curves for bridges built between 1940-1971. 635 not damaged bridges and 35
bridges with minor damage. Loma Prieta earthquake

In other context, a database on the estimated repair cost was compiled for 84 bridges,
including total estimated repair cost and more detailed information on repair work. $280
millions were reported as repair cost for these bridges, 90% of it was for the repair of the
Cypress Viaduct, one of the collapse bridges. The distribution of all damage bridges by repair
cost and damage state shows that pier damage was the costliest for bridges with minor
damage, and the repair on piers, joints and decks contributed almost equally to rehabilitate
bridges with major damage.

Similar to ground motion-damage relationships, empirical fragility curves were obtained
for seven repair cost ratio levels (0-10%, 10-20%, 20-30%, 30-40%, 40-50% and >50%).
Examples of these fragility curves for single span bridges are shown in figure 6.2.

Based on the above analyses, Basoz and Kiremidjian conclude:

e The poor bridge classification in minor and major damage makes difficult to identify
structural characteristics that contribute to damage.

e Bridges with monolithic abutments performed better than those with non-monolithic
abutments, while bridges with partial abutments had a better performance at higher PGA
levels than bridges with monolithic abutments. Bridges with single pier bents had a worst
performance than those with multiple pier bents and pier walls.
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e Among the bridges with reported repair cost, about 50% of the repair cost was due to pier
damage, and about 21%, 18% and 2% of the damage was due to deck, joint and abutment
damage, respectively.

6.2.4.2 Northridge earthquake

A similar procedure to evaluate of fragility curves for bridges in Loma Prieta was
followed by Bastz and Kiremidjian for bridges affected by Northridge earthquake. The
database compiled includes 3533 state bridges and 2571 local bridges. Of the 3533 state
bridges, 3318 were grouped in the highway bridge data set. In addition, 76% of the bridges in
the highway bridge data set were designed according to pre-1971 design standards.

More than 85% of the bridges damaged in Northridge earthquake were concrete
structures. Among the concrete bridges, systems with concrete superstructure and concrete
substructure for multiple span bridges and concrete superstructure for single span bridges
totalised 3102 systems. 72% of the bridges were built between 1940-1971, 21% were built
between 1972-1980 and 5% were built before 1980. 64% and 31% of the single span bridges
had monolithic and non-monolithic abutments, respectively. Finally, 63%, 22% and 15% of
the multiple span bridges have multiple piers/bents, single pier/bent and pier walls,
respectively.

The studied bridges were assigned into four damage states: minor, moderate, major and
collapse. Major damage generally referred to bridges where piers spalling and rebar buckling
extended over a length of one pier diameter or more, or to cases where severe hinge damage
and near unseating occurred. Moderate damage was considered in bridges with pier spalling
or shear cracking without buckling, or with substantial damage in abutment/pier elements.
Minor damage was used for bridges with no danger or imminent structural collapse or easily
repairable damage.

After the earthquake, 233 damaged bridges were reported, 200 of them were concrete
highway bridges (28 single span bridges and 172 multiple span bridges). Only 164 of the
damaged bridge (27 single span bridges and 137 multiple spans bridge) had regular abutment
and/or pier bent types. Additionally, 160 of these 164 bridges were exposed to PGA levels of
0.15g or higher. 68% and 73% of the damaged bridges were designed by pre-1971 and 1972-
1980 design standards, respectively. Six bridges collapsed due to the earthquake. 20% of the
damaged bridges were single span bridges, 63% of them with monolithic abutments. At last,
61%, 25% and 14% of damaged multiple span bridges had multiple piers/bents, single
pier/bent and pier walls, respectively.

Empirical fragility curves were developed for the damage probability matrices using
logistic regression analysis, for the probability of exceeding a given damage state and the
probability of being in damage state (like to it was done with Loma Prieta damage data). The
empirical fragility curves, both unconditional and conditional on damage: that is, considering
all the study bridges (unconditional) or only those in which damage has occurred (conditional)
were computed when enough number of damaged bridges was available. As an example,
figure 6.3 shows the empirical fragility curves for bridges built between 1940-1971,
unconditional and conditional on damage, respectively.

The availability of information about retrofitted bridges permit to compute some fragility
curves for retrofitted and unretrofitted structures, some of these curves are presented in figure
6.4. The probability of being in a damage state is a little greater for retrofitted structures when
minor and major damage states occurred.
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Figure 6.4 Comparison of empirical fragility curves for retrofitted and unretrofitted bridges

A total of $190 millions were registered as the repair cost in the reports. The total repair
cost for the six collapsed bridges correspond to 75% of the reported repair cost of all damaged
bridges. The estimated repair cost are of $152.85, $30.87, $5.66 and $0.54 millions for
collapse, major, moderate and minor damaged bridges. Most of the repair cost for bridges
with minor damage was for approach settlement; piers and joints did not suffer damage. The
damage to abutments was the most significant type of moderate damaged bridges, while the
highest repair cost for bridges with major damage was due to pier failure. The average repair
cost for bridges that suffered major damage was about five times that for bridges with
moderate damage

The repair cost ratio was defined as the ratio of repair cost to replacement cost. Seven
repair cost ratio intervals were used: 0-10%, 10-20%, 20-30%, 30-40%, 40-50% and >50%.
Similar to ground motion-damage relationships, empirical ground motion-repair cost ratio
relationships were developed. Figure 6.5 shows the fragility curves obtained for bridges built
between 1940-1971.

Based on the analyses of data presented, Basoz and Kiremidjian emphasise several
important observations, these are summarised as follow:
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Figure 6.6 Empirical fragility curves for steel and concrete bridges.

e None of the steel bridges in the affected area collapse. Based on the damage data, the
probability of major damage at a given PGA level below 0.85g was the same for concrete
and steel bridges, as can see in figure 6.6. Steel bridges were more likely to experience
moderate or minor damage than concrete.

e Bridges with piers retrofits performed well and bridges retrofitted with hinge restrainers
suffered major damage. Additionally, bridges with single pier bent had the worst
performance among the pier bent types.

About 75% of the repair cost was due to collapsed bridges. Spent cost for pier and joint
damages, principally in bridges with major damage, were the majority of the repair cost. The
observed repair cost ration for single and multiple span bridges was not more than 10% and as
high as 50%, respectively

6.3. Fragility curves of bridges based on reported damages after Kobe earthquake

The bridges failure during the Kobe (1995) earthquake produced economical losses, time
delays and inadequate emergency activities. The necessity of characterizing the seismic
fragility of these structures, with the aim of performing their reinforcement and maintenance
to reduce their risk, had as a consequence many researches on this topic. Among these
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researches, the analysis of Tanaka (2000) and Yamazaki (2000) define the seismic
vulnerability of RC and steel bridges through the study of the reported damages after of the
Kobe earthquake.

The seismic vulnerability of the bridges of the affected zone was defined through damage
probability matrices and restoration matrices. To obtain such matrices, the studied bridges
were classified in five damage states (according to the remaining capacity of the structures),
in three states of traffic condition, and in different levels of peak ground acceleration (PGA)
or levels of the Japanese intensity. The five damage states were defined as:

Ag — Collapse,

A - Major damage,

B - Moderate damage,
C - Minor damage,

D - No damage.

while the states of the traffic condition were: (a) impossible traffic of vehicles, (b) difficult
traffic of vehicles, and (c) traffic of vehicles without problems. The statistical analyses of the
digitised data give as result damage probability matrices for the studied structures. As an
example of the obtained results, the damage probability matrix for 216 RC bridges studied by
Yamazaji (2000) in four routes is shown in table 6.3. Starting from DPM and considering that
the PGA and the Japanese intensity have a lognormal and normal distribution function,
respectively, fragility curves were fitted trough the minimal square technique. The resulting
fragility curves for the 216 bridges are shown in figure 6.7.

6.4. Hypothesis testing and confidence intervals for empirical fragility curves for bridges

As a preliminary bridge screening, Shinozuka developed a methodology mixture among
the analytical research (like the one used by Ciampoli, chapter 4) and the empirical way based
on the study of damage reports (like the researches of Xueshen and Shuming, and Basoz and
Kiremidjian).

The methodology proposes by Shinozuka to obtain the fragility curves of bridges
includes the following aspects: (1) professional judgement, (2) quasi-static and design code
consistent analysis, (3) utilisation of damage data associated with past earthquakes, and (4)
numerical simulation of bridge seismic response based on structural dynamics.

6.4.1. Empirical fragility curves for bridges affected by the Northridge earthquake

The empirical fragility curves obtained by Shinozuka (1998) are based on statistical
conclusions of records of the damage resulting from the 1994 Northridge earthquake. While
Basoz and Kiremidjian calculated the empirical fragility curves evaluating the statistical data
with a logit method, Shinozuka expressed they in the form of two parameters of the lognormal
distribution function. The empirical fragility curves of Shinozuka additionally are based on
the maximum likelihood method for estimation of the two parameters (median ¢ and the log-
standard deviation {) of the lognormal distribution. The likelihood function Lyis expressed as:

b= l—,[ [P i Pea)]™ 6.1)
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Route |Bridge damage Total
Ag A B C D
Chugoku Expressway -+ 0 7 5 55 71
Kinki Expressway 0 0 0 0 30 30
Meishin Expressway 3 -+ 5 1 74 87
Daini Road 0 0 1 2 25 28
Total 7 B 13 8 184 216
Table 6.3 Damage probability matrix for Kobe bridges
305
£

PGA (cmis2)

Figure 6.7 Fragility curves for the Kobe bridges

where: P(e) represents the fragility curve for a specific state of damage, ; is the PGA value to
which bridge 7 is subjected, ¢; is equal to 1 or 0 depending on whether or not the bridge
sustains the state of damage under PGA (a;), and n;y is the total number of bridges within the
region affected by the earthquake of interest.

The parameters of the lognormal distribution are estimated as ¢, and {y satisfying the
following equations and maximising L:

dinL dInL =0
dc ¢

(6.2)

The above describe method was applied to statistical data reported after Northridge
earthquake, using a PGA reported values at bridge sites and reported damage state at each
bridge. The fragility curves obtained for the studied bridges, associated with four damage
states, are plotted in figure 6.8 In this figure are shown, also, the median and standard
deviation of the lognormal distribution functions for each damage state.

The analysis of Shinozuka, to difference of the research of Bas6z and Kiremidjian, do not
classified the study bridges in terms of such attributes as age, design code, structural type,
materials, etc. The decision of not to classified bridges was made because it requires a
significant effort, a detailed database and an enough population size to permit a classification
with sufficient statistic information for each group.
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Models based on statistics of real damage data
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Figure 6.8 Fragility curves obtained by Shinozuka

6.4.2. Hypothesis testing and confidence intervals

To complete his statistical analysis, rather than making a fitting exercise, Shinozuka
accomplishes hypothesis testing and confidence intervals for the fragility curves in figure 6.8.
The steps followed to complete these analyses are:

1.

Test of goodness to fit. The probabilistic interpretation of the fragility curve P(a) as a
function of a, suggest that a structure will sustain a damage state with a probability
P(a) and will not sustain the damage state with the probability of /-P(a), under an
earthquake size a. This means that, under each earthquake size, the phenomena can be
described by a random variable X; following the Bernoulli distribution such that x;=1
when the state of damage is reached under «; and x;=0 otherwise. The variable
Yi=(X:-py), pi=P (ay, has the next probability distribution function:

(x,—p)> for x=0,1

(6.3)
0 otherwise

f(Y)={

Considering statistical independence of N random variables with Bernoulli
distribution, the sum of Y; variables, approaches asymptotically to a Normal
distribution as #,, the total number of structures considered, is large enough (>>1).
The mean and variance of this new variable are obtained by means of the expressions
on equation 6.4.

o

N
)= Z(X, -p) (64)

Since p; depends on the values of ¢y and o the standard procedure of hypothesis
testing suggests that for a significance level oisr, and a probability
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Figure 6.9. Confidence intervals for the minor damage state defined in figure 6.7

p=02t|51-a (6.5)

g,

the hypothesis that ¢ and {y are indeed the true value of ¢ and { will be accepted with
the significance level usually set equal to 0.05 or 0.10. The application of equations
6.3 to 6.5 to the fragility curve of figure 6.8 produced the next values of Py, which
passing the test of goodness of fit at the significance level of 10%.

& For
0.638 Minor damage
0.668 Moderate damage
0.548 Major damage
0.497 Collapse

Confidence intervals. The confidence intervals are use to estimate the statistical
variability between estimators and parameters, that is, the uncertainty associated with
cp and {y To obtain the confidence intervals, Monte Carlo simulation techniques were
used to generate realisations of the estimators ¢and ¢ . As an example, the confidence
intervals for the minor damage state fragility curve (figure 6.8) is shows in figure 6.9.

The difference between the curves of figure 6.9 indicates a confidence band in an
engineering sense. The confidence analysis described would have a significant impact
on the way in which the results of the socio-economic analysis are interpreted.



Chapter 7
Simplified elastic model

A first step in the analysis of damage caused in structures by dynamic loads is the
definition of the elastic properties of these systems. The characterization of structures in its
elastic range requires the definition of the dynamic properties, that is, mode shapes and
frequencies of vibration. To reach this objective, this work opted for the use of simplified
models that describe in a reasonable way the complex interaction between the elements of the
bridge.

As known, the determination of the modal frequencies or periods, that is, of the dynamic
characteristics of a structure can be complicated in the case of multiple degrees of freedom
systems, though simplified analysis procedures have been proposed. (Clough y Penzien 1975,
Craig 1981, Barbat y Canet 1994, Gémez et al. 2000). Thus, the equation of motion of an n
degrees of freedom system in free vibration and without damping is defined as

Mv(@)+Kv()=0 (7.1)

where M and K are the mass and stiffness matrices and V(¢)y v (t) are the acceleration and

displacement vector, respectively. For this system, particular solutions of the following type
are considered:

v(t) = Dsin(wt + ¢) (7.2)
where D is a vector that contains the amplitudes of the vibration and ¢ is the phase angle of
the motion. Deriving two times equation 7.2 with respect to time and substituting in 7.1, we
obtain:

Mo *Dsin(wt + @) + KDsin(awt + @) =0 (7.3)
which, eliminating the terms of the arbitrary sine function, can be written as

(K-wM)D=0 (7.4)

The system of equations 7.4 has solutions different from the trivial one if the
determinant is null

det [K - w*M =0 (7.5)

Equation 7.5 is the characteristic equation of the system with n degrees of freedom. Its
solution provides on n degrees polynomial function of «’, whose roots constitute the
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oscillation frequencies of the system in absence of external forces. Each frequency is
associated with a mode shape described by the corresponding eigenvector, or natural form of
vibration. The eigenvector, generally normalized to its maximum value, does not describe the
value of the amplitude of vibration; it only indicates the shape of the system during the
vibration for each of the eigenvalues. With the normalized eigenvectors, it is possible to build
the modal matrix @, whose rows contain each one of the mode shapes of the system.

It can be demonstrated that for stable systems with real symmetrical and positive definite
matrices of mass and stiffness (the general case in structural analysis), all the roots of
equation 7.5 are real and positive.

7.1 Simplified elastic formulation of the bridge

As a rule, the proposed simplified model considers continuous elements, with distributed
mass in piers and concentrated in girders. It is understood that when a pier is subjected to
seismic excitation at its base in transversal direction, the motion of the adjacent girders
restricts partially its transversal oscillations. Thus, a pier subjected to dynamic load is
displaced and causes the distortion of the bearings over it and the subsequent rotation of the
rigid continuous girders. In the proposed model the following general hypotheses were
considered:

1. The piers are modelled as continuous elements with distributed mass and infinite axial
stiffness.

2. The girder are modelled as a perfect stiff elements with concentrate mass, thus the
longitudinal and transversal deformations of the girders are neglected.

3. All the piers have the same longitudinal displacement.

4. The structure has bigger redundancy and strength in its longitudinal direction;
therefore greater damage will occur in its piers when subjected to transversal
excitation.

5. The bearings of the girders are modelled as equivalent short members. These have
circular cross section with real dimensions, and are supposed to work mainly to shear;
therefore the equivalence in stiffness will be achieved by modifying the shear
modulus.

6. The rotations of the girders, produced by the displacements at the top of the piers by
the seismic action, are simulated by using rotational-linear springs.

7. The soil-structure interaction effect in piers and abutments is considered by means of
linear springs that represent the rotational stiffness of the soil.

8. In the longitudinal direction, the girders are supported at its extreme by abutments,
also included as linear springs of great strength.

9. In the transversal direction, very rigid abutments are supposed. Therefore, the
displacements in this direction are neglected.
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Fig 7.1 Basic scheme for the analysis of the bridge

In a rigorous 3D analysis, six degrees of freedom by node are considered, what can lead
to very complicated analyses. Because of this, in certain cases simplifications that guarantee
satisfactory results are used. In the case of RC bridges with single pier bent (bridge typology
of analysis), the proposed simplifications are based on the previous hypotheses. A structural
model with n degrees of freedom was thus developed, being » the number of piers plus the
number of abutments. The transversal displacement at the top of each pier, assuming that this
displacement is governed by the rotational stiffness of the adjacent girders and the transversal
stiffness of each pier, were taken into account as the only degrees of freedom of the problem
(see figure 7.1). In addition, for this model a different seismic excitation is associated to each
pier. Thus, the spatial variability of the external load is considering. It is important to include
this aspect when geological or topographic discontinuities exist or in the case of structures
with large longitudinal or transversal dimensions, like bridges (E8 1998).

7.1.1. Evaluation of transversal stiffness of bridge in a mode i

The displacement of pier i generates a force distribution like the one indicated in figure
7.2. In this figure, F, is the inertial force, F, and F,"' are the elastic forces produced by the

rotation of the girders adjacent to the i-pier, and F', and F},, are the elastic forces produced

in the piers i-/ and i+/ by the rotation of the contiguous girders, respectively. That is, for the
study pier, the super-index shows the pier where the forces acted and the sub-index is
associated to the pier with it has the same rotated girder, left i-/ and right i+1. A same logic is
followed for the indices of the forces acted in the adjacent piers.

As it can be observed in figures 7.2 and 7.3, the worst condition occur where the two
adjacent piers are displaced in opposite sense to that of the displacement of the studied pier.
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Figure 7.3 Rotation of the girder elements

To determine the elastic forces due to the rotation of the girders, their motion is analysed.
It can be seen in figures 7.2 and 7.3 that the rotations produced at left, ¢ ', and at right,

@ '™, which depend on the relative displacement between the three contiguous piers, are

i-1_ V=V
o' [T J

i+1_
;=

Vi =V
L;'+|

(7.6)

(7.7)
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where L; and L;;; are the length of the left and rigth girders adjacent to pier i, respectively,
and v, Vi.; and v are the maximum displacements of the piers /, i-/ and i+1, respectively.

On the other hand, there are bearings on each pier of the studied bridge (see figures 7.4
and 7.5), simulated as short members with circular cross section whose behavior is mainly
governed by shear deformations. The influence of the supports on the behavior of the bridge
is associated to their shear modulus, G, the distance in plant between the geometric centers of
the bearings of each girder, A, their height, a, and the area of their cross section, 4,,.

In figures 7.4 and 7.5, the deformation produced by the loads transmitted from the piers
to the bearings can be seen. The displacement of the bearing, u, produces a couple of forces /*

— pei u-"’ _ G hﬂ
F=14,=(Gy)4, = G; 4,= -;qa? 4, (7.8)
having a moment defined by
GAP h
M,=F-h, = @-—|-h, (7.9)
a 2

where F is the shear force in the bearings, T is the tangential stress and u,=@ (h,/2) is the
relative displacement between the upper and lower part of the bearing element. Starting from
equation 7.9, the total force produced by the girder rotation is given by the following
equation:

oM. GA R’
F="HX=L=—1"" 7.10
7 7 ¢ (7.10)

Appling equation 7.10 to each pier of the bridge, and using equation 7.6, the force produced
in girder i-1 is

., |64 phj GA,h;
F‘r" = 2 V:’ - 2 Vj—l (711)
al; aL;
Following a similar process, the force due to the rotation of girder i+/ is
w | G4 phj GA, h?
E'f = 2 Vr' il 2 |r)i+1 (712)
aL;,, alLy,

Adding equations 7.11 and 7.12 and reordering the terms, the total elastic force, R;, due to the
rotation of girders adjacent to the pier 7 is:

o | GAR: GAR; GA,h; GA,h;
R =F"+F" = b Y= Vi = a— | Viai (7.13)
al; al,, al;

i+l
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Figure 7.5 Deformation of an equivalent short column

7.1.2. Transversal stiffuess of a pier for a mode i

Based on the general hypotheses stated previously, the pier is considered as a continuous
element with distributed mass. The soil-structure interaction effect is included by means of a
spring with rotational stiffness K® (see figure 7.6). Thus, the maximum displacement at the
top of the pier is

V, =Ve+V, (7.14)

being

i iri M;’
vy =6'L, =—*£ (7.15)

i

the displacement produced by rotation at the base of the pier, and
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(Ii
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Figure 7.6 Motion of pier i

9@y F &Y

v, = 7.16
i 8E, 1, 3E, I, ( )

the displacement produced by external actions. In equations 7.15 and 7.16, 6 " is the rotation
produced by the soil-structure interaction effect; M), is the maximum bending moment at the

base of the pier; K is the equivalent stiffness of the soil; ¢ is the mass load by unit length;

L*P, Ec' and I, are the length, Young’s modulus and the inertia of the cross section,
respectively; and Fj is the total inertial force.
Starting from the applied loads, the equation of moment of the pier is

M,(x)=q,(x*/2)+F, x (7.17)

For the maximum displacement of the pier, when x = L,, the equation of the bending
moment becomes

(L,)" ,-
M,(x=L,)=q,—2—+F, -L, (7.18)
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Substituting equations 7.15, 7.16 and 7.18 in equation 7.14, the maximum displacement
of the pier is written as:

q,(L,)’ Ly (LY | q(&,)
v,=——"‘( ) +F ( *”3 T 1572 (7.19)
2K, K; 3E, 1, 8E, I,
and from here is obtained the inertia force at the top of the pier
-LJ 3 a. Li 4
¥ = S W (7.20)
(Ljp ) # (Lrp ) 2 2Kfl SE{.; II
— +
K:'.\ 3Ec.-'1i

7.1.3. Pier-girder equation of equilibrium

At the top of each pier of the bridge, the total effective force is the sum of forces
produced by the rotation of girders with the forces due to the displacement of the element, that
is, the sum of equations 7.13 and 7.20. Applying now the second law of Newton, the total
effective force at the top of pier i is

E' =R +F, =ma, (7.21)

where m; is the mass associated to the degree of freedom i, and «; is the corresponding
acceleration. Substituting the values of R, = F'" +F"' (equation 7.13) and F, (equation

7.20) in equation 7.21, F," is expressed as

]
N GA h> GA h’
}:;",=”T'_-ﬂ :4|: 229_’_ Lf;a}+ : 1 : ,VJ_

@ @i (L.n)z + ( IP)]

K’ 3E.I

[ GA,h? GA,h?
al? Vi ™ al’ fa 72
i i+l

I {q, @) o) ]

IKS 8E I

i &
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Additionally, if the stiffness

GA,h; GA,h; 1
K,=—2t< 4 23, (7.23)
Yoall  aly (D)

[GA b2 |
K= G’L? (7.24)
GA h?
K= + (7.25)
‘ aly,

and the force

1 q‘f:‘ (L;,)) 0 q; (Ep T

F9=|- (7.26)
i i ) i .5 I
AN B
K} 3E,
are defined, the final equilibrium equation of each pier can be written as
F'+ma, =KV, - K, \Vin — K.,V (7.27)

Applying the former equation to each degree of freedom of the structure, an elastic
system of equations F = K v is obtained. K is the tri-diagonal stiffness matrix of the system
(K, is the force corresponding to the coordinate 7, due to an unitary displacement produced
according to coordinated j); F is the force vector and v is the displacement vector at the top of
the piers. Considering that the displacement at the girder-abutments connexion is null in the
transversal direction, the final stiffness matrix of the bridge is:

KZ‘Z KZ 3 0 0 0 VZ F2
K,y Kz Ki, 0 0 Vs F,
=| . (7.28)
0 0 0 n-2,n-2 KH—E n-l Vu—z F:J—E
L 0 0 0 Kn—-].u-z Ku-l,n—l N I_Vn—l n _ﬁ‘F:]—l N
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e Input data:
— Piers: length (L,); Young’s modulus (E,); area (4); mass (0 and
transversal inertia (/)
—» Girders: length (L); transversal area (4,) and mass (0,)
—> Bearings: shear modulus (G); area (4,); height (a) and distance between
bearing centres (/)

e Initial operations:
—s Mass associated to each vibration mode: m; (equation 7.29)
— Mass matrix of the system: M
—» Distributed forces: ¢ = 4, o,
5 Elastic forces due to the rotation of girders: ;. ;,and F'';; (equations 7.11
and 7.12)

o Stiffness matrix of the system: K (equations 7.23 to 7.28)

o Characteristic equation (equation 7.5)
—» Estimation of the n natural frequencies of the system

—> Determination of the periods: 7, = ——
i

Table 7.1 Procedure of the dynamic characterization of the bridge

In the case of the proposed simplified analysis procedure, it is assumed that the mass of
the bridge is concentrated in the points in which the transversal displacements have to be
obtained. Thus, the mass matrix of the bridge is determined as:

gy B . o 0 0
0 my . . . 0 0
M=| . . . oo (7.29)
0 0 . . « M_,s 0
0 O & = 0 A

where m;; is the part of the mass of the girders and piers associated to each degree of freedom.

Substituting equations 7.28 and 7.29 in 7.5, the characteristic equation of the system is
obtained. Starting from equation 7.5, modal frequencies or periods and mode shapes can be
determined for the » modes of vibration. A simple scheme describing the complete procedure
of dynamic characterization of the bridge is shown in table 7.1.
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7.2. Application of the proposed model to study the behaviour of the Warth bridge

The Warth bridge, localised to 63 km from Vienna, Austria, was built 30 years ago. It
was designed for a horizontal acceleration of 0.04 g, using a quasi-static method. Now,
according to the new Austrian seismic code, it is necessary to consider for the bridge site
horizontal design acceleration of the order of 0.1g (ONORM B4015-2 1998). The variation of
the seismic design acceleration aims to take into account the recent seismic activity in the
zone and the occurrence of more severe earthquakes than the corresponding to the period of
the design of Warth bridge. Therefore, a review of the structural behaviour is necessary to
ensure the safety of the structure during future earthquakes.

7.2.1 Description of the structure

Warth bridge has two spans of 62.0 m and five of 67.0 m, with a total length of 459.0 m.
The seven spans of the bridge give rise to six piers with heights of 31.0 m, 39.0 m, 37.0 m,
36.0 m, 30.0 m and 17.6 m, as it can be seen in figure 7.7 (Flesch et al. 2000).

Using the original design drawings of the Warth bridge (Flesch et al. 1999), the
geometrical properties of girders, piers and bearings were established. Thus, the following
values were considered in the present analysis

(4. =5.98m"
) I e = 103.74 m*
piers 1
I, =14.88m’
|J, =27.45 m*
(4, =10.5m>
» I, =136.65m"*
gﬂ" ers 4

I, =129.29m*
J, =73.24m"

. A =133m*
bearings
a=025 m

From the drawings it was also determined that the simple compression strength of
concrete was /7. = 45.0 MPa for girders and " = 40.0 MPa for piers. For both elements the
original weight density and the Poisson modulus of concrete were of y = 24. 0 kN/m’ and
v = 0.2, respectively. In order to consider the weight of the non-structural components (such
pavement), the value of the weight density of girders was modified t0 a value of
y=28.0 kN/m>. On the other hand, for the reinforcement bars y =78. SkN/m®, v = 0.3 and

E,= 2.E05MPa were considered.



Chapter 7 71

620m , 67.0m ,  67.0m ,  67.0m , 67.0m ,  67.0m , 62.0m
T T 1 T 1 1 i f

P, P; P, = pier

P, . E ; = abutment

| 0] [ [

| 2
footing  pier abutment

\r,,

X

I1535m

Figure 7.7 Elevation and plan views of the Warth Bridge

The elastic modulus of the reinforced concrete, E., was obtained using the Mixing Theory
(Hull 1987), which determines the properties of the composite elements, composed by more
than one material. In particular, the elastic modulus of the reinforced concrete was determined

by means of the following expression:

E, =k,E, +k,E, (7.30)

where

k= k, === (7.31)

and E;, E, and E. are the Young’s modulus of concrete, longitudinal reinforcement, and
composite material, respectively. 4, Aq and A are the associated areas to them. A value
Ej, = 2.8E04 MPa was supposed.

7.2.2 Experimental test

For the Warth bridge, the calibration of the proposed model (figure 7.1) was based on the
experimental results obtained by the OFPZ-ARSENAL Institute (Flesch et al. 1999, Duma
and Seven 1998). During the experimental campaigns structural damping, modal shapes and
modal frequencies were determined. Among the obtained results, the first modal frequencies
and periods of the Warth bridge are shown in table 7.2, in columns two and five, respectively.
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Mode Frequency (cycles/s) Periods (s)
Number | Experimental FE Simplified | Experimental FE Simplified
Model Model Model Model

1 0.80 (1) 0.845 (1) 0.858 1.25 (1) 1.18 (1) 1.17
2 1.10 (t) 1.070 (t) 1.064 0.91 (t) 0.93 (f) 0.94
3 1.62 (t) 1.500 (1) 1.282 0.62 (1) 0.67 (1) 0.78
4 2.23 () 1.930 (t) 1.400 0.45 (1) 0.52 (1) 0.71
5 2.98 (1) 2:55.(8 1.68 0.34 (1) 0.39 (t) 0.60
6 3.77 (v 3.03 (v) 2.982 0.27 () 0.33 () 0.33

T = transversal

Table 7.2 Frequencies and periods of the experimental and analytical options

fox Kol
E, Pﬁl E,

P, Ps

P3
Py

Figure 7.8 Simplified FE model of Warth Bridge

7.2.3 Simplified finite element model

As an alternative to calculate the dynamic characteristics of the structure, the bridge was
modelled by means of a simplified finite element model (FE model), using beam finite
elements. This second calibration model (see figure 7.8) was developed using the commercial
code ABAQUS (1999) and was also calibrate based on experimental results.

In this model, eight Timoshenko-beam elements were considered for the girders and
piers, and two for the footings (totally 116 elements). Box beams having equivalent elastic
propetties for girders and pin elements for the pier-girder zone were also used. Furthermore,
the following restraints were considered: (1) the three translational degrees of freedom were
fixed and the rotations in the connexion zone with the abutments were released; (2) the
connections between piers and girders assure the continuity in translation and fix the rotation;
and (3) the foundation of the piers was supposed to lean on a rigid base. Thus, the soil-
structure interaction effect was not considered. The mode shapes obtained for the simplified
FE model are shown in figure 7.9, and in the columns three and six of table 7.2 are given the
first six transversal modal frequencies and periods, respectively.

7.2.4 Proposed model

Base on the described methodology, the transversal frequencies of Warth bridge were
obtained for the first six modes of vibration. The characteristic equation 7.5 is solved using
the numerical algorithm of Jacobi (Press et al. 1992). During the analysis, the shear modulus,
G, of the bearings was used as calibration variable. The iterative procedure of calibration was
continued until values similar to the experimental ones were obtained.
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Figure 7.9 Mode shape and frequencies for Warth Bridge. FE model

The soil-structure interaction effect was not considered in this model. The main results
are the firs six modal frequencies (column four of table 7.2) and the corresponding periods
(column seven of table 7.2). The mode shapes associated to these periods are shown in figure
7.10

Comparing the values of table 7.2, a good correlation between them is observed.
Furthermore, when comparing the mode shapes obtained by means of the simplified FE
model and the proposed model (figures 7.9 and 7.10), it can be concluded that the three or
four first mode shapes are similar. The last mode shapes are similar, but different in
amplitudes. This last aspect is not essential, because it has been observed that in both models
the first modes of vibration govern the response of the structure.

7.2.5 Elastic analysis
Using the simplified FE model (figure 7.8) and the proposed simplified model, the

structural response is obtained by means of an elastic analysis. In this analysis, the following
sin function was used as input acceleration

(7.32)

10sin (5.0t) 0<t<10
a(t) =
0 other -case

whose frequency is the fundamental frequency of the bridge
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Figure 7.10 Mode shapes and frequencies of Warth Bridge. Proposed model

Number of Maximums values at the top of the piers
Pier Displacement Velocity Acceleration
(cm) (cm/s) (cm/sz)
1 3.52 17.79 95.44
2 7.24 36.64 193.50
3 8.51 42.00 222.70
4 6.22 31.20 166.67
5 2.61 .11 71.25
6 0.37 1.87 9.02

Table 7.3 Maximum values obtained with the FE model

Number of Maximums values at the top of the piers
Pier Displacement Velocity Acceleration
(cm) (cm/s) (cmisz)
I 2.16 11.41 61.39
2 6.94 35.85 188.79
3 171 39.91 209.11
4 5.62 29.30 154.06
5 1.86 9.42 55.02
6 0.25 1.21 9.93

Table 7.4 Maximum values obtained with the simplified proposed model
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Through the elastic analysis the maximum responses, displacement, velocity and
acceleration, of the simplified of FE and the proposed model were obtained. In tables 7.3 and
7.4 are shown these results. Comparing the values of these tables, a good agreement is
observed for these maximum responses.



Chapter 8
Damage characterization using the simplified model

A study of seismic damage requires to understand in which measure different factors are
responsible for the damage process and to derive from them some useful information. The
structural damage can provide a description of the seismic vulnerability of a structure and is
an indicator of various local phenomena.

8.1 Proposed methodology

To evaluate the seismic damage of a bridge, a non-linear analysis procedure is proposed
starting from the linear model described in chapter seven and especially from the formulation
of the mass matrix (equation 7.29) and of the stiffness matrix (equations 7.23, 7.24, 7.25 and
7.27). According to the general hypotheses of the elastic model, the girders remain in the
elastic range when the structure was subjected to the seismic action. Thus, the only members
that can be damaged are the piers.

In elastic conditions, the solution of the equation 7.27 assures the equilibrium at each
time instant. However, when the non-linear behaviour of the structural materials is taken into
account, the equation of motion for each pier is

F'+ma,— KV, =K, Vi — KV —F, = Ff (8.1)

a (]

where F, is the damping force for the pier i and F,* is the residual force or the out of balance

force that must be eliminated through a Newton-Raphson process. This unbalanced force is
due to the fact that the stiffnesses K, K,,,, and K, _, are not constant during the analysis

process and, consequently, the solution of the equation 8.1 should be obtained from an
iterative process.

To obtain the maximum damage for the bridge piers using the model described in figure
7.1, the non-linear equation 8.1 is solved by using Newark’s algorithm (Bathe 1996). In this
analysis the balance condition is achieved by eliminating F; by means of a Newton-Raphson

process, what indirectly eliminates the residual bending moment, AM . Consequently,
AM =M,—-M,, is the difference between the moment demand, M, and the resistant

moment, M,,. For each step of the non-linear analysis the properties of the system are
updated, considering the degradation of the material caused by the seismic action.

The steps followed to define the damage in any of the piers of the bridge are described in
following. The maximum global structural damage of the bridge is evaluated by using the
proposed simplified model, considering in the analysis only the damage at the base of the
piers due to the transversal seismic action.

int
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Figure 8.1 Simplified model of a pier used in the non-linear analysis

8.1.1 Top displacement due to the seismic action

Starting from the current mass, stiffness and damping matrices, the vector of
displacement, velocity and acceleration are obtained by means of the non-linear Newmark’s
method, described in Appendix A. This method obtains in an iterative way the structural
response at every time increment. Also, it considers a convergence criterion that assures an
out of balance incremental load vector lesser than a predefined tolerance.

8.1.2 Maximum external moment

The proposed methodology considers that the piers of the bridge are subjected,
predominately, to bending in the direction perpendicular to the bridge axis, as it is observed in
figure 8.1. In the following, the evaluation of the damage will be explained for any of the
piers of the bridge, without writing a sub-index for the pier.

Knowing the maximum displacement of a pier, the resultant force at the top and the
maximum external moment at the base (predictor) are obtained by means of

F,=v-k (8.2)
M,=F, L, (83)

where
k =3E"'1 (8.4)
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is the initial bending stiffness of the pier, F, is the elastic force produced by an external action
at the top of the pier, M, is the maximum external moment, v is the maximum displacement of
the pier (obtained by means of Newark’s algorithm), and E, I, and L, are the concrete
Young’s modulus, the inertia of the cross section and the length of the pier, respectively.
Starting from the maximum external moment, it is possible to calculate the maximum damage
that a pier can suffer due to the seismic action.

8.1.3 Damaged state of the structure

In the case of seismic loads acting in the transversal direction of a bridge (x; axis), the
elastic state of stress and strains in the longitudinal direction of the pier are

{8(x|;x3):):l(x3)'xl (85)
a(x;x)=E, -e(x;:%;)
where
M, (x;)
o N s TR 8.
X (x5) EI (8.6)

is the curvature of the pier, o(*) and &(*) are the stress and strain values, x; is the distance (in
direction of this axis) from the current point to the neutral axis of the cross section of the pier,
E.is the initial Young’s modulus of the pier, and M, is the external load function acting on the
element.

Substituting equation 8.6 in equation 8.5, the cross sectional states of stress and strain in
direction x; are defined by

a(x,;&)z%-xl
< (8.7)
a(X3%;5) = Mchx}) £

Starting from these equations, the internal moment for the cross section of a pier (see
figure 8.2) is given by

M, (x;)=], 0x dA, (8.8)

where the internal moment in the longitudinal direction M, (x,)is obtained by integrating

the moments of the elemental forces o dA, on the cross sectional area, 4., of the pier.
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Figure 8.3 Moment curvature diagram for a pier

When the studied element remains in the elastic range, the external bending moment and
the internal sectional moment of the pier are equal. However, when the elastic limit of the
material has been exceeded, the demanded moment, M,, is greater than the resistant moment,
M., and the residual moment (see figure 8.3) is

AM (x;) =M, (x;)— M, (x;) <Tolerance (8.9)

To reach the equilibrium, this residual moment, AM (x,), should be lesser than the imposed

tolerance value and has to be reduced by means of an iterative procedure based on Newark’s
algorithm (shown in Appendix A).

When the pier suffers damage, the state of stress developed in the damaged cross section
of the structure (equation 8.7) is evaluated by means of the following equation:

o (x;3%,) = £ %) E; 2,(65) %, (8.10)

where
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B = ) &S (8.11)

is the Young’s modulus of the damaged material, E?is the initial Young’s modulus (of the

undamaged material), and f{x;;x3) is the damage function that will be defined later.
Substituting equation 8.10 in 8.8, the internal moment of the cross section of the pier is

Minl(xﬁ):E:')Xl(xl)[d(xj{) (812)
where

I(xy) = [, f(x3%;) %] dd, (8.13)

is the inertia of the damaged cross section of the studied pier respecting the new neutral axis.
For each time increment, a predictor moment is defined by means of the following equation:

MO (x,) = E(x;) x,(x3) (8.14)

in which the elastic properties of the material have been used.

Then, for a time increment when the predictor moment produces an unbalanced load
increment greater than a tolerance (equation 8.9), the procedure considers an increment in the
curvature in order to obtain a moment corrector that could reach the equilibrium state. The
iterative process finalises if the out of balance load is lesser than the tolerance.

The convergence criterion used in the proposed methodology states that a stable response
can be obtained for the whole structure if

Y AM?
Y (M)

where TOL is the tolerance.

8.2. Damage function

Basically, the structural damage can be characterised in two ways. In the first, the damage
is described by means of global damage indices, which are scalar functions depending on
some variables (or damage parameters) that represent the dynamic response of the system
(Aguiar and Barbat 1999, Rahman and Grigoriu 1994, Park et al. 1985, Park and Ang 1985,
Powell and Allahabadi 1988). The other possibility is to estimate the structural damage in a
point. This is a reliable method to estimate the damage accumulation originated by a micro-
structural degradation starting from the Continuous Mechanics (Lemaitre 1992, Oller et al.
1992, Oller et al. 1996, Oller 2001). This former procedure was the methodological path to
damage estimation adopted in this research.

In order to define the damaged inertia and the internal moment of a cross section of a
pier, the local damage model proposed by Oliver et al. (1990), has been applied. The complete
description of this model could be observed in Appendix B of this work.
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Then, according to the isotropic damage model of Oliver et al. (see equations B.9 and
B.10 of Appendix B), the level of damage of the cross sections of a pier is evaluated by means
of the following damage function:

F(x3x5) =1=d(x;x5) (8.16)

where

d(xl;xﬂ)zl——Lexp[A—MB—)] (8.17)
7(x,;x,) T

being 7 the damage threshold (equations B.7 and B.8), 7 the effective stress, and 4 a
parameter depending on the fracture energy (equation B.11).

8.3 Determination of the damaged inertia

Due to the difficulties of performing a closed integration of equation 8.13 with the non-
linear damage function defined by equation 8.17, the tensor of inertia of the damaged cross
section is calculated by means of a numerical algorithm. It is important to note that the
selected integration algorithm should consider that one of the points, where the function to be
integrated is evaluated, is situated in the extreme of the cross section, being thus possible to
capture adequately the beginning of damage. Consequently, the algorithm of Lobato (Press et
al. 1992) was considered to perform the numerical integration.

When the cross section of the structure to be analysed is box shape, like the piers of the
Warth bridge, the inertia of the damaged cross section is obtained dividing the element in four
subsections, as shown in figure 8.4. For each subsection, the damaged inertia (equation 8.13),

the damaged area ( A’, equation 8.18) and the distance between its neutral axes and the global
neutral axis of the complete cross section are calculated.

AL ) =] Soixy) d, (8.18)

The global inertia of the damaged cross section, / i, is defined as:

4 ; J
B =3 (4 42222) (8.19)
J=
where [ f is the damaged inertia of subsection j, evaluated by means of equation 8.13; Af“') is
the damaged area of the subsection j and Ifm is the distance between the neutral axis of

subsection and the j global neutral axis.

In a non-linear problem, when damage occurs due to the seismic load, the particular
position of the neutral axis of each subsection is modified according to the portion of the
subsection that is damaged.
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Figure 8.4 Subsections of a box section used to evaluate its global damaged inertia

This modification must be reflected in the calculation of the distances to the global
neutral axis of each subsection. Thus, to obtain each ICG'_} it is necessary to know for each

subsection X “and X{°, which are evaluated in a general form by means of the following
equations:

[ ox s dd,

= 8.20
| L f(x3x5) dA, &2

. L %, Jlxix) dd,
X6 == (8.21)

P -[41. S (xy3x3) dA,

8.4 Pier damage and global damage indices

Once the convergence of the process is reached and the damage is calculated at each
integration point, the maximum damage at the base cross section of a pier can be obtained. In
this work two pier damage indices and three global damage indices are defined. The first pier
damage index characterize the maximum damage at the base of each pier of the bridge

— Mc(x3) _Mint (.‘C3)
Ms(xS)

D for x3=0 (8.22)




Chapter 8 83

The second pier damage index, DP, proposed by DiPasquale and Cakmak (Rodriguez and
DiPasquale1990), is based on the dynamic characteristic of the structure to evaluate the
seismic damage

DP =1—gl (8.23)

)

where 7, is the period of the structure in the elastic range, and 7y is the period corresponding
to the damaged structure at the end of the analysis.

Starting from the pier damage indices of equations 8.22 and 8.23, the global structural
damage caused by seismic action in the studied bridge is described by three indices:

e  Global mean damage index, which is the simple average of the pier damages indices

D — Ef Di'

m n
P

i=1..,n (8.24)

P

where 7, is the number of piers in the studied bridge and D; is the damage of piers,
defined in equation 8.22.

e Global functional damage index, D,

D, =1-[I1,4-D,)] i=1....n, (8.25)
The functional damage index aims to be an indicator of the capacity of the bridge to
give service after an earthquake.

e Global mean damage index of DiPasquale y Cakmak, which is defined starting from
the pier damage index of equation 8.23

_2DF

a

D i=1,...,n (8.26)

P
n P

The elastic analysis described in chapter seven is included together with the non-linear
procedure in a simplified methodology to evaluate the seismic damage of bridge structures.
The complete process of analysis is synthesised in the scheme of figure 8.5, where the elastic
predictor and the corrector steps are shown.

8.5 Comparison between the results obtained by means of the simplified model and a
finite elements model

Using the proposed model and the simplified finite element model of figure 7.8, a non-
linear analysis of the Warth bridge (described in chapter 7) is performed. In this analysis the
external action at each pier is defined as
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Damage characterization using the simplified model
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Pier Simplified model ABAQUS model
Maximum damage at a point | Maximum damage at a point
1 0.9514 1.0000
2 0.9842 0.9831
3 0.9757 0.9820
! 0.9692 0.9844
5 0.9497 0.9834
6 0.8552 0.9950

Table 8.1 Maximum values of the damage at the integration points of the piers of the Warth bridge.
External excitation expressed by equation 8.27

a(t) =tsin(wt) 0<y<40s (8.27)

where ® is the oscillation frequency, equal to the fundamental frequency associated to each
pier (see table 7.2), and / is the time.

To define the damage for the finite element model the Oliver et al. (1999) model was
implemented in the ABAQUS code (HKS 1999). For this model and for each pier of the
bridge, the damages produced at 15 integration points in the cross section were determined.
These values are shown in the third column of table 8.1.

On the other hand, using the simplified proposed model, the damages at 36 points of each
subsection of the cross section (see figure 8.4) were obtained for each pier of the bridge. From
these values, the maximum damages were obtained and are shown in the second column of
table 8.1. It is observed from this table that both models provide similar maximum results for
damage.

The non-linear analysis performed with the proposed simplified model requires
approximately 25 s of CPU in a Silicon Origin 2000 machine. The same analysis with the
finite elements model and with the ABAQUS code requires a total time of CPU of 3.27 hours,
in the same machine.

8.6 Example

Applying the proposed simplified model, the damage estimation of the Warth bridge was
performed using as external action six accelerograms defined by Panza et al. (2001) for a
seismic scenario with a magnitude of 5.5 and a distance to the source of 8 km. The records
were generated using a seismological model that considers the spatial variation of the seismic
waves. These records have peak ground accelerations of 90 cm/s?, 160 cm/s®, 180 cm/s’,
100 cm/s?, 120 cm/s” and 30 cm/s’.

Performing the non-linear analysis, the damage indices in piers (equations 8.22 and 8.23)
and the global damage indices of the bridge (equations 8.24 to 8.26) were obtained and are
shown in the figures 8.6 to 8.8. It is observed in figures 8.6 and 8.7 that piers Ps and Pg have
an elastic performance, while pier P; suffers the greatest damage, with a maximum value
close to 6% for both pier damage indices. Furthermore, it is observed in these figures that
both pier damage indices are similar, being in all the cases the damage indices D; slightly
greater than the damage indices DP;.
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Figure 8.9 Variation of the cross sectional inertia of the bridge piers

The maximum values of the global damage indices of the bridge obtained in this example
are Dy, = 2.29%, D, =13.1% and D, = 1.17%, that is, a minimal damage would occur and a
minor repair would be required. As it is observed in figure 8.8 the functional global index D,
is an extreme value of the damage that would correspond to service states of the structure. The
remaining two global damage indices have similar values, being the index D,, always greater.
Finally, figure 8.9 shows the variation of the cross sectional inertia moments of the piers,
calculated through the equation 8.19.

Summarizing, the proposed damage evaluation methodology provides a simple way to
define pier damage. Its computational cost is low; the computer program runs in a personal
computer and the methodology fulfils thus the requirements necessary for its use in a Monte
Carlo simulation.



Chapter 9
Seismic hazard of the Warth bridge site

To define the seismic vulnerability of the Warth bridge (chapter 10) is necessary the
determination of the seismic hazard of the site. This bridge is localised in a moderate seismic
zone, where only a few number of real records are available. Thus, to study this structure
artificial accelerograms should be generated to obtain reliable responses.

In a previous work, Panza et al. (1999) studied the seismic characteristics of the Warth
bridge site. In this research two possible seismic scenarios were defined: (1) earthquake
magnitude of 5.5 and distance to the source of 8 km; and (2) earthquake magnitude of 6.5 and
distance to the source of 30 km. For each one of these scenarios artificial accelerograms were
generated, in three perpendicular directions, at each pier or abutment sites. In the generation
process a seismological method that considers the spatial variability of the external load were
applied by Panza et al. (1999).

In this work the two seismic scenarios defined by Panza et al. were used to analyse the
bridge behaviour. The accelerograms of the second seismic scenario were applied directly, but
families of artificial signals were generated starting from the records defined by Panza et al.
for the first scenario. This last procedure was performed to consider the inherent uncertainties
of the seismic load. In following the procedure to generate these families of artificial
accelerograms will be commented.

9.1. First seismic scenario

From Panza et al. (1999) we obtained 24 artificial and deterministic accelerograms for the
bridge site, 8 for each pier in the longitudinal, transversal and vertical directions. A seismic
magnitude of 5.5 and a distance to the source of 8 km were considered for these records.

To consider the uncertainties associated to the future seismic load, families of artificial
signals, starting from the 24 original records determined by Panza et al. (1999), were
generated. For this process, nonstationary models were used to define artificial records similar
in their general aspect but different in details. Accordingly, in this method the seismic action
is supposed to be a process with time variations in amplitudes and frequencies (Nigam 1983)
considering thus the evolutionary nature of the signal. The nonstationary method defines
stationary signals as a finite sum of sin functions with different phase angle. Later, available
models of amplitude modulating function and frequency modulating function are used to
modify the record in a nonstationary signal.

The procedure is briefly explained in the following, emphasizing as an example some of
the results obtained for the third transversal accelerogram (figure 9.1), which corresponds to
the original external action for the highest pier of the Warth bridge.
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Figure 9.2 Acceleration functions for the record of figure 9.1

9.1.1. Determination of the amplitude modulating function, &(1).

For the original records, some initial tasks are necessary for realizing this step. First, the
initial ground accelerations have to be eliminated from the record, up to the actual beginning
of the signal (original record, dotted-line in figure 9.2). In addition, the original record has to
be again modified, eliminating the upper part of the peak acceleration, as it can be observed in
figure 9.2 (continuous line).

This operation is necessary due to the fact that the original records have some peak
accelerations with very pronounced values, which are practically impossible to be captured by
the modulating functions existing in the literature. The portion of the eliminated peak
acceleration is included afterwards in the analysis, expressing the final modulating function of

the modified record, £*(¢), as:

= W+adi-1) 9.1)
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Figure 9.3 Energy functions of the accelerograms of figure 9.1

where: a is the mean difference between the energy related to the original record (dotted line,
figure 9.3) and the energy of the modified record (continuous line, figure 9.3); d(-1;) is the
Dirac delta function (obtained from the peak acceleration eliminated from the original

record); and &'(f) and £(f)are the amplitude modulating functions of the original and

modified records, respectively.

The modulating function of Shinozuka and Sato (1967) was selected as an adequate
model. The identification of the parameters of the Shinozuka and Sato function is performed
by forcing the equivalence of the energies associated to the function and to modified record,
using the Levenberg-Marquart algorithm (Press et al. 1992). Figure 9.3 shows the energy of
the Shinozuka and Sato function (discontinuous line) fitted to the modified record (continuous
line) of figure 9.2. In figure 9.3, the energy of the original accelerogram (dotted line) and the
last value of variable « are also indicated.

9.1.2. Determination of a model for the frequency modulating function,

This step considers the variations of frequency content of the original record. A M-order
polynomial function (in this case, M=3) is fitted in this step to the empirical function with
accumulated zero crossings of the original record (Hurtado 1999, Barbat et al. 1994, Yeh y
Wen 1990).

Starting from the original accelerogram, a stationary record is simulated, based on the
hypothesis that any stationary process can be approximated by a finite sum of sine functions,
modified by a modulating function that defines the shape of the accelerogram. Additionally,
the procedure considers that the density spectra of the original accelerogram and of the
simulated one are supposed to be compatible, as shown in figure 9.4.

The random nature of the seismic action is introduced by using the random phase angles
of the sine functions, considering that they are distributed uniformly between 0 and 2x. Then,
different artificial records, similar in their general aspect but different in details, are obtained.
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9.1.3.Definition of a nonstationary record

The stationary record defined in the above step is transformed into a nonstationary one,
using the modulating functions in amplitudes and frequencies obtained in previous steps of
the process.

9.1.4.Improvement of the signal

The artificial signal, finally, is improved by means of some tasks, as such as: baseline
correction (normally considering null velocity at the end of the record), fitting of the
maximum acceleration and modification of the spectral response.

Following the above described steps, for each of the 24 accelerograms provided by Panza
et al. (1999) a family of 20 artificial records were obtained and used in the stochastic
vulnerability assessment of the bridge, which is described in next chapter. An example of two
artificial signals corresponding to the original record of figure 9.1 is shown in figures 9.5 and
9.6.

9.2. Second seismic scenario

Panza et al (1999) consider a second seismic scenario with a magnitude of 6.5, a distance
of the source of 30 km, and depth of 10 km. For this, 8 accelerograms were simulated using a
2D seismological model. These new earthquakes show a greater damage capacity than the
earthquakes used for the other seismic scenario. An example of the used earthquakes for this
simulation can be observed in figure 10.29, which represent the external load assigned (see
figure 7.8) to pier P;.



Chapter 10
Probabilistic damage analysis of the Warth bridge

The prediction of the seismic damage that a structure can undergo during its life is a
probabilistic problem, due to the uncertainties in the characteristics of the future seismic
actions and of the structural model. For instance, it is not possible to predict in advance the
precise instant of occurrence of an earthquake and neither can be estimated with precision its
amplitude, frequency content or duration. Moreover, the structural response is evaluated by
using an idealized model, which leads to results that can vary drastically from the actual ones
depending on the characteristics of the model. Finally, a correct characterization of the
properties of the structural material, like strength, mass, fracture energy or damping is
difficult (Hwang et a. 1999).

Knowing the uncertainties associated to seismic load, to the structural model and to its
material properties, it is appropriate to perform a probabilistic simulation to characterise the
seismic vulnerability of structures.

10.1. Introduction

When uncertainties are considered in a structural model and in the applied load, a
statistical analysis of the response of the structure is necessary. An analysis of this kind allows
to known a complete and useful description of the statistical relationship between the input
and output variables of the problem.

The most accurate and useful tool to perform this statistical analysis is the Monte Carlo
simulation which considers that the responses y of a system depend on a set of random
variables x, whose marginal probabilistic description is known (Hurtado and Barbat 1998,
Sobol 1976). By using statistical algorithms, it is possible to generate large samples (called
variates) of the input variables, whose histograms approach the marginal distribution of the
population. Therefore, a population of the output variables can be generated making use of a
specific deterministic solver.

There are two methods to generate random variables corresponding to marginal
distributions: the Inversion and the Rejection methods. In the inversion methods, uniform
random numbers (ranged between 0 and 1) are generated and the corresponding values of the
input variables are calculated by inversion of its distribution function. The rejection methods
are based on a fictitious density function that envelops the real one and whose area can be
greater that the real one. This fictitious function is accepted with a specific probability that
depends on the ratio of the true to the fictitious density.

The rejection methods are usually named Simple Random Sampling. It does not permit
the optimisation of the sample size without scarifying the quality of the results in the entire
input variable space. Therefore, they are costly in the case of large structures. Different
techniques have been proposed to reduce the size of the sample used in the analysis. One of
them, the Latin Hypercube method (Florian 1992), reduces the relatively high correlation due
to the radical decrease of the population with respect to the Simple Random Sampling. In this
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study, the Latin Hypercube method to generate samples of random variables was used in the
Monte Carlo simulations.

10.2. Fragility curves for Warth bridge

Considering the uncertainties associated to the non-linear behaviour of Warth bridge,
Monte Carlo simulations have been performed to obtain fragility curves. The analysis was
performed by using the STAC (2001) code, which is an advanced computing tool for
performing stochastic analysis of generic physical problems.

10.2.1 Input random variables

As input data for the Monte Carlo simulation, the random variables and their associated
marginal distributions should be defined. According to the input data necessary to obtain the
non-linear response of the bridge with the proposed simplified model, the selected structural
random variables are shown in table 10.1. As far as it is concerned, the simulation of the
seismic action was performed as described in chapter 9.

Using different experimental and analytical tests developed in various researches, the
distribution function and the coefficient of variation were defined for every input random
variable. Most of the experimental and analytical tests used herein were developed for
building columns, however some data for bridge piers are also available. The distribution
function, mean and coefficient of variation for each structural random variable are shown in
tables 10.2, 10.3 and 10.4. The characteristics of the mechanical random variables are shown
in table 10.2, while tables 10.3 and 10.4 present the characteristics of the geometrical random
variables and the other random variables used in the Monte Carlo simulations. In these tables
the reference from where the random characteristics were taken are also shown in every case.

The nominal value of each variable, obtained from the Warth bridge drawings or
supposed, was considered as its mean. Knowing the mean and the coefficient of variation, the
standard deviation of each variable was calculated as

o =u COV (10.1)

Additionally, the distribution function was limited to more or less three standard
deviations, that is

=4 =30 x,,, =u+30 (10.2)

X mmin max
where 4 6 COV, Xpin and X,q are the mean, standard deviation, coefficient of variation and
minimum and maximum values of the random variable x, respectively. The equation 10.2
considers, for a normal or lognomal distribution, that 99.7% of the random values lies within
this range.

The structural response variables (output variables) corresponding to the non-linear
analysis which have been considered are the following:

1. The maximum damage in each pier of the bridge, using equations 8.22 and 8.23.

2. The global damage of the bridge, estimated by means of equations 8.24 to 8.26.
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Variable Description
Vi Uniaxial compression strength of concrete
S Uniaxial tensile strength of concrete
E’ Initial Young’s modulus for concrete
E, Young’s modulus for reinforced steel
Gy Facture energy
b Base of the piers box section
h Height of the piers box section
I, b 13, 1y Thickness of the piers box section
Ve Weight of piers
L, Length of piers
A, Area of the longitudinal reinforce steel
A, Area of the cross section in girders
L Length of girders
2 Weight of girders
Ap Area of the cross section of bearings
a Height of bearings
h Length between bearings, in plan
G Shear modulus of bearings

Table 10.1 Structural random variables used in the Monte Carlo simulations

Variable| Mean COV | Distribution Reference
b i 40.0 0.18 Lognormal Enrigth et al. 1998, Mirza and MacGregor
(MPa) 1979, Nowak 1980, Trautnet et al. 1991,
Bartlett et al. 1996
fi 4.0 0.05 Lognormal | Mirza 1996
(MPa)
E. 2.8E04 0.077 Lognormal |Mirza 1996, Mirza and MacGregor 1979, Shadi
(MP(I) et al. 2000
E, 2.1E05 0.08 Lognormal |Diniz et al. 1990, Mirza et al. 1979, Mirza 1996
(MPa)
G'Jr 1.0 0.003 Lognormal Alvaredo and Wittmann 1998, Bazant and Liu
(KJ/m’) 1985
A, (1112) Different 0.1 Lognormal |Luo et al. 1994, Nowak 1980, Steinberg 1997
Ye 24.5 0.05 Lognormal O“Connor and Ellingwood 1987
(kN/nt’)
E, 3.18E04 0.077 Lognormal |Mirza 1996, Mirza et al. 1979
(MPa)
Py 282 0.05 Lognormal OConnor and Ellingwood 1987
(kN/nt’)
G Different| 0.077 Lognormal |Mirza 1996, Mirza et al. 1979
(MPa)

Table 10.2 Random characteristics of the mechanical random variables
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Variable| Mean COV __ | Distribution Reference
b 2.50 0.021 Lognormal Mirza and MacGregor 1979, Steinberg 1997,
(m) Trautner et al. 1991,
h 6.80 0.027 Lognormal |Luo etal. 1994, Mirza and MacGregor 1979,
(m) Nowak 1980, Trautner et al. 1991
t; (m) 0.30 0.06 Lognormal | Steinberg 1997
t; (m) 0.30 0.06 Lognormal | Steinberg 1997
t; (m) 0.50 0.06 Lognormal | Steinberg 1997
ty(m) 0.50 0.06 Lognormal | Steinberg 1997
L, (m) |Different| 0.045 Lognormal | Steinberg 1997, Trautner et al. 1991
A, 10.141 0.0095 Lognormal |Luo et al. 1994, Nowak 1980, Steinberg 1997,
(m2 ) Trautner et al. 1991
L, 62.0, 0.045 Lognormal | Steinberg 1997, Trautner et al. 1991
(n?’) 67.0
A, 0.005 0.0095 Lognormal |Luo etal. 1994, Mirza and MacGregor 1979,
(mZ) Nowak 1980, Steinberg 1997, Trautner et al.
1991, Udoyeo 1994
a 0.25 0.027 Lognormal |Luo etal. 1994, Mirza and MacGregor 1979,
(m) Nowak 1980, Trautner et al. 1991, Udoyeo
1994
Iy, 4.50 0.045 Lognormal | Trautner et al. 1991, Steinberg 1997
(m)
Table 10.3 Random characteristics of the geometrical random variables
Variable Mean Range Distribution
Number of the used record 10 1-20 Uniform
Kr 5.0E10 1.0E08 — Uniform
(MPA) 1.0E11

Table 10.4 Characteristics of the other random variables

3. The final damaged inertia of every pier.

4. The final period associated to every mode of vibration of the structure.

10.2.2 Statistical analysis

For the output variables statistical analyses were developed. These statistical analyses
include the determination of the principal statistical moments, histograms and curves of
accumulated frequency versus damage. Additionally, for these curves theoretical probability
distribution functions were adjusted. The characteristics of this statistical calculus are

commented in following.

e Moments. These functions define the first statistical moments of a variable in addition
to other basic information, such as the 95% confidence intervals. The expressions used

to evaluate the first statistical moments are:
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Mean:

P ;2@ ¥ (10.3)

Mean confidence interval:

L v . 1.960
(x."aw ’ xup )95% =X i »\/N (104)
Variance:
]. N 2
Var(x,,....x5) =2 2, (x,—x%f (10.5)
Variance confidence interval:
1.960
(Ghm' ’ an )95% =ot (106)

S

Standard deviation:

J(xl,...,xf\,)=JVarix,,...,xNj (10.7)

Coefficient of variation:

Cov = (10.8)

| Q

Histogram. The histogram is a graphic representation of the frequency of occurrence
of a variable associated to the intervals in which the range of this variable is

subdivided. In this analysis, / =+/N classes were considered for the output variables.
The histogram is used here as an approximation of the distribution function of the
output variables.

Cumulative distribution function. The cumulative distribution function shows the
accumulative frequencies of different values of the output variables. That is, for each
output variable this curve represents the relation between the accumulative frequency
and the total number of the sample (V), given a predefined earthquake size.

Adjust of theoretical distribution functions. Starting from the results of the STAC
code, continuous distributions functions were adjusted using statistical hypothesis
tests. The assumption that the sample of data comes from a theoretical distribution is
considered as a null hypothesis, Hy, being the alternative hypothesis, H,, that the
sample of data do not follows a theoretical distribution. To prove the goodness of fit of
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the null hypothesis, non-parametric contrast of the chi-square and Kolmogorov-
Smirnov tests were used (Canavos et al. 1990).

The chi-square goodness of fit test is based on the comparison between the
observed and expected frequencies of a / class’s sample. The chi-square statistic is
defined as:

5 1 (0. —E)?
Z'= E% (10.9)

i

where O; and E; are the observed and expected frequencies for class 7, respectively and
[ is the number of classes of the sample. The expected frequency is obtained by means
of the theoretical distribution function of the variable being tested. The chi-square test
is valid for continuous and discrete distributions, but it is sensitive to the choice of the
number of classes and it is not valid for size samples lesser than 30.

The Kolmogorov-Smirnov test is used to decide if a sample of data comes from a
specific distribution. The Kolmogorov-Smirnov (K-S) test is based on the empirical
accumulated distribution function (ECDF), given for N data points, x;, X2, ...,Xy, as

Fn(x,)=n@i)/ N (10.10)

where n(i) is the number of points less than x;. This step function increases by 1/N at
the value of each data point. The K-S test is based on the maximum distance between
the empirical and the theoretical accumulated curves (see figure 10.1). Then, the
statistic of the K-S test is defined as:

0]

Dy _¢ =max|F(x,)— % (10.11)

ISisN

where F(x;) is the theoretical cumulative function of the distribution being tested. An
attractive feature of this test is that the distribution of the K-S test statistic itself does
not depend on the underlying cumulative distribution function being tested. Another
advantage is that it is an exact test, the chi-square goodness of fit depends on an
adequate sample size for the approximations to be valid. Despite these advantages, the
K-S test has several important limitations: (1) it only applies to continuous
distributions, and (2) it tends to be more sensitive near the centre of the distribution
than it is at the tails.

For each output variable only was selected one distribution function. The adequate

distribution should pass chi-square and K-S goodness of fit tests for significance levels of 0.1,

0.05 or 0.01. When more than one theoretical function is adequate, the one with the greater

adjustment was selected.

10.2.3 Examples

Different Monte Carlo simulations have been performed for the Warth bridge,
considering all or a part of the random variables defined for the structural model and using

original or artificial records of the two seismic scenarios defined in chapter 9.
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Fu(X) =n(i)/N

———
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Figure 10.1 Definition of the Kolmogorov - Smirnov statistic

The principal objective of the incorporation or not of a random variable is to verify its
influence on the statistical behaviour of the structure. For all the performed examples of 500
elements were used, value which is considered large enough to obtain statistical conclusions.
In following the developed examples will be discussed in detail.

10.2.3.1 Influence of random structural parameters and deterministic seismic action. First
seismic scenario

In this case, all the input parameters given in tables 10.2 and 10.3 were considered as
random variables. The external action was considered as deterministic, using the six
longitudinal accelerograms defined for each bridge pier for the first seismic scenario,
magnitude 5.5 and distance to the source of 8 km. Additionally, the soil-structure interaction
effect was neglected, what means to consider very large values for the rotation stiffness at the
base of the piers.

The statistical moments of the piers damage and the global damages of the bridge are
shown in tables 10.5 to 10.7. For the confidence intervals of mean and variance statistical
moments, two values are given in these tables, its lower and upper limits. In these tables,
when the lower limit of the confidence interval was less than zero, its value was fixed to zero,
because a negative value does not has physical meaning.

In table 10.5 is observed that the global mean damage of the structure is 2.6% and the
mean damages of the piers lies between 1.5% and 4.0%, except for the shortest pier, for which
a null damage can be considered. When the DiPasquale damage index is used, the mean
damages of piers are between 1.15% and 3.0%, being its average 1.4%. The functional
damage index can be considered as an upper limit of the bridge damage, in this example its
mean value is 14.6%. This could represent a minor disruption of the bridge service.

Following this procedure, a theoretical distribution function was adjusted for each one of
the empirical fragility curves. As it is observed in the histograms of the output variables, the
frequency of the first class is much greater than the remainders. This causes that in some
instances the adjustment of the statistical results to a theoretical distribution do not pass the
statistical tests. Therefore, in these cases, values assumed as a null damage (1.E-04 or lesser)
were eliminated from the sample of the output variables, reducing the size of the sample to
less than the original 500 elements. Thus, it could be said that the theoretical curves thus
obtained are curves conditioned by the damage occurrence.
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Damage
Moment D D, D, D3 Dy D5 D¢
b4 2.57E-02 3.16E-02 | 3.17E-02 | 4.07E-02 | 3.61E-02 | 1.40E-02 | 1.35E-16
(f ¥ ) 2.40E-02 2.72E-02 | 2.69E-02 | 3.52E-02 | 3.06E-02 | 1.03E-02 | 1.20E-16
low > up Jose, 2.74E-02 3.61E-02 | 3.65E-02 | 4.62E-02 | 4.17E-02 | 1.78E-02 | 1.49E-16
Var(xy,...xn) | 207E-04 | 139E-03 | 1.63E-03 | 2.13E-03 | 2.14E-03 | 9.96E-04 | 1.40E-32
6(X1,...Xxn) | VAIE02 | 372E-02 |4.03E-02 | 4.62E-02 | 4.63E-02 | 9.96E-04 | L.IBE-16
(0 o ) 1.32E-02 3.41E-02 | 3.69E-02 | 4.23E-02 | 4.24E-02 | 2.89E-02 | 1.08E-16
low > ™ up Josep 1.56E-02 4.04E-01 | 4.38E-02 | 5.01E-02 | 5.02E-01 | 3.16E-02 | 1.29E-16
COoV 56.0 117.6 1272 | 1135 | 128.1 2247 88.1
N 0.08 0.24 0.21 0.22 0.19 0.22 0
Mmax

Table 10.5 Statistical moments of mean global damage and pier damage. Example 1

Damage

Moment D, DP, DP, DP; DP, DP; DP;
X 1.44E-02 | 2.98E-02 | 1.83E-02 | 1.37E-02 | 1.30E-02 | 1.15E-02 | 7.78E-06
(f ¥ 1.34E-02 | 2.73E-02 | 1.65E-02 | 1.25E-02 | 1.14E-02 | 9.87E-03 | 5.61E-06
low >~ up Josg, 1.54E-02 | 3.22E-02 |2.01E-02 [ 1.50E-02 | 1.46E-02 | 1.31E-02 | 9.94E-06
Var(xy,...,xy) | 7-20E-05 | 4.05E-04 [226E-04 | I.11E-04 | 1.82E-04 | 1.80E-04 | 3.26E-10
O (X1,.. ,XN) 849E-03 | 2.01E-02 [ 1.50E-02 | 1.05E-02 | 1.35E-02 | 1.34E-02 | 1.81E-05
(0;,1-’0" ) 7.77E-03 | 1.84E-02 | 1.38E-02 | 9.63E-03 | 1.23E-02 | 1.23E-02 | 1.65E-05
ow> 7 up Josg | 921E-03 | 2.18E-02 | 1.63E-02 | 1.14E-02 | 1.46E-01 | 1.46E-02 | 1.96E-05

COoV 59.0 67.7 82.1 76.6 103.9 117.0 2322
X 0.047 0.12 0.085 | 0.0599 0.10 0.16 1.4E-04

Table 10.6 Statistical moments of global and pier damage indices of DiPasquale. Example 1

Damage
Moment D D, D, Moment D, D, D,
¥ 2.57E-02 | 1.46E-01 | 1.44B-02 | g(x,,...,xy) | 1-41E-02 | 7.70E-02 | 8.49E-03
(jc % ) 2.40E-02 | 1.36E-01 | 1.34E-02 (0 o ) 1.32E-02 | 7.05E-02 | 7.77E-03
low>"up Joss | 2.74E-02 | 1.55E-01 | 1.54B-02 fow> = up /959 1.56E-02 | 8.35E-02 | 9.21E-03
Var(xy,...,Xn) | 207E-04 | 5.93E-03 | 7.20E-05 COoV 56.0 529 59.0
_ - - - — 0.08 041 0.047

As an example of this process, the left plot of figure 10.5 shows the histogram and the
theoretical distribution (Weibull function in this case) of the mean global damage of the
bridge, and the right plot shows the accumulated values of this variable. In this figure a good

agreement between theoretical and statistical values are observed.

Table 10.7 Statistical moments of the global damage indices. Example |
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Figure 10.4 Histograms of global damage indices. Example 1
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Figure 10.8 Fragility curves of global damage indices. Example 1

The adjusted probability distribution functions of the output variables of example 1 are
shown in figure 10.6 to 10.8. In these figures, the selected theoretical distribution function and
the sample number to adjust it are shown in the curve name box of figures 10.6 to 10.8. For
example, “D,,, Weibull, 500" means that for the mean global damage a Weibull distribution of
probability was adjusted using a sample of 500 elements.

10.2.3.2 Influence of random structural parameters and simulated accelerograms. First
seismic scenario

In this simulation, the same structural random parameters of example 1 were considered
(see tables 10.2 and 10.3). In this case, however, the external action for every pier was defined
by means of families of 20 accelerograms, using as original signals the records of the first
seismic scenario. For the Monte Carlo simulation a different signal element of the family is
assigned to each pier considering the associated number of the signal as an entire random
variable with uniform distribution between 1 and 20, as was shown in table 10.4.

The statistical moments of the pier damage and the mean global damage indices are
shown in table 10.8. Table 10.9 shows these results for all the global damage indices. The
results of the DiPasquale damage indices are not shown, because its behaviour is similar to
the above simulation. It is observed in tables 10.8 and 10.9 that the global damage indices
have means of 3.6% (Dm), 19.4% (Dp), and 2.1% (Da), which means that to consider the
seismic input load as a random process produce increases the global damage of the bridge in
about 40%. For this simulation, the mean of the pier damages lie between 0.3% and 7.6%.

The histograms of the pier damage and the global bridge damage are shown in figures
10.9 and 10.10. The maximum values of each one of the output damage variables can be
observed in tables 10.8 and 10.9.
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Damage
Moment D, D, D, D3 Dy Ds D
X 3.59E-02 4.52E-02 | 1.98E-02 | 2.17E-02 | 4.97E-02 | 7.60E-02 | 2.94E-03
(f ¥ ) 3.13E-02 3.15E-02 | 1.45E-02 | 1.63E-02 | 3.73E-02 | 6.32E-02 | 0.00E+00
“low 2 up J9sq 4.05E-02 5.89E-02 | 2.52E-02 | 2.72E-02 | 6.21E-02 | 8.88E-02 | 8.30E-03
Var(xy,....Xn) | 143E-03 | 1.28E-03 | 193E-03 | 2.04E-02 | 1.0SE-02 | 1.13E-03 | 1.97E-03
o(X1,...,XN) 3.78E-02 1.13E-01 | 4.40E-02 | 4.52E-02 | 1.03E-01 | 1.06E-01 | 4.40E-02
(O o ) 3.46E-02 1.01E-01 | 4.02E-02 | 4.13E-02 | 9.39E-02 | 9.70E-02 | 4.06E-02
low > up /955 4.10E-02 1.23E-01 | 4.78E-02 | 4.90E-02 | 1.11E-01 | 1.15E-01 | 4.82E-02
CcOoVv 105.3 250.8 221.8 208.4 206.7 139.6 151.2
Toidia 0.36 0.87 0.30 0.31 0.50 0.58 0.14
Table 10.8 Statistical moments of mean global damage and pier damage. Example 2
Damage
Moment D, D, D, Moment D, D, D,
% 3.59E-02 | 194E-01 | 2.07E-02 | (x,,...,xy) | 3-78E-02 | 1.73E-01 [2.49E-02
(f X ) 3.13E-02 | 1.73E-01 | 1.17E-02 (0 o 2.28E-02 | 1.58E-01 | 2.28E-02
low>~"up /959 | 4.05E-02 | 2.15E-01 | 2.37E-02 low>™up Josd 2 71E-02 | 1.88E-01 | 2.71E-02
Var(xy,...,xn) | 6-22E-04 | 2.99E-02 | 6.22E-04 COV 1205 89.1 120.5
_ : 2 X 0.36 0.99 0.24

Table 10.9 Statistical moments of the global damage indices. Example 2

Figure 10.9 Histograms of pier damage and mean global damage indices. Example 2

An example of the selection of an adequate theoretical distribution function can be
observed in the plots of figure 10.11 for the mean global damage of the bridge. The
distribution functions adjusted to the pier damage indices and global output variables are
given in figures 10.12 and 10.13, respectively. In these figures, the selected distributions and

the sample size used in the process are also indicated.
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10.10 Histograms of global damage indices. Example 2
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Figure 10.13 Fragility curves of global damage indices. Example 2
Damage
Moment D D, D, D; Dy D5 Dy
¥ 335E-02 | 4.14E-02 | 1.71E-02 | 2.15E-02 | 420E-02 | 7.91E-02 | 2.98E-05
(f ¥ ) 2.99E-02 3.00E-02 | 1.27E-02 | 1.64E-02 | 3.06E-02 | 6.69E-02 [ 0.00E+00
low>up Josa 3.71E-02 5.27E-02 | 2.15E-02 | 2.66E-02 | 5.34E-02 | 9.13E-02 [ 1.10E-03
Var(xl,...,xN) 9.26E-04 8.96E-03 | 1.32E-03 | 1.79E-03 | 9.09E-03 | 1.04E-03 | 4.43E-07
o(X1,...,XN) 3.04E-02 | 9.47E-02 |3.64E-02 | 4.23E-02 | 9.54E-01 | 1.02E-01 | 6.66E-04
o o 2.78E-02 8.66E-02 | 3.31E-02 | 3.87E-02 | 8.73E-02 | 9.32E-02 | 6.09E-04
fow?> ™= up Jos56, 3.30E-02 1-03E-01 | 3.95E-02 | 4.59E-02 | 1.03E-01 | 1.11E-01 | 7.22E-04
COoV 90.8 228.9 2128 | 1967 | 2270 1288 | 22338
o 0.18 0.83 0.21 0.25 0.49 0.54 0.15
max

Table 10.10 Statistical moments of mean global damage and pier damage. Example 3

Damage

Moment Dn D, D, Moment Dn D, D,
X 3.35E-02 | 1.86E-01 | 1.89B-02 | g5(x,...,xy) | 3-04E-02 [ 1.56E-01 | I.88E-02
(f 5 ) 2.99E-02 | 1.67E-01 | 1.66E-02 (0 o ) 2.78E-02 | 1.428E-01 | 1.72E-02
low>*"up /osq | 3.71E-02 | 2.04E-01 | 2.11E-02 low>up Josq 3 30E-02 | 1.69E-01 | 2.04E-02
Var(x,,...,Xy) | 9-26E-04 | 2.42E-02 | 3.54E-04 CoV 90.8 83.7 99.7
s 0 0 0 _— 0.18 0.87 0.15

“EIMin “vax

Table 10.11 Statistical moments of the global damage indices. Example 3

10.2.3.3 Influence of random mechanical parameters and simulated accelerograms
seismic scenario

. First

For this Monte Carlo simulation, artificial accelerograms were also considered like in
example 2, but the only random structural parameters used in the simulation were: 1, f, E.,
E4 Aa Gi G, yc and p, (see table 10.2). That is, the variables corresponding to the geometry of
the elements were assumed as deterministic parameters (table 10.3), supposing that it is little
probable that the element dimensions show important variations in the real case.
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Figure 10.8 Fragility curves of global damage indices. Example 1

The adjusted probability distribution functions of the output variables of example 1 are
shown in figure 10.6 to 10.8. In these figures, the selected theoretical distribution function and
the sample number to adjust it are shown in the curve name box of figures 10.6 to 10.8. For
example, “D,,, Weibull, 500" means that for the mean global damage a Weibull distribution of
probability was adjusted using a sample of 500 elements.

10.2.3.2 Influence of random structural parameters and simulated accelerograms. First
seismic scenario

In this simulation, the same structural random parameters of example 1 were considered
(see tables 10.2 and 10.3). In this case, however, the external action for every pier was defined
by means of families of 20 accelerograms, using as original signals the records of the first
seismic scenario. For the Monte Carlo simulation a different signal element of the family is
assigned to each pier considering the associated number of the signal as an entire random
variable with uniform distribution between 1 and 20, as was shown in table 10.4.

The statistical moments of the pier damage and the mean global damage indices are
shown in table 10.8. Table 10.9 shows these results for all the global damage indices. The
results of the DiPasquale damage indices are not shown, because its behaviour is similar to
the above simulation. It is observed in tables 10.8 and 10.9 that the global damage indices
have means of 3.6% (Dm), 19.4% (Dp), and 2.1% (Da), which means that to consider the
seismic input load as a random process produce increases the global damage of the bridge in
about 40%. For this simulation, the mean of the pier damages lie between 0.3% and 7.6%.

The histograms of the pier damage and the global bridge damage are shown in figures
10.9 and 10.10. The maximum values of each one of the output damage variables can be
observed in tables 10.8 and 10.9.
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Damage

Moment Dn Dy D, Ds Dy Ds D¢
X 3.59E-02 | 4.52E-02 | 1.98E-02 | 2.17E-02 [ 4.97E-02 | 7.60E-02 | 2.94E-03
(f: X ) 3.13E-02 | 3.15E-02 | 1.45E-02 | 1.63E-02 | 3.73E-02 | 6.32E-02 |0.00E+00
ow>"up /95% | 4.05B-02 | 5.89B-02 | 2.52E-02 | 2.72E-02 | 6.21E-02 | 8.88E-02 | 8.30E-03
Var(xy,...,xn) | 143E03 | 1.28E-03 [ 1.93E-03 | 2.04E-02 | 1.05E-02 | 1.I3E-03 | 1.97E-03
o(X1,...,Xn) | 3-78E-02 | LI3E-01 |4.40E-02 | 4.52E-02 | 1.03E-01 | 1.06E-01 | 4.40E-02
(0.0 3.46E-02 | 1.OIE-01 |4.02E-02 [ 4.13E-02 [ 9.39E-02 | 9.70E-02 | 4.06E-02
v W /95% | 4.10E-02 | 1.23E-01 | 4.78E-02 | 490E-02 | 1.11E-01 | 1.15E-01 | 4.82E-02
CcoV 1053 250.8 2218 | 2084 | 2067 139.6 151.2
Xmmin 0.36 0.87 0.30 0.31 0.50 0.58 0.14

Table 10.8 Statistical moments of mean global damage and pier damage. Example 2

Damage
Moment D D, D, Moment Dy, D, D,
5 3.59E-02 | 1.94E-01 | 207E-02 | g5(x,,...,xy) | 3-78E-02 [ L.73E-01 [249E-02
(J—c © ) 3.13E-02 | 1.73E-01 | 1.17E-02 (O P ) 2.28E-02 | 1.58E-01 | 2.28E-02
fow>="up Josg | 4.05E-02 | 2.15E-01 | 2.37E-02 fow>"up /954 2 71E-02 | 1.88E-01 | 2.71E-02
Var(xy,...,Xn) | 6:22E-04 [ 299E-02 | 6.22E-04 covV 1205 89.1 120.5
_ = - " Y 0.36 0.99 0.24

Table 10.9 Statistical moments of the global damage indices. Example 2

Figure 10.9 Histograms of pier damage and mean global damage indices. Example 2

An example of the selection of an adequate theoretical distribution function can be
observed in the plots of figure 10.11 for the mean global damage of the bridge. The
distribution functions adjusted to the pier damage indices and global output variables are
given in figures 10.12 and 10.13, respectively. In these figures, the selected distributions and

the sample size used in the process are also indicated.
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Figure 10.10 Histograms of global damage indices. Example 2
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Accumulated probability
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Figure 10.13 Fragility curves of global damage indices. Example 2

Damage
Moment Dm Dl Dz D3 D4 D5 Dﬁ
X 3.35E-02 | 4.14E-02 | L.71E-02 | 2.15E-02 | 4.20E-02 | 7.91E-02 | 2.98E-05
(_T T ) 2.99E-02 | 3.00E-02 | 1.27E-02 | 1.64E-02 | 3.06E-02 | 6.69E-02 | 0.00E+00
low > up Jos, 3.71E-02 | 527E-02 | 2.15E-02 | 2.66E-02 | 5.34E-02 | 9.13E-02 | 1.10E-03
Var(xy,...,xyN) | 9-26E-04 | 8.96E-03 | 1.32E-03 | 1.79E-03 | 9.09E-03 | 1.04E-03 | 4.43E-07
o(X1,...,XN) 3.04E-02 | 9.47E-02 |3.64E-02 | 4.23E-02 | 9.54E-01 | 1.02E-01 | 6.66E-04
(0 P 2.78E-02 | 8.66E-02 | 3.31E-02 | 3.87E-02 | 8.73E-02 | 9.32E-02 | 6.09E-04
low > up Jose, 3.30E-02 | 1-03E-01 | 3.95E-02 | 4.59E-02 | 1.03E-01 | 1.11E-01 | 7.22E-04
COV 90.8 228.9 212.8 196.7 227.0 128.8 2233.8
X 0.18 0.83 0.21 0.25 0.49 0.54 0.15
max

Table 10.10 Statistical moments of mean global damage and pier damage. Example 3

Damage
Moment D, D, D, Moment Dn D, D,
X 3.35E-02 | 1.86E-01 | 1.89B-02 | g5(x,,... xy) | 3-04E-02 [ 1.56E-01 | I.88E-02
(f % ) 2.99E-02 | 1.67E-01 | 1.66E-02 (o o 2.78E-02 | 1.428E-01 | 1.72E-02
fow>~up Joso, | 3.71E-02 | 2.04E-01 | 2.11E-02 low>™up Josq 3 30E-02 | 1.69E-01 |2.04E-02
Var(xy,... ,XN) | 9-26E-04 | 2.42E-02 | 3.54E-04 COovV 90.8 83.7 99.7
KXomin 0 0 0 N 0.18 0.87 0.15

Table 10.11 Statistical moments of the global damage indices. Example 3

10.2.3.3 Influence of random mechanical parameters and simulated accelerograms
seismic scenario

. First

For this Monte Carlo simulation, artificial accelerograms were also considered like in

example 2, but the only random structural parameters used in the simulation were:
Eg, Au, Gﬁ G, }’C al'ld ylr

f'C‘J ﬁ; Ec';

(see table 10.2). That is, the variables corresponding to the geometry of

the elements were assumed as deterministic parameters (table 10.3), supposing that it is little
probable that the element dimensions show important variations in the real case.
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The most important statistical moments obtained in this simulation are shown in tables
10.10 and 10.11. As it can be observed, the means of the global damage indices of the bridge
are of 3.35% (D,,), 18.6% (D,), and 1.89% (D,). The comparison of these values with the
similar corresponding to example 2 (see table 10.9), makes evident a minor influence of the
parameters describing the structural dimensions. For this simulation the mean of the pier’s
damages are between 3.E-05 and 7.9%.

In figures 10.14 and 10.15 the histograms of the pier damage and global damages are
shown, while figure 10.16 shows the adjusted distribution of the mean global damage index.
Using the chi-square and the K-S goodness of fit tests, theoretical distributions functions were
fixed to the results of the simulation, its accumulated curves for the damage variables are
given in figures 10.17 and 10.18.

10.2.3.4 Influence of random mechanical parameters and modified simulated accelerograms.
First seismic scenario

With the aim of studying the influence of a slight modification of the amplitude of the
artificial seismic accelerations, example 4 is similar to example 3, except that the ordinates of
the ground accelerations are 10% greater. The principal statistical moments of this simulation
are shown in tables 10.12 and 10.13, where the mean of the global damages of the bridge of
6.52% (Dy), 33.1% (Dp), and 3.8% (D,) are observed. Then, an increment of 10% in the
seismic load produces increments of almost 80% in the global mean damages of the structure.
The mean damage of piers P; to Ps lies between 3.4% and 13.7%. For pier Ps, the 95%
confidence interval of the maximum mean damage lies between 12.1% and 15.3%.

The histograms and the fragility curves of the damage variables are shown in figures
10.19 to 10.23 for the fourth Monte Carlo simulation example. The histograms of the global
damages indices show for this example greater frequencies in classes different to the first one,
that is, they dominance of a few intervals of damage is smaller. This behaviour is due to the
fact that a greater range of the ground accelerations produces a major variation of the damage
values.

Greater frequencies in classes different to the first one leads to fragility curves with more
soften variations. For example, in this simulation, pier P, reaches an accumulated probability
of 0.9 for a damage level of 0.45 (see figure 10.22), while this value of damage for the third
example is of 0.3, as it can be observed in figure 10.17.

10.2.3.5 Influence of random mechanical parameters, simulated accelerograms and the
possibility of pier rotation at its base. First seismic scenario

Random mechanical parameters and simulated accelerograms are considered in this
example, like in example 3, but the rotational stiffness at the pier base is also included as a
random variable (K in figure 7.5). This variable is assumed to have a uniform distribution
between 1.0E08 and 1.0E11, as can be observed in table 10.4

The randomness of the rotational stiffness tries to consider the base rotation of one or
various bridge piers. The possible values assumed for this variable have a large range, due to
the scarce information existing on this effect.
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Figure 10.15 Histograms of global damage indices. Example 3
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Figure 10.17 Fragility curves of pier damage indices. Example 3
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Figure 10.18 Fragility curves of global damage indices. Example 3
Damage
Moment D D, D, Ds Dy Ds Ds
¥ 6.52E-02 8.79E-02 | 3.86E-02 | 5.27E-02 | 7.34E-02 | 1.37E-01 | 2.32E-03
(J—c - ) 5.94E-02 | 6.87E-02 | 3.16E-02 | 4.34E-02 | 5.87E-02 | 1.21E-01 |0.00E+00
low > up Jos05 7.11E-02 1.07E-01 | 4.56E-02 | 6.21E-02 | 8.81E-02 | 1.53E-01 | 7.62E-03
Var(Xy,....Xn) | 242E-03 | 2.57E-02 |3.41E-03 | 6.12E-03 | 1.50E-02 | 1.79E-02 | 1.95E-03
6(X1y....XN) 4.92E-02 | 1.60E-01 | 5.84E-02 | 7.82E-02 | 1.23E-01 | 1.34E-01 | 4.42E-02
(0 ) 4.50E-02 1.47E-01 | 5.35E-02 | 7.16E-02 | 1.12E-01 | 1.22E-01 | 4.05E-02
low* = up /95 5.33E-02 1.74E-01 | 6.34E-02 | 8.49E-02 | 1.33E-01 | 1.45E-01 | 4.79E-02
Cov 75.4 182.2 151.5 148.3 167.1 97.9 1950.8
X 0.46 0.86 0.35 0.59 0.54 0.59 0.98

Table 10.12 Statistical moments of mean global damage and pier damage. Example 4
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Damage
Moment D D, D, Moment D D, D,
% 6.52E-02 [ 331E-01 | 3.76E-02 | 5(x,,... xn) | #92E-02 | 1.95E-01 |333E-02
(f " 5.94E-02 | 3.08E-01 | 336E-02 | (5 4 4.50E-02 | 1.788E-01 | 3.05E-02
low>=“up Josq | 7.11E-02 | 3.55E-01 | 4.16E-02 low>™up Josq 533E-02 | 2.11E-01 | 3.62E-02
Var(xy,...,xx) | 242E-03 | 3.79E-02 | 1.11E-03 COV 75.4 58.7 88.8
- . = - e 0.46 0.99 0.36

Table 10.13 Statistical moments of the global damage indices. Example 4

Frequency ’_,.'-"'/_‘," Semass __‘_-'"_““-'——.-_..jJ

1
Class number 518 47 4 19
20 21 g

Figure 10.19 Histograms of pier damage and mean global damage indices. Example 4

Figure 10.20 Histograms of global damage indices. Example 4
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Figure 10.21 Gamma distribution function (left) and accumulated distribution (right).
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Damage

Moment D. Dy D, D; Dy Ds D
X 3.94E-02 | 5.31E-02 | 1.67E-02 | 2.50E-02 | 4.58E-02 | 9.60E-02 | 5.05E-05
(je“w,f") 3.52E-02 | 3.90E-02 | I.I8E-02 | 1.95E-02 | 3.40E-02 | 8.24E-02 |0.00E+00
ow T fos | 4.37E-02 | 6.71E-02 | 2.16E-02 | 3.04E-02 | 5.76E-02 | 1.10E-01 | 1.86E-03
Var(x,,...,Xxn) | 1-26E-03 | 1.37E-03 | 1.68E-03 | 2.04E-03 | 9.76E-03 | 128E-02 [ 1.27E-06
o(X1,...,Xn) | 3-55E-02 | L17E-02 | 4.09E-02 | 4.52E-02 | 9.88E-02 | 1.I3E-01 | L.I3E-03
5. O 325E-02 | 1.07E-02 |3.75E-02 | 4.14E-02 [ 9.04E-02 | 1.03E-01 | 1.03E-03
fow» " /5% | 3.85E-02 | 1.27B-01 |4.40E-02 | 4.90E-02 | 1.07E-01 | 123E-01 | 1.22E-03
Cov 90.0 22038 2449 | 18L1 | 2157 | 11785 | 22338
[N 022 0.84 0.27 026 043 0.54 0.025

Table 10.14 Statistical moments of mean global damage and pier damage. Example 5

Damage
Moment Dn D, D, Moment D D, D,
X 3.94E-02 | 2.14E-01 | 2.12B-02 [ g5(x,,...,xy) | 3-55E-02 | 1.73E-01 |2.18E-02
(f P ) 3.52E-02 | 1.94E-01 | 1.86E-02 (o o ) 3.25E-02 | 1.588E-01 | 1.99E-02
fow>"up Jos% | 4.37E-02 | 2.35E-01 | 2.38E-02 fow>"up /959 3.85E-02 | 1.88E-01 | 2.36E-02
Var(x,,...,Xy) | 1:26E-03 | 3.00E-02 | 4.75E-04 COoV 90.0 80.7 1028
- : - Xomax 0.22 0.89 0.16

Table 10.15 Statistical moments of the global damage indices. Example 5

Figure 10.24 Histograms of pier damage and mean global damage indices. Example 5
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Class numbers

Figure 10.25 Histograms of global damage indices. Example 5
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Figure 10.28 Fragility curves of global damage indices. Example 5
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Damage
Moment D D, D, D; Dy Ds D
X 329E-01 | 5.85E-01 |4.56E-01 | 3.45E-01 | 3.01E-01 | 2.07E-01 | 7.80E-02
(f 5 ) 3.18E-01 | 5.66E-01 |4.45E-01 | 3.33E-01 | 2.85E-01 | 1.83E-01 [ 5.63E-02
Clow > up Jose, 3.39E-01 | 6.03E-01 |4.68E-01 | 3.57E-01 | 3.17E-01 | 2.31E-01 | 9.96E-02
Var(xy,...,Xn) | 7-24E-03 | 226E-02 | 9.51E-03 | 9.44E-03 | 1.69E-02 | 3.91E-02 |3.19E-02
6(X1s. .., XN) 851E-02 | L51E-01 |9.75E-02[9.71E-02 | 1.30E-01 | 1.98E-01 | 1.79E-02
(o o ) 7.78E-02 | 1.38E-01 |8.92E-02|8.89E-02 | 1.19E-01 | 1.81E-01 | 1.63E-Ol
fow>™up J95% | 9.24E-02 | 1.63E-01 | 1.06E-01 | 1.06E-01 | 1.41E-01 | 2.15E-01 | 1.94E-01
COV 25.9 257 214 28.1 432 95.7 229
Yo 0.199 0.160 0.138 | 0.014 0 0 0
min
e 0.722 0.896 0786 | 0.698 | 0.802 0.866 0.961

Table 10.16 Statistical moments of global mean damage and pier damages. Example 6

Damage

Moment D, DP, DP, DP; DP, DP5 DP;
T 1.97E-01 | 3.25E-01 | 2.55E-01 [ 2.41E-01 | 1.96E-01 | 1.09E-01 | 5.78E-02
(f - ) 1.91E-01 | 3.18E-01 |2.47E-01|2.33E-01 | 1.89E-01 | 1.00E-01 | 4.20E-02
fow>™up Joss | 2.04E-01 | 3.32E-01 |2.63E-01 | 2.49E-01 | 2.03E-01 | 1.17E-01 | 7.36E-02
Var(xy,...,Xn) | 308E-03 | 370E-03 | 3.93E-03 | 4.05E-03 | 3.47E-03 | 4.61E-03 | 1.72E-02
6(X1,...,XN) 5.55E-02 | 6.08E-02 | 6.27E-02 | 6.36E-02 | 5.89E-02 | 6.79E-02 | 1.31E-01
(0 e S.O8E-02 | 5.56E-02 |5.73E-02 | 5.82E-02 | 5.39E-02 | 6.21E-02 | 1.20E-01
low>™"up Jos% | 6.03E-02 | 6.60E-02 | 6.80E-01 | 6.92E-02 | 6.40E-02 | 7.37E-02 | 1.42E-01
CoVv 28.2 18.7 24.6 26.4 30.1 62.5 227
Xomin 0.113 0.170 0.127 | 0.104 | 0.069 0.004 0
o 0.473 0.528 0483 | 0.451 0.385 0414 0.734

Table 10.17 Statistical moments of DiPasquale and Cakmak global and pier damages. Example 6
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Damage
Moment D D, D, Moment D,, D, D,
X 3.29E-01 | 9.20B-01 | LITE-01 | (x,,... xn) |851E-02 | 4.01E-02 |5.55E-02

(? P ) 3.18E-01 [ 9.15E-01 | 1.91E-01 (o ) 7.78E-02 | 3.66E-02 | 5.08E-02
3 " %5% | 3.39E-01 | 9.25E-01 | 2.04E-01 fow> = %959 9.24E-02 | 4.35E-02 | 6.03E-02

low ?

Var(x,...,xy) | 7-24E-03 | 1.61E-03 | 3.08E-03 COV 259 4.4 282
0.199 0.769 0.113 Koicr 0.722 0.999 0.473
Table 10.18 Statistical moments of the global damage indices. Example 6

Xmin

Figure 10.29 Histograms for pier damage indices. Example 6

The principal statistical moments of the pier and global damages are shown in tables
10.14 and 10.15. Means of the global damages of 4.0% (Dm), 21.4% (Dp), and 2.12% (Da)
were obtained, with mean values of the pier damages between 0 and 9.6%.

Figures 10.24 to 10.28 show the histograms and fragility curves for the pier and global
damages. The fragility curves of figure 10.27 are less pronounced than those of example 3,
principally for pier Ps.

10.2.3.6 Influence of random structural parameters and deterministic accelerograms. Second
seismic scenario

For this simulation random structural parameters and deterministic geometrical variables
were used. In this case, however, the external action was defined by the six deterministic
accelerograms of the second seismic scenario, magnitude 6.5 and distance to the source of
30 km. The statistical moments of the pier damage and global damages of the bridge are
presented in tables 10.16 to 10.18. In these tables is observed that the mean of the global
damage of the bridge are of 32.9% (D,,), 92.0% (Dp) and 19.7% (D,), being the mean of the
pier damage of bridge piers between the 7.8% for pier P and of 58.1% for pier P;.
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Figure 10.32 Fragility curves of pier damage indices. Example 6
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Figure 10.34 Fragility curves for global damage indices. Example 6

In this simulation, the obtained histograms for the damage variables are represented in
figures 10.29 to 10.31. In addition, figures 10.32 to 10.34 show the theoretical distributions
functions adjusted to the statistical results obtained for these variables. The adjusted curves
for global damages D,, and D, (figure 10.34) do not pass the chi-square and K-S goodness of
fit tests for significance levels of 0.1 or 0.05. Other techniques to obtain a theoretical function
can be developed for these variables. However, the theoretical curves of figure 10.35 have not

greater difference to the empirical ones.
For the last simulation is observed that:

1. The second seismic scenario is more destructive for the analysed bridge.

2. The fragility curves of the damage variables are less pronounced, that is, the
frequencies of damage intervals are more distributed. This can not occur with the pier

damage of pier Pg, which can suffer mean damage lesser than 10%
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3. For ground accelerations similar to the used in this example, the fragility curves of the
DiPasquale and Cakmak pier damages show more difference than the curves obtained
with earthquakes of the first seismic scenario.

4. The functional global damage index presents values greater than 90%. Thus, one can
conclude that for levels of seismic action similar to the ones used in this example, the
bridge may suffer important interruptions of its function service.



Appendix A. Newark’s algorithm

Starting from the mass, stiffness, and damping matrices of a structure, Newark’s
algorithm determines the displacement, velocity and acceleration. It is an implicit scheme for
the solution of the equation of motion, which considers that the response at the instant 7;;; is a
function of the responses at the instant #; (Barbat and Canet 1998, Bathe 1996) and is
unconditionally stable if its parameters are @ = 0.5y = 0.25.

In a non-linear analysis, the solution of the equation the motion is obtained by using the
Newark’s time integration algorithm, an incremental formulation and an iterative solution
procedure. Normally, the Newton-Rapshon scheme is used as an iterative process to reach the
convergence at each time increment. In each iteration of the process, an out of balance load
vector (AF/) that yields an increment in displacements (5 v'/)) is obtained. The iterative
process continues until the out of balance load vector or the displacement increments are
sufficiently small (see figure A.1 for a single degree of freedom case). Important aspects of
the non-linear solution are the calculation of the load vector, the tangent stiffness matrix

Ke,,,, and the evaluation of the incremental displacement. A schematic representation of the

i+l

global non-linear algorithm of Newmark is given in table A.1.

(1)
A AF AFi(fl)
Fi,, [ Va— — ; T
¥ / 2
i+l 2
1
Load
O]
E Aviﬂ
(2)
Aviiy
Av,,,
Displacement
Vi Visl

Figure A.1 Full Newton-Raphson iteration scheme. Single degree of freedom system
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Annexe A Non-linear Newmark s algorithm

e Constants:
B=025 y=035 At =t -t

e First iteration (instant ¢, to instant ;. ;):

Update the stiffness matrix K
Determinate the effective force and the equivalent stiffness, fe and Ke:

Ke=—1 M+t o4k
PAL

BAL

| 1 "
fe—f(.f ])+M I:ﬂ,ﬁ?' 1 Evf-l-'-(ﬁ_lval:'-k

Y
l:ﬁA Yt %—l Vg ﬁ_l Atv, ]

Obtain the first approximation for instant i+1/:

v =Ke™fe),

1 1 1
¥ ol g I — | =1 |
i 5Af2 (: r—l) ,BAf =l 2‘8

o) _ o o e (1
v =v_ + At(1-y)V,_, + (A VD
e Second and subsequent iterations (equilibrium iterations for instants i+/:
I. Update

Ke=— M+ C+K

BAL* BAt

feV" =f(1,)+M:v

(0] 6))
i+l + C V

IL. If the effective force is not small enough, evaluate

SvV™) =Ke ' e/

AR e [ S A
BAt*
VUt = ﬁJ’A SVU 4y

f+1
v = §yUH 4y

III. Return to step 1

Table A.1 Non-linear algorithm of Newmark




Appendix B. Isotropic damage model

In the isotropic damage model for concrete elements of Oliver et al. (1990) based on the
continuum damage mechanics, the non-linear behaviour is monitored through a single internal
variable, called damage, d, which ranges from 0 (no damage) to 1 (complete damage) and
measures the loss of secant stiffness of the material.

The constitutive equation for an isotropic damage model is

c=(1-d)D,:¢ (B.1)

where ¢ and ¢ are the stress and strain tensors, respectively, d is the damage variable and Dy
is the elastic constitutive tensor. Starting from equation B.1 it is considered that: (1) the
material stiffness is only affected by a scalar factor; (2) equation B.1 can be interpreted as a
decomposition of the stress into elastic and inelastic parts

c=D,:e-dD,:e=0,-0, (B.2)

where 6 is the undamaged stress tensor.
The model defined by equation B.1 is fully determined if the value of d can be evaluate at
every time of the deformation process. So, one must define:

® A suitable norm, 7, of the strain tensor, or alternatively, of the undamaged stress
tensor. This norm, denominated the equivalent strain, is used to compare different
states of deformation. The norm 7is a positive scalar function, with zero value for the
undeformed state.
For elements with degradation in tension and compression, like the reinforced
concrete elements, the equivalent deformation is defined as:

n

r:[9+l_8 c,:D;' : o, (B.3)

where

ZL( o, >
g =07 (B.4)

Z:’=]

o))
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is a weighting factor depending on the state of stress and » is the ratio of the
compressive strength to the tensile strength, which takes a value approximately equal
to 10 for concrete materials

n= f— =10 (B.5)
I
In the above two equations, /. and /" are the compressive and tensile strengths,

respectively, and op is the elastic stress vector. The values of @ range from zero for
triaxial compression to 1.0 for triaxial tension. For intermediate states 0 < 8 < 1.

A damage criterion, F(zr) <0, formulated in the strain or undamaged stress spaces.
The simplest form of this criterion is

F(t',r'y=G@")-G(r')<0 V=0 (B.6)
where 7' is the norm at the current time t, 7 is the damage threshold at the current time

t, and G(x) is a suitable monotonic scalz-u function. Starting from results from uniaxial
tension test, the initial threshold value, 7', is defined as

J'* = f’.- (B?)

JE,

where E) is Young’s modulus and »* > = ", Expression (B.6) represents a bonding
surface in the strain or undamaged stress spaces. Figure B.1 shows the corresponding
surface 7 - 7 = 0 in the 0'0 - 0'0 plane and the uniaxial curve. In this figure, the
approximation of the behaviour of the real material can be verified.

Damage occurs when the norm 7 exceeds the current threshold value. In
particular, damage is initiated when the norm exceeds the value of r .

Evolution laws for the damaged threshold and the damage variable. For the Kuhn-

Tucker relations (Oliver et al. 1990) the evolution of the internal variables can be
expressed as:

r =max{'“,maxr“’} O<s<t (B.8)

d" =G@") (B.9)

which fully describes evolution of the internal variables for loading, unloading and

reloading situations. The scalar function G (), defining the evolution of the damage

value, must be monotonic, and ranges from 0 to 1. Oliver et al. proposed the following
expression for this scalar function:

GG =1—r—,exp{A[1—r—,]} 0<r' <r' (B.10)
r r
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g&=ng

e

fe=nf,

g and g, = specific dissipated
energies in uniaxial tension and
compression process

Figure B.1 Damage bounding surfaces and uniaxial curves for the Oliver et al. model

Initial data for time +/:
¢ Material properties: /7, n., Ey, v, Gy
o Initial threshold: »-* (equation B.7)

Operations:

¢ Determine 4 (equation B.11)

e If £ = 0 initialise = r

¢ Evaluate undamaged stresses GEH = Dﬂ g

e Evaluate "/ (equation B.3)
¢ Update internal variables (equations B.8 and B.9)

e Update stresses 6'"' = (1—d"")o"

Table B.1 Algorithm of the Oliver et al. (1990)

where

GE 3
A= ,,—f,"—z—l >0 (B.11)
Fof)™ 2

is a parameter, obtained trough energy approximations, Gy is the fracture energy per
unit area (assumed to be a material property) and /” is a characteristic length of the
finite element. The values of 4 and » determine the shape of the uniaxial stress-strain
curve. As A must be positive, the expression B.11 limits the maximum size of the
element that may be used in a finite element mesh.

Table B.1 shows the simple algorithm used to evaluate damage with the Oliver
et al. (1999) model.
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