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Abstract: This article presents a new proposal to estimate structural capacity models for bridge portfolios. A
common approach is the use of ductility-based capacity models. Herein, a ductility replacement for curvature
or drift as engineering demand parameters is conducted, as variability within the bridge’s classes is considered
in the results and multidirectional pushover analyses are performed to assess a bi-directional load scenario.
Application of the methodology is exemplified for an inventory of Northeastern Brazilian bridges. Parametric
analyses are performed by varying the reinforcement ratios to estimate the capacity limit states within the
range of values used. These results from probabilistic models define the capacity limit state that can be used
to perform vulnerability assessment of bridges to different hazard sources, such as earthquakes.

Keywords: structural capacity, parametric analysis, multidirectional pushover analysis.

Resumo: Este artigo apresenta uma proposta para determina¢do da capacidade estrutural de portfolios de
pontes. Uma pratica comum ¢é o uso de modelos de capacidade baseados na ductilidade. Neste trabalho, a
ductilidade ¢ substituida por curvatura ou driff como pardmetros de demanda, uma vez que a variabilidade
dos parametros que definem classes de pontes ¢ considerada nos resultados e analises multidirecionais do tipo
Pushover sdo realizadas para avaliar cenarios de forgas bidirecionais. Uma aplicagdo da metodologia é
exemplificada para um inventario de pontes tipicas situadas no Nordeste do Brasil. Analises paramétricas sao
realizadas por meio da variagdo das taxas de armaduras para determinagdo dos estados-limites dentro dos
valores estudados. Os resultados dos estados limites de capacidade sdo informagdes valiosas para realizagdo
de estudos de vulnerabilidade de portfolios de pontes para diferentes fontes de ameaga, como sismos.
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1 INTRODUCTION

Bridges have fundamental importance in the economic and social development of cities. Such structures, based on
past earthquake events, can be considered the most vulnerable components in a highway transportation system, as
highlighted by well-known cases of earthquakes [1]-[3], and other natural hazards [4]-[8]. In order to assess the seismic
vulnerability of bridges, Performance-based earthquake engineering (PBEE) can be used, since it is a comprehensive
framework of vulnerability in terms of the expected performance [9].

As an essential part of the PBEE framework, there are the fragility functions, which are defined as the conditional
probability of damage over a range of potential hazard intensities. Therefore, these functions are important tools in
several analyses, such as in regional seismic risk assessments to estimate the potential for damage or losses due to
seismic events, or in evaluating the efficiency of seismic design provisions. Fragility assessment requires the
probabilistic distributions of the demand and the capacity of each component of the system. The demand is the peak
structural response for a given intensity measure, whereas the capacity depicts the response at the limit states’
thresholds. Therefore, in order to generate reliable fragility functions, one needs reliable capacity models for all bridge
components (e.g., bearing, abutments, columns, deck). Traditionally, these models have been defined in terms of
qualitative damage states such as slight, moderate, extensive and complete [10] associated with a timeline for the
restoration of the bridge functionality [11].

The columns of a bridge are commonly adopted as a system’s component, since severe damage to them may lead
to bridge closure or collapse [12]; hence, an adequate determination of the bents' structural capacity probabilistic model
is of utmost importance. Most studies on fragility analysis of bridges measure damage based on the column’s ductility
demand ratio [13], i.e., the ratio of the peak structural response and the structural response that causes the first yield on
a reinforcement bar (yield parameter hereafter). Several researchers [9], [11]-[16] adopt the curvature ductility (p4) as
an engineering demand parameter (EDP) to define column capacity models. This methodology provides probabilistic
distributions to properly account for uncertainties about the association between quantitative (e.g., curvature ductility
values) and qualitative damage states. For that, it is necessary to associate expert opinion regarding post-event
failures [17] and numerical or experimental results [13], [18], [19].

A fragility assessment based on the column’s ductility demand ratio requires an adequate definition of the yield
parameter (e.g., yield curvature, yield drift, yield displacement). Therefore, analytical equations based on experimental
results [20]-[23] or numerical approaches through sectional analysis [24] and Pushover analysis (PA) [25] are
commonly adopted. PA is also used to define the limit state models of several types of structural systems, such as
buildings [26], bridges [27], and free-form shells [28].

PA consists of the application of incremental forces to evaluate the inelastic behavior of a structure in each step
until collapse, or whether any desired displacement, is reached. This procedure allows the definition of the exact step
corresponding to the first yield of reinforcing steel, which provides the yield parameter considering the three-
dimensional behavior of the structural system and the section properties in the numerical modeling.

Bridges’ bents situated in one plane only (e.g., two-column bents) combined with a flexible superstructure
using elastomeric bearings can be sensitive to torsion [27]. In addition, ground motions comprise three
translational components, which means that simultaneous seismic demand imposes itself in more than one
direction (consequently a large resultant demand). Bi-directional loading also increases the strength and
stiffness degradation of columns [29]-[30]; therefore, the structural capacity model should be consistently able
to reflect this behavior. This means that the traditional methods [20]-[24] may not be adequate to estimate the
capacity of bridge bents; however, a multidirectional Pushover procedure can adequately estimate the yield
parameter for bi-directional horizontal loads.

In view of the above, this article aims to propose a new probabilistic framework to determine the structural
capacity model of bridge’s bents coupled with Multidirectional Pushover Analyses (MPA). Nonlinear
numerical simulations are conducted using finite element models with features of bridges in Northeastern
Brazil, obtained from a robust background statistical study. The MPA are performed to investigate the effect
of bi-directional loads on the yield parameter of bridge’s bents in Northeastern Brazil. Given that information
on the detailing of the existing bridges’ bents is hardly available, parametric analyses are also performed to
investigate the impact of the column’s reinforcement ratios on the yield parameter. The contribution of this
study is, therefore, multifold, in the sense that it provides not only insights on the effect of MPA and other
parameters in the structural capacity probabilistic models, but also contributes to the development of capacity
models for bridges through a new methodology.
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2 BRIDGE CHARACTERISTICS AND NUMERICAL MODELING

2.1 Characteristics and variability of bridges

There are approximately 5000 bridges located on federal highways in Brazil, under the supervision of the National
Department of Infrastructure and Transportation (DNIT). About 50% of these bridges are located in Northeastern
Brazil, which presents one of the highest seismic activities compared to other parts of Brazil [31]-[33]. Furthermore,
bridges have the worst structural condition countrywide; 6.6% of them require immediate or mid-term interventions, as
seen in [34]. Recurrent floods in the region also aggravate bridges' condition [7]. These specific effects, however, are
not explored herein.

A recent study conducted by [35] evaluated 250 reports of bridges located in Northeastern Brazil and grouped them
into classes with similar structural characteristics. Table 1 presents the description and representativeness of the bridges’
classes, according to the number and spans’ continuity, deck section, number of columns per bents, and type of
abutments. Cast-in-place and straight concrete bridges supported on elastomeric bearings represent these classes, since
they represent the vast majority of the reports.

Table 1. Representativeness and description of the bridges’ classes.

Bridge’s class Bridge description %
SS-SD-Abut Single-span, slab deck and non-integral abutments 16.4%
SS-TB-Abut Single-span, T-beam deck and non-integral abutments 27.6%

MSC-TB Multi-span continuous, T-beam deck, two column bents and no abutments 17.2%

MSC-TB-Abut Multi-span continuous, T-beam deck, two column bents and non-integral abutments 6.4%

Others 32.4%

Two bridges’ classes with bents (MSC-TB and MSC-TB-Abut) are analyzed herein and represent 23.6% of the total
of the selected bridges (250). Figure 1 illustrates the geometric properties of the typical bridges’ classes described in
Table 1. Gravity or U seat-type abutments support MSC-TB-Abut bridge’s classes. All decks of the bridges’ classes
(MSC-TB and MSC-TB-Abut) are considered supported on elastomeric bearings.
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Figure 1. Geometric properties of the bridges’ classes.
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Several geometric features are adopted as variable to define each bridge’s class, such as: number of spans; span length; slab
deck width and thickness; T-beam deck width; depth, width and slab thickness; column height and cross section dimensions;
bent cap length, depth and width; abutment type and dimensions. Discrete and continuous distributions describe independent
geometric variabilities (i.e., span length and column height). However, some parameter variabilities (i.e., T-beam depth and span
length) are defined as a function of these independent variables, since strong correlations are observed in [35]. Pearson’s linear
correlation coefficients (pyy) are calculated and py, > 0.7 is assumed to indicate a strong correlation. The foundations, material
properties and design details are not informed in the reports.

2.1.1 MSC-TB bridge’s class variability

Table 2 summarizes the characterization of the portfolio variabilities for the MSC-TB bridge’s classes. In addition,
the widths of the T-beams and bent caps are assumed to be 0.4 m, as few reports present this information. Further details
on distribution and function fits are available in [35]. Geometric parameters (e.g., intermediate span length) fitted by
normal distributions are truncated using a 5% percentile cutoff point to avoid negative values, which are not physically
representative.

Table 2. Characterization of the portfolio variabilities for the MSC-TB bridge’s class [35].

Variable Distribution or function Subclass Parameters (m)
Ns =3 (51.4%)
Number of spans (Ns) Discrete - Ns=4(11.4%)

Ns =5 (37.1%)
u=18.24,6=4.79

Intermediate span length (Lis) Normal - and Lis > 10.4
End span length (Les) Linear regression - Les(Lis)=0.18 Lis + 1.03
T-beam depth (Db) Linear regression - Db(Lis) = 0.05 Lis + 0.78
Deck width (Dw) Lognormal - A=235and {=0.14
Bent cap length (Lbc) Linear regression - Lbc(Dw) = 0.56 Dw + 0.64
Bent cap depth (Dbc) Linear regression - Dbc(Lbc) =0.12 Lbe + 0.33
Slab thickness (Sd) Linear regression - Sd(Lbc) = 0.04 Lbc
Column height (Hc) Lognormal - A=1.25and {=0.47
. L .
Column diameter (Dc) or width (Wc) Linear regression ;1 \]?/cc((lillss)) ; (())(())23 II:IISS : (())32’;

! Subclass 1 indicates bridges composed of circular columns with 73.7% occurrence
2 Subclass 2 indicates bridges composed of rectangular columns with 26.3% occurrence

2.1.2 MSC-TB-Abut bridge’s class variability

The summary of the portfolio variabilities of the MSC-TB-Abut bridge’s class are illustrated in Table 3. According
to the reports, some parameters are assumed to have constant values, such as the slab thickness of 0.3 m, deck width of
10 m, and the width and depth of the bent caps of 0.4 m and 1.0 m, respectively.

Table 3. Characterization of the portfolio variabilities for the MSC-TB-Abut bridge’s class [35].

Variable Distribution or function Subclass Parameters (m)
Ns =2 (66.7%)
Number of spans (Ns) Discrete - Ns =3 (26.7%)
Ns =4 (6.6%)
Span length (Ls) Lognormal - A=27and {=0.37
T-beam depth (Db) Linear regression - Db(Ls) =0.09 Ls + 0.07
Bent cap length (Lbc) Lognormal - A=1.57 and {=0.04
Column diameter (Dc) Linear regression - Dc(Ls) =0.03 Ls + 0.36
Column height (Hc) Normal - n=4.82,6=1.58 and Hc > 1.66
1 - —
Abutment height (Ha) Lognormal ;1 ;: ; igz Zﬂg 2 ; 8411 ;

! Subclass 1 indicates gravity seat-type abutments with 42.9% occurrence
2 Subclass 2 indicates U seat-type abutments with 57.1% occurrence
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2.1.3 Material variability

Some parameters are not available in the DNIT database, such as compressive strength of concrete (fc), steel yield
stress (fy) and steel Young’s modulus (Es). Their mean values (i) and standard deviation (o) are considered based on
the literature, as shown in Table 4. Therefore, they are used as material variabilities to create different bridge samples.
A conservative approach is used in the characterization of the fc values, which is based on the C20 concrete class, since
77.7% of the age bridges recorded in DNIT reports were built up to 1975 [34]. Furthermore, the steel Young’s Modulus
is used as 210 GPa [36] for all analyses, as it has a small coefficient of variation value (i.e., about 3% in [37]).

Table 4. Material variability considered herein.

Variable Distribution Parameters Reference
fc (MPa) Normal p=262andc =43 Santiago and Beck [38]
fy (MPa) Normal u=>576 and 6 =46.1 Nogueira [39]

Longitudinal and transverse reinforcement ratios for bent caps are calculated based on the minimum requirements
of [36], since the T-beams are supported directly on the columns. A longitudinal reinforcement ratio of 1% is adopted
for the columns according to [40] since Brazilian’s bridges are usually not designed considering seismic detailing. Any
other seismic details (e.g., shear keys, restrainer cables, elastomeric isolation bearing, steel jacket) were not seen in the
reports, indicating that these seismic resistance features are not significantly used. In addition, transverse ties with
diameters of 8 mm and a spacing of 20 cm (¢8 each 20) are used in the columns according to [36]. Note that column’s
reinforcement ratios are studied through parametric analyses in Subsection 4.4.

2.2 Numerical modeling

A generic finite-element (FE) model is created using OpenSees [41], which includes variation in geometric features
and component modeling. The generic FE model is presented in Figure 2, where the dead loads from the superstructure
are considered to be vertically concentrated at the top of the columns (force P).

Reinforcing & x Reinforcing
P steel Confined T [ steel
concrete

Uncontined
concrete

Confined - Unconfined

Rigid-link i concrete concrete
beam =3 Circular Rectangular
Fiber-type Column fiber-type element
. displacement-based
Fixed B
- beam-column
shpport element
T f f
: Unconfined fil -
¥ 1 \
concrete | e !
Notes: \ L £y s
P = Dead (gravitational) loads;

Cnnﬁnfﬁ\j: o)

concrete

Uniaxial concrete material Uniaxial steel material

Figure 2. Generic FE model and nonlinear beam-column elements model behavior.

Rigid-link beams are used in vertical direction over the bridge piers to transfer lateral and gravitational loads from
the deck to the bents. Bent beams and columns are modeled using fiber-type displacement-based beam-column elements
with spread plasticity. The cross section of the element is divided into several fibers that delineate the regions of
confined and unconfined concrete and the longitudinal reinforcement steel. The behavior of the uniaxial concrete
material is based on the model proposed by [42], while the behavior of the reinforcement steel material is described
by [43] with an isotropic strain-hardening ratio of 1%. Each column is divided into several elements along their height
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with an approximate length of 50 centimeters and each bent beam and grade beam is divided into 4 elements along their
length. The soil-structure interaction is not considered in the analysis and fixed support conditions are applied.

The numerical model is calibrated with the results of two cyclic experiments, as presented in Figure 3. The first is
Experiment 5 by [44] in which a single column can simulate a lateral force acting in the longitudinal direction of the
bridge. Meanwhile, the second experiment represents a frame composed of two columns [45] similar to the structural
behavior of the bents in the transverse direction.

400 = 400
— Experiment
— Numerical

—Experiment
—Numerical

200 200

Z Z
L )
= = |
w0 = 0
- Experiment o
o 15
£ F P_a 5
=200 M | =200
T
=400 =400
-10 -5 0 5 10 -15 -10 -5 0 5 10 3
Displacement (A, in cm) Displacement (4, in cm)
a) One column calibration b) Two column frame calibration

Figure 3. Numerical model calibration of the columns.

Note that hysteretic curves depicted in Figure 3 are in fair agreement. More information on the calibration can be
found elsewhere [46], [47].

3 METHODOLOGY

In this section, the new methodology to estimate the structural capacity of the bridges' bents is described. It is
proposed to replace the column’s ductility ratio («#) by a new parameter (e.g., curvature, drift) as an EDP. The
methodology is divided into the following steps:

- Definition of the structural response to be adopted as the EDP, for example, section curvature (¢) or drift (6). Note
that this new EDP needs to be able to be written in function of the ductility ratio, as EDP = ugpp X EDP, , where
subscript y refers to the EDP values (e.g., ¢ or 6) in which the first longitudinal reinforcement yields. This approach
allows the EDP to be obtained directly from the demand analysis, since it is not straightforward to obtain the
column’s yield parameter value in a portfolio analysis, because in some simulations yielding may not occur;

- Obtain from the literature, or develop, capacity models based on the column’s ductility ratio that provide a clear
relation between damage states. These capacity models are defined as median (Sc[pepp|LS]) and logarithmic
dispersion (Bc[pepp|LS]) for each limit state (LS). These probabilistic distributions consider the uncertainties about
the association between quantitative and qualitative damage states, as mentioned before. In addition, several authors
adopt the capacity models based on lognormal distributions [11]-[16];

- Generate structural samples considering the variation of physical and geometric parameters to account for their
variability within the bridges’ classes;

- Perform PAs (or MPA if a bi-directional load scenario is required) in each structural sample to determine the EDPy values;

- Fit the EDPy values to a lognormal distribution, described by the median (Sc[EDP,]) and the logarithmic dispersion
(Bc[EDPy]). One can also verify if the EDPy values follow a lognormal distribution using a two-sample Kolmogorov-
Smirnov (K-S) test. The dispersion obtained in these analyses would be based on the variability within the bridge’s
class, and this distribution is not yet associated to a LS;

- Assuming that there is no correlation between uzpp and EDPy, the distribution of the structural capacity for each
LS, given by a median Sc and a dispersion B¢, can be determined from the product between the distributions of uzpp
and EDPy, given by the following Equations 1 and 2 [48]:

Sc[EDP] = S¢[EDP,)] X Sc[ptgpp|LS] (D
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Bc[EDP] = \/Bc[EDP,]? + Bcltgpp|LS]? 2

Figure 4 illustrates a summary of the proposed framework to determine the capacity model of bridge’s bents. As seen in
Figure 4, the characterization of the EDPy value is based on simultaneous monitoring of the EDP (i.e., section curvature, drift)
values (pushover curve) and the steel stress (f) values of each longitudinal rebar (stress-strain curve) in the critical section at each
PA step. In the step in which the first longitudinal rebar yields (f=fy), the EDP value is equal to EDP,.

4 [
| Sc[EDPy] ‘
i I [
Colected ylelld | B[EDP,] |
parameteres in | 2 |
| each analysisi | g I
— > |
; EDP,; ;A |
I \
EDP, EDP ! >
! EDPy ‘
I \
- A
section ; ! Slight (SD)
I Moderate (MD) |
- I i [
Uniaxial y ! o | g Extensive (ED) |
steel material : Yieldin : g Cor(l;lp;lete :
>
Stress-strain I | A €D I
curve ‘ ! ‘
€ ! I
Y & : HEDP 1
4 Sc[EDP|SD] and p[EDPISD] |
Sc[EDP|MD] and B[EDP|MD]
2 Sc[EDP[ED] and B-[EDP|ED .
‘Z cl [ED] and f[ IED] Capacity model
5 Sc[EDP|CD]
fa) EDPICD Product of
Bl ICD] EDP, and pgpp|LS
EDPp vy
Notes: " SEDPILS] = Sc[EDP,] Sc[iepplLS] |
F = Horizontal load; | 0.5 |
EDP|LS] = EDP,]* + LS]?
M = Bending moment. L ECE = ,l,s,] _ (,BC,[ _ y,], ,ﬁg[gE,Dpl, §],), J

Figure 4. Methodology for defining a capacity model for bridge’s bents.

This framework allows a most adequate definition of the yield parameter through nonlinear analyses, and the
consideration of the variability within a group of structures in the capacity model. In addition, Multidirectional Pushover
Analyses (MPA) are performed to provide a better estimate of the yield parameter based on a bi-directional load
scenario, as seen in Figure 5.

Section

Three-dimensional

)

Z x (907 bridge
y (0%)

Notes:

P = Vertical force (dead loads)

F; = Horizontal force applied in i angle (Pushover) Three-dimensional bent Section AA

Figure 5. Direction of the horizontal force at the top of the bents.
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The definition of qualitative damage states adopted herein follows [10] prescriptions (Table 5), which are divided
into slight, moderate, extensive and complete damage.

Table 5. Description of damaged states.

Damage state Description
Slight Minor spalling at the column (damage requires no more than cosmetic repair)
Any column experiencing moderate (shear cracks) cracking and spalling
Moderate .
(column structurally still sound)
Extensive Any column degrading without collapse — shear failure —
(column structurally unsafe)
Complete Any column collapsing

In order to obtain results from this methodology, 50 structural samples of bridges using the Latin-hypercube
sampling (LHS) technique [49] are generated with variation of physical and geometric parameters to account
for their variability within the bridges’ classes. The LHS is used to create a set of nominally identical but
statistically different bridge samples, which considers a constrained sampling approach instead of randomly
selected samples. The application of the LHS on the sampling of continuous distributions (independent
parameters, e.g., span length, column height) is well known, and more information can be found
elsewhere [50]. After sampling the independent parameters (e.g., span length), the dependent parameters
described as linear functions (e.g., T-beam depth) are calculated. The sampling of the subclasses is performed
based on the probability of occurrence, i.e., 73.7% (37 samples) of the columns of the MSC-TB class have a
circular section and 26.3% (13 samples) have a rectangular section.

MPA are performed in each structural sample. In each analysis, the angle of application of the horizontal
force is varied every 15° from 0° (bridge’s longitudinal direction) to 90° (transverse direction, i.e., bent’s
plane). The yield curvature (¢y) and the yield drift (6,) are selected as the yield parameters and are determined
in each analysis.

The results of this research are presented in the next section, and divided into subsections, as described below:

- Comparison of the yield parameters (¢, and 6,) obtained in the MPA with the results of analytical equations proposed
by [20]- [23]. This subsection intends to assess whether the use of analytical models properly estimates the yield parameters;

- Analysis of the influence of the bi-directional load scenario on the yield parameters (¢, and 6,). The main objective
is to evaluate which parameter is less impacted by the variation of the angle of application of horizontal forces.
These results help to select the most suitable yield parameter to generate the capacity models;

- Generation of limit state models for each bridge’s class based on the most suitable yield parameter using the
proposed methodology in this article.;

- Parametric analysis considering different columns’ reinforcement ratio using MPA to determine the influence on
the yield parameter (used in the above-mentioned analysis). The longitudinal reinforcement ratio is varied with
values of 0.5%, 1.0%, 1.5% and 2%, and the transverse ties with diameters of 8, 10 and 12.5 mm and spacing of 20,
15 and 10 cm, respectively. From these results for each bridge’s class, analytical equations are proposed to
extrapolate the yield parameter within a range of analyzed values for reinforcement ratios. Therefore, when this data
(reinforcement ratios) is available, it will be possible to properly estimate the capacity of these columns.

4 RESULTS

4.1 Comparison of analytical and numerical models to obtain yield parameters

In this subsection, the adequacy of the adoption of analytical models to calculate yield parameters (¢y and 6y) is
discussed. Priestley et al. [22] proposed Equations 3 and 4 to estimate ¢y and 6y, respectively.

&
¢, = 2,25 X% D—yc 3)
_ (Hc+LszJ)Z
6, = ¢y x o) 4)
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In Equation 3, &y is the yield strain of the longitudinal reinforcement and D, is the column diameter. In Equation 4,
H. is the column height and L, is the strain penetration length, as defined in Equation 5.

Ly = 0,022 X f, X &, 6))

Where f is the longitudinal reinforcement yield strength and @y is the longitudinal reinforcement bar diameter.
Note that these expressions are proposed for circular columns; therefore, the authors adapted them for rectangular
columns by replacing D, with W, (column width).

The values of EDPy (¢y and 0y) are calculated using the Equations 3 to 5 for each structural sample per bridge’s
class, which are independent of the direction of analysis (e.g., longitudinal or transverse directions). Note that each
sample provides unique parameter values (e.g., column height, column diameter, steel yield strength) to properly
estimate one EDP,. Each analytical result is related to each EDP, obtained by the MPA for the seven angles of
application of the horizontal force varying from 0° to 90°, as seen in Figure 6. In Figure 6, the vertical axes indicate the
yield parameters obtained by the MPA divided by those calculated by the analytical models proposed by Priestley et al.
[22], and the horizontal axes illustrate the results for each degree analyzed in the MPA.

The yield curvature results, shown in Figure 6, indicate that there is not a significant effect of the angle of application
of forces on them, since the mean values range from 0.83 to 0.77 (about 8%) and from 0.86 to 0.84 (about 2%) for the
MSC-TB and MSC-TB-Abut bridge’s classes, respectively. This influence on yield drift values is clearly stronger, as
the same variations are around 857% (from 0.67 to 0.07) and 644% (from 0.67 to 0.09), respectively. The standard
deviation of the MSC-TB results is higher due to the division of the class into circular and rectangular sections, and the
greater number of variable geometric parameters (e.g., slab thickness, bent cap height), as detailed in Section 2.

All results in Figure 6 show that the yield parameters obtained with the analytical model are overestimated, except
one sample that generated higher values of 0, through the MPA (Figure 6d). This sample features a bridge with columns
1.7 m high and 1.4 m in diameter, which is unusual. Note that the LHS technique must be performed with uncorrelated
parameters to adequately represent a large group of samples with small size data; therefore, it is common to provide a
small number of samples with unusual characteristics.
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Figure 6. Relation between yield parameters obtained by MPA and by an analytical model proposed by Priestley et al. [22] for
each angle of the MPA.
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Other studies have also proposed analytical equations to estimate the yield curvature based on experimental
results, such as Hernandez-Montes and Aschleim [20] and Sheikh et al. [23]. [20] studied circular and
rectangular columns and evaluated the influence of the axial load ratio on the yield curvature; while [23]
evaluated circular columns to estimate equations based on the axial load ratio, longitudinal reinforcement ratio
and compressive strength of concrete. Both models also consider the yield strain of the longitudinal
reinforcement and the dimensions of the column’s cross section, as proposed by Priestley et al. [22]. In
addition, Brachmann et al. [21] estimated the yield drift values as a function of the axial load ratio only.

A similar approach is also conducted to assess the suitability of using the analytical models [20]-[23] to
estimate the yield parameters, which also utilizes the previous results from Figure 6. This intends to verify
whether the EDP, overestimation (i.e., using Priestley et al. [22] model) is also obtained using the
aforementioned analytical models [20]-[21] and [23]. Therefore, longitudinal (0°) and transverse (90°)
directions are evaluated based on the results obtained with the MPA. Figure 7 shows through box-and-whisker
plots the comparison of yield parameters calculated from the equations proposed by [20]-[23] and determined
with the MPA.
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Figure 7. Relation between yield parameters obtained by MPA and by analytical models proposed by [20]-[23].

The results illustrated in Figure 7 indicate that the evaluated analytical equations overestimated the yield curvature.
The model proposed by Sheik et al. [23] presented more accurate results, as more parameters are used to define ¢y. The
results obtained using Hernandez-Montes and Aschleim [20] are the least accurate, but with the smallest dispersion,
which is consistent with the equations considering circular and rectangular columns. The yield drift results using
Brachmann et al. [21] have a significantly greater dispersion, which is attributed to the single consideration of the axial
load ratio in the equations; however, the results are more accurate with a lower tendency of overestimation.

Finally, the estimation of the yield parameters using analytical models may underestimate the fragility assessment
of these bridge’s classes. Therefore, the employment of MPA is certainly a more accurate approach to estimating the
capacity of bridge’s classes for a fragility assessment.
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4.2 Comparison and selection of a most suitable EDP

This subsection presents an analysis of the appropriate EDP (i.e., ¢y or 0y) to be adopted in the capacity models of
the bridge’s bents considering a bi-directional load scenario. The MPA results of ¢, and 0, for each degree of force
application are described in Table 6, which includes the p-values of the two-sample K-S test. A significance level (o)
of 0.05 is used [28], which means that the data follow a lognormal distribution if the p-value>a.

Table 6. Comparison of ¢y and 6y using the MPA for the bridge’s classes.

Yield parameter Degree MSC-TB MSC-TB-Abut
Sc Bc p-value! Sc Bc p-value!

0° 0.0072 0.218 0.838 0.0068 0.228 0.498

15° 0.0070 0.224 0.723 0.0068 0.228 0.573

30° 0.0069 0.233 0.726 0.0068 0.231 0.597

Oy (rad/m) 45° 0.0068 0.241 0.550 0.0067 0.228 0.632
60° 0.0066 0.246 0.587 0.0066 0.226 0.625

75° 0.0066 0.231 0.641 0.0066 0.223 0.716

90° 0.0069 0.210 0.689 0.0066 0.220 0.615

0° 0.784 0.437 0.841 0.903 0.368 0.953

15° 0.769 0.444 0.891 0.893 0.371 0.937

30° 0.743 0.454 0.976 0.866 0.378 0.918

0y (%) 45° 0.678 0.470 0.976 0.789 0.399 0.886
60° 0.538 0.495 0.979 0.623 0.430 0.935

75° 0.307 0.521 0.952 0.358 0.450 0.937

90° 0.082 0.729 0.985 0.118 0.536 0.949

! These results indicate p-values from the two-sample K-S test.

The results indicate that the median values (Sc) of column yield curvatures are greater in longitudinal direction (0°) pushover
analyses than in the transverse direction (90°). This is caused by the reduction of axial forces in the critical column when a
transverse force or displacement is applied in the top of the bent, since the yielding of the longitudinal rebar occurs by excessive
elongation. This reduction is directly related to the column height, since the bending moments generated by horizontal transverse
forces (as a function of column height, bent cap length and number of columns) increase axial forces in an end column and
decrease at the other extremity. The largest variations in median values and logarithmic dispersion are observed in the yield
curvature of the MSC-TB bridge’s class, when the angle of the pushover analysis increases. Median values are up to 9.1% (from
0.0072 to 0.0066), and logarithmic dispersion up to 17.1% (from 0.246 to 0.210). For the MSC-TB-Abut bridge’s class, these
variations are up to 3.0% and 5.0% for median values and logarithmic dispersions, respectively.

According to Table 6, the yield drift values are dependent on the angle of application of the forces, since variations
of 856% in the median values (from 0.784% to 0.082%) and 66.8% in the dispersion values (from 0.437 to 0.729) are
obtained for the longitudinal and transverse directions considering MSC-TB bridge’s class, respectively. This variation
is related to the greater structural stiffness in the transverse direction. Finally, it is assumed that the data follow
lognormal distributions, since all p-values are higher than the adopted significance level.

The conventional limit state models define lognormal distributions to describe a column's capacity, without
distinguishing between longitudinal and transverse structural behavior [11]-[16]. Therefore, the results for these
bridges’ classes indicate the curvature is a better EDP when the forces acting in both directions are significant, since
the yield drift is more dependent on the angle’s direction. An alternative approach to use a drift-based EDP is to develop
independent capacity models for longitudinal and transverse directions, as seen in other bridge components (e.g.,
bearings, abutments) [11]-[16]. Based on this discussion, the yield curvature is used in further analyses presented herein.

4.3 Column limit state capacities

This subsection presents new limit state capacity models for the bridge’s classes based on the assumption that there is
no seismic detailing. The first step is to estimate the yield curvature parameter through lognormal distributions (i.e., Sc
and Bc). Table 6 shows the probabilistic distributions for each degree of force application; however, only one distribution
per bridge’s class must be used. Therefore, an attempt to gather all data (i.e., 7 degrees times 50 structural samples per
bridge’s class) to be fitted by lognormal distributions is conducted. Figure 8 illustrates the results of fitting the data by
lognormal distributions, graphically shown by empirical and lognormal cumulative distribution functions (CDF).
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Figure 8. Two-sample K-S test results for the bridge’s classes, considering all data (350 analyses per class).

The results indicate that these data do not follow lognormal distributions (p-value < o). Therefore, the mean values
of ¢y are calculated for each structural sample, totaling 50 values of ¢, per bridge’s class, i.e., the mean results of the
angle variations are used hereafter. The p-values results of the two-sample K-S test using mean values of ¢, are 0.857
and 0.537 for the MSC-TB and MSC-TB-Abut bridge’s classes, respectively. Table 7 presents the results of the

parameters that describe the lognormal distributions of ¢y.

The next step on developing limit state capacity models is to define the probabilistic distributions of curvature ductility ratios.
Therefore, the models proposed by [11] are used, since poorly confined concrete columns are adopted in the study. Using

Equations 1 and 2, the column’s capacity models for each bridge’s class are proposed, as seen in Table 7.

Table 7. Column’s capacity models for typical bridges in Northeastern Brazil.

. HoiLS dy EDP: ¢vs'
Bridge’s class Damage state

8 & Sclug] Bclngl Scldy] Bcldyl Scl¢] Bcld]
Slight 1.29 0.59 0.0089 0.632
Moderate 2.10 0.51 0.0145 0.558
MSC-TB Extensive 3.52 0.64 0.0069 0.227 0.0243 0.679
Complete 5.24 0.65 0.0362 0.688
Slight 1.29 0.59 0.0086 0.632
Moderate 2.10 0.51 0.0141 0.558
MSC-TB-Abut Extensive 3.52 0.64 0.0067 0.226 0.0236 0.679
Complete 5.24 0.65 0.0351 0.688

! Indicates the proposed column’s capacity model

Figure 9 illustrates the probability density functions (PDF) for column’s limit state models of each bridge’s class.

These capacity models may be used for further fragility assessments of this bridge inventory.
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Figure 9. PDF for column’s capacity models.
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4.4 Parametric analyses

This subsection presents a parametric analysis of column reinforcement ratios (i.e., longitudinal and transverse) to
study their impact on the yield curvature (¢y). Note that these ratios are unknown on a regional scale, and these results
intend to extrapolate limit state capacities of columns. All results presented herein consider the variation of the angle
of application of the forces (i.e., mean values of ¢y) and its influence is not evaluated separately.

An approach similar to the one presented in Section 4.3 is used, where the same 50 structural samples per bridge’s
class are analyzed varying the angle of application by 15° to perform the PA with each reinforcement configuration.
Table 8 presents the results of the yielding curvature for each configuration of longitudinal reinforcement ratio and
transverse ties.

Table 8. Yielding curvature results for different reinforcement ratios.

Yielding curvature (rad/m)

Longitudinal reinforcement ratio (p) Distribution of transverse ties MSC-TB MSC-TB-Abut
Sec BC Se BC

$8 /20 0.00659 0.00642

0,50% ¢ 10s/15 0.00664 0.223 0.00646 0.223
¢ 12.55/10 0.00668 0.00649
$8 /20 0.00683 0.00665

1,00% ¢ 10s/15 0.00687 0.225 0.00669 0.226
¢ 12.55/10 0.00691 0.00672
$8 5/20 0.00706 0.00686

1,50% ¢ 10s/15 0.00711 0.228 0.00691 0.229
¢ 12.5/10 0.00714 0.00693
$8 5/20 0.00726 0.00706

2,00% ¢ 10s/15 0.00730 0.230  0.0071  0.229
¢ 12.55/10 0.00733 0.00713

The variation in dispersion due to the increase of the transverse reinforcement ratio is less than 0.4%, which is neglected
in the results. The average variation in the median of the yield curvature due to the increase of the lower to the upper values
of the transverse reinforcement ratio is 1.09%, which is about ten times less than the average variation due to the increase
in the longitudinal reinforcement ratio (9.93%). By increasing the longitudinal reinforcement four times, the dispersion
varies up to 3.14%. Therefore, the increase in the transverse reinforcement ratio does not significantly influence the yield
curvature results, which agrees with the results observed in [51]; however, the confinement effect may increase the ductility
demand ratios (or capacity ratios) associated with each limit state (Table 7), which is not considered herein. Experimental
results indicate that increasing the transverse reinforcement ratio causes an increase in ductility levels, dissipated energy
and equivalent viscous damping [51], since the role of stirrups is to enhance confinement effect, to restrain the lateral
expansion of concrete, thus modifying the concrete stress-strain constitutive law and enabling higher compression strains
and higher ductility [52].

Using all the analysis results, a linear regression is performed in the logarithmic space to determine median values
of the yield curvature (S.) as a function of the longitudinal reinforcement ratio (p), as presented in Figure 10, since the
impact of the transverse reinforcement ratio is neglected. Furthermore, the logarithmic standard deviation is assumed
to have a constant value (Equation 7), which is consistent with the low variation obtained, as shown in Table 7. The
linear relation is established (Equation 6), where a and b are the regression coefficients.

In (S;) =In(a) + b xin (p) (6)

The logarithmic standard deviation of the capacity (B.) is calculated through the same linear regression, as shown
in Equation 4.

g, = \/E[ln (¢yi) —tn (axpP) ] 7

N-2
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where N is the number of simulations and ¢,,; are the mean yield curvature values of each simulation i. The dispersion
values determined are constant (0.23) and compatible with those found in Table 7.
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Figure 10. Linear regression of the median values of ¢y as a function of p.

Equations 8 and 9 define the relationship between the median values of ¢, and p for the MSC-TB and MSC-TB-
Abut bridges’ classes, respectively. Therefore, it allows defining the distribution of capacity for different values of the
longitudinal reinforcement ratios.

In(S;) = —4.99+40.09 X In (p) ®)
In(S;) = —5.02+0.11 X In (p) )
5 CONCLUSIONS

This article presents a new proposal to estimate the structural capacity analysis for typical bridge bents in
Northeastern Brazil. Multidirectional pushover analyses are performed to assess the influence of the angle of application
of the force in the bridge bents. Drift and curvature are evaluated as yield parameters for excitation loads that occur at
two horizontal component forces (i.e., earthquakes). The results of analytical models used herein overestimate the yield
parameters when compared to the MPA results. In addition, the yield drift is more sensitive to the angle of application
of the forces, which presents a variation up to 856% in the median drift values obtained in the longitudinal and
transverse directions to the first reinforcement yielding of the critical section. Therefore, the curvature is adopted as
EDP for the new methodology proposed here, as it presents a better performance in a multidirectional pushover analysis
with less variation in the results (up to 19%). Finally, capacity limit states are provided, considering uncertainties about
the association between quantitative and qualitative damage states and variability within the bridge’s classes.

Parametric analyses are performed to assess the impact of longitudinal and transverse reinforcement ratios on the structural
capacity of the bents. The results show that the variation in the longitudinal reinforcement ratio has a greater influence on the
yield curvature. The definition of the ductility demand ratios for the bridge portfolio is a gap in the study, since values suggested
in the literature are adopted for other bridge configurations. The results of the parametric analyses enable the generation of linear
relations between the yield curvature and the reinforcement ratios. Such relations are useful to estimate capacity models for
probabilistic or deterministic vulnerability assessments ([11]-[17] and [53]) or displacement-based design procedures [54]. The
former is particularly useful in Brazil, given the lack of studies that developed such relations, and the variety of old and new
bridges designed according to different codes (consequently, different reinforcement ratios).

The capacity limit states obtained herein are valuable information to perform a vulnerability analysis of the bridge
portfolio by several different hazard sources, such as earthquakes, hurricanes and explosions. In addition, these results
may be used in other bridge portfolios with geometric and physical characteristics similar to the bridge bents analyzed
herein.
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