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Nomenclature

Ay Original rebar area
Ay Area parameter 1 depending on Do, P(t), 8, and b in pitting corrosion
model
A, Area parameter 2 depending on Do, P(t), 8, and b in pitting corrosion
model
A(t) Rebar area at time t
Ag Ratio of exceedance frequency at a given PGA to the exceedance

frequency at a PGA that is 10-times smaller than this PGA
b Width of the pit area
C Thickness of concrete cover

Cc(x,t)  Chloride concentration at spatial coordinate x and time t

Cs Chloride content at the outer surface of concrete
D¢y Effective chloride diffusion coefficient
Do Original rebar diameter
d The limiting value of EDP used to define a damage level
E Elastic modulus of concrete
EDP Engineering demand parameter
erf(.) Error function
fo Yield strength of non-corroded reinforcement
f(®) Yield strength of corroded rebar at time t
fe (©) Yield strength of transverse rebar at time t
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Compressive strength of unconfined concrete

Compressive strength of confined concrete at time t

Ground motion intensity measure

Probability of exceeding of a PGA (a)

The ratio of A(t) gcrack 10 A(E)pferack

Slope parameter

Mass loss of steel per unit length consumed to produce rust
Mass of rust per unit length of one rebar

Percent of rebar mass loss (or area loss per unit length) due to corrosion
Number of ground motion intensity levels

Total ground motion records at j ground motion intensity levels
Pit depth

Internal pressure caused by rust expansion

Percent weight loss (or area loss) of rebar

Pitting factor

Radius of the thick-wall cylinder (concrete cover)

Radius of rebar

Distance from the center of the thick-wall model to the interface
between the rust and concrete

Time when the peak corrosion rate is reached

Longitudinal rebar corrosion initiation time

Crack width of concrete cover at time t

Critical crack width
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Current density

Parameter of standard normal distribution

Estimated parameter of standard normal distribution

Thickness of the porous zone

Radial displacement caused by rust expansion

The maximum compressive strain in the confined concrete

Strain in transverse rebar at ultimate strength

Parameter of standard normal distribution

Estimated parameter of standard normal distribution

Angle parameter 1 depending on Do, P(t), and b in pitting corrosion
model

Angle parameter 2 depending on Do, P(t), and b in pitting corrosion
model

Corrosion rate in mm/year

Corrosion rate at critical crack width

Corrosion rate before cracking

Longitudinal reinforcement ratio

Mass density of rust

Mass density of the original (non-corroded) steel

Volumetric ratio of transverse rebar at time t
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AA(t) Cross-sectional area loss of reinforcement at time t

D(.) Standard normal cumulative distribution function (CDF)
v Poisson’s ratio of concrete
o Circumferential stress caused by rust expansion
y p
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Chapter 1: Introduction and Motivation

Reinforced-concrete (RC) highway bridges are susceptible to damage due to earthquakes
and other natural hazards. A sudden loss of functionality of a bridge due to an earthquake can
cause significant downtime, repair/reconstruction costs, and even loss of life [1-3]. At the same
time, the corrosion of steel reinforcement, a common durability problem in highway bridges
especially in the northern and coastal US [4, 5], can weaken an RC bridge gradually over time and
increase the severity of damage caused by an earthquake relative to the damage to the bridge in its
as-built condition [6, 7]. Therefore, a quantitative framework is needed for assessing the time-

dependent damage risk to RC bridges under the combined effects of corrosion and earthquakes.

Several studies in the literature have reported the development of such frameworks. These
studies can be broadly classified into two categories depending on the corrosion model. The
majority of the studies [6-11] assumed uniform corrosion of steel reinforcement, whereas only a
few studies considered a more realistic pitting corrosion model [12-15]. While pitting corrosion is
more difficult to model compared to the uniform corrosion, the localized pitting corrosion is the
most commonly observed corrosion mechanism in real RC bridges under chloride-rich
environments [16, 17]. The literature also has examples of these frameworks expanded to consider

different failure types [6, 7, 13] and lifetime costs [§].

The aforementioned studies have a few assumptions that limit their application to real RC
bridges. The corrosion rate is influenced by cracking of concrete cover [18, 19], however, this

influence has been considered only by a few researchers [15]. Overly simplified corrosion
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estimates yielded conflicting results in the literature on whether seismic fragility is affected by
deterioration [20]. Finally, as the structural capacity changes due to corrosion, the thresholds of
engineering demand parameters (e.g., lateral drift), used to define damage states in fragility
analysis, also change with time. This effect has been taken into account only by a limited number
of studies [10, 12, 14]. In this study, all of the above limitations have been addressed as described

in the following sections.

The objective of this research was to develop and demonstrate a computational framework
that estimates the risk of seismic damage over the entire service life, accounting for the effects of
corrosion, for groups of real RC bridges. Two groups of bridges, owned by the New York State
Department of Transportation (NYSDOT) and by Washington State Department of Transportation
(WSDOT), were considered in this project. The computational framework consists of three parts:
corrosion modeling, seismic fragility analysis, and risk analysis. Each of these parts are described
in the next three chapters, followed by the results and discussion and the main conclusions of this

project.
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Chapter 2: Corrosion Modeling

Chloride-induced corrosion is the focus of this study, as it is the most common cause of
bridge degradation in the northern and coastal US. Chloride-induced corrosion occurs in two
phases: initiation and propagation. In the initiation phase, chloride ions from the outside
environment gradually ingress through the concrete cover to the steel reinforcement surface. Once
the chloride ion concentration at the reinforcement surface reaches a critical level, the rebar
corrosion initiates, which marks the beginning of the corrosion propagation phase. The cross-
sectional areas of the transverse and longitudinal rebars decrease in the propagation phase due to

corrosion.

In the following sections (Sections 2.1 and 2.2), the mathematical equations describing the
corrosion initiation and propagation processes are given. This is followed by Section 2.3 that
presents a summary of the parameter values used for modeling corrosion in the groups of bridges

investigated in this project.

2.1 Corrosion initiation

The time to corrosion initiation is typically determined by using the Fick’s second law of
diffusion, which is a complex partial differential equation. Time to corrosion initiation can be

calculated using the Crank’s solution [21] given in Equation 1.

Cer(x,t) = Cg [1 — erf( ad )] (1)

2,/ Dcrt
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2.2 Corrosion propagation

Active corrosion of steel reinforcement happens during the corrosion propagation phase.
Corrosion can either occur uniformly throughout a rebar or occur locally due to the formation of a
pit [22]. Chloride ion diffusion typically leads to local or pitting corrosion, which is considered in
our study. Corrosion products apply a radially outward pressure due to their expansive nature, as
their volume is about 3-4 times that of the original steel. However, the start of the corrosion

propagation phase does not damage the concrete cover right away, as discussed below.

The corrosion propagation phase can be further divided into four stages. In the first stage,
the corrosion products fill the porous zone at the rebar-concrete interface without causing any
stress in the surrounding concrete. Once the pores are saturated, in the second stage, the corrosion
products start to apply an outward radial pressure causing tensile hoop stress in the surrounding
concrete. This process continues until the tensile stress in concrete reaches the concrete tensile
strength at which point the cover cracks, marking the end of the second stage. In the third stage,
the corrosion rate increases due to an increase in the number of cracks as well as an increase in the
widths (openings) of the existing cracks. In the fourth stage, after reaching a certain crack width,
the corrosion rate stabilizes as the built-up of corrosion products shield the rebar core from
extremely rapid corrosion. All of the aforementioned stages of corrosion are captured in our model,

as described below.

16



2.2.1 Pitting corrosion

During pitting corrosion, a rebar’s cross-sectional area will continuously decrease over
time. As discussed above, pitting corrosion is typically observed in real RC structures during the
corrosion propagation stage. As the name suggests, pitting corrosion creates a pit starting at the
surface of the rebar. Unlike uniform corrosion that reduces rebar area throughout the length of the
rebar; in pitting corrosion, the rebar mass loss is local as the depth of the pit becomes larger with
time. Val and Melchers [23] proposed a hemispherical model to simulate pitting corrosion as

shown in Figure 1.

Dy

B 'l
Figure 1: Pitting corrosion shown on rebar cross-section view (adapted from Val and Melchers

[23])

The rebar area, A(t), at time t after corrosion initiation can be estimated using Equation 2

[23]:
2
(i 4—a, P <Dy
A(t)pitting = 4' A —A,, Dog < P(t) <D, @
k 0, P(t) > D,
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The parameters A; and A, can be estimated by the following equations [23]:

_ A% Dy P(t)*
A1—0.5[91(7) —b7—0—0] 3)
4, = 05[0,P(8)? — b 2] )
Do
6, = 2arcsin(~), 6, = 2arcsin(— 5
1= arcsm(DO), , = arcsm(zp(t) (%)
_ P())?
b=2P) |1- (D—O) (6)
The pitting depth, P(t), is expressed by Equation 7 [23]:
P() =R [ A(t)dt (7)
where, A(t) is the corrosion rate, expressed as:
A(t) = 0.0116 X izy,y (8)

In addition to the reduction in rebar area, the stress concentration at the sites of pitting
corrosion has been observed to decrease the yield strength (calculated with the reduced rebar area)

of the reinforcement [24]. This reduction in yield strength is expressed by Equation 9 [24]:

f(t) = (10 - O-OOSQcorr)fO ©

where, Q.. 1s the percent weight loss (or area loss) of rebar expressed as:

Q — AO _A(t)
corr AO

* 100 (10)
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2.2.2 Crack initiation time

The buildup of rust causes tensile stress to increase with time in the concrete surrounding
the rebar. When this stress reaches the tensile strength of concrete, a crack forms in the concrete
cover. Assuming that all the corrosion products remain inside, the rebar mass loss computed below
can be converted into internal radial pressure caused by rust expansion using Equations 11, 12 and
13 [25]. Concrete around the rebar is modeled as a thick-walled cylinder, in which the
circumferential stress can be calculated using Equation 14. For simplifying the model, the entire
cover is assumed to crack instantaneously when the tensile stress in the circumferential direction
at the interface between the rust and concrete reaches the tensile strength of the concrete. As the

rebar mass loss (miess) is a function of time, crack initiation time can be calculated using these

equations.
Myyss = Qeorr X Unit thickness of section (1 mm) (11)
Feorr = 90.9(1T£Tfpl§?3+260) - (1+v+i§?§0+260) (12)
Y= o (13)
o =21 + 1] (14)

2.2.3 Time-dependent crack width
After crack initiation, crack width gradually increases with time. For concrete, Equation

15 [26] is used to capture the change in crack width with time:

W(t) = 0.0575 (AA(L) — AA(t,,)) (15)
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2.2.4 Corrosion rate

Previous studies [19, 27] have shown that the existence of cracks in concrete increases the
corrosion rate significantly, depending on the crack width. This is because cracks in the cover
provide an easier ingress path for water, oxygen, and chloride ions. As explained above, corrosion
propagation can be divided into four stages. In stages 1 and 2, the corrosion rate is constant prior
to crack initiation. In stage 3, after cracking of the concrete cover, corrosion rate increases with an
increase in the number and widths of the cover cracks. Due to the lack of experimental data and
for simplifying the numerical analysis, the corrosion rate is assumed to increase linearly with time
in our study. In stage 4, corrosion rate reaches a peak value and remains constant thereafter, when

the cover crack width reaches a critical value that depends on the material.

The time when the critical crack width is reached is iteratively determined using the following

steps:

1. Assume a a linear increase of the corrosion rate (dA/dt) with time to calculate the time-
dependent corrosion rate [A(t)] after crack initiation.

2. Calculate the time T1 when the corrosion rate reaches its peak value for a given material and
determine the corresponding rebar area loss at Ti.

3. Calculate the crack width at Ty using the relation between rebar mass loss and crack width of
the material, as discussed in Section: Time-dependent crack width.

4. Check if the crack width reaches the critical crack width for the material at T;. If it does, the
assumed dA/dt and the corresponding time T are correct; else, vary dA/dt and start again from

step 1 until this check is satisfied.

20



2.3 Parameters used in corrosion modeling

Corrosion initiation phase: In this study, all the bridges were analyzed from the time of
original construction, and therefore, the initial unbound chloride concentration in the cover
concrete of all the bridges was assumed zero. The surface chloride concentration (Cs) was assumed
to be 8.6 kg/m® and 3.6 kg/m® for bridges from NYSDOT and WSDOT, respectively, which
represents the exposure environment created by the de-icing salts, based on Weyers et al. [28]. The
chloride diffusion coefficient (D.;) was assumed to be 2.6 x 1012 m?/s for bridges from NYSDOT
[28]. Due to the lack of reliable corrosion data for Washington State, the chloride diffusion
coefficient (D;) was assumed to be 4.3 x 10712 m%/s, based on available field tests of bridge beams
in USA [29]. The critical chloride content for corrosion initiation at the rebar-concrete interface

was assumed to be 1.2 kg/m* [30].

Corrosion rate: A corrosion rate of 0.0116 mm/year suggested in the literature [31] was
assumed prior to crack initiation. Due to the lack of peak corrosion rate data in real bridges, the
peak corrosion rate after crack initiation was assumed two times (equal to 0.0232 mm/year) that
of the corrosion rate before crack initiation. It was also assumed that no repair was performed
during the bridge’s service life. The critical crack width beyond which the corrosion rate became
constant was assumed to be 0.2 mm [15]. Table 1 summarizes all the parameters used in the

corrosion model.
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Table 1: Parameters used in corrosion model

Parameters NYSDOT WSDOT Source
Cy (kg/m3) 8.6 3.6 [28]
D¢y (mz/s) 2.6x 10" 4.3x 1072 [28, 29]

Critical chloride content at

rebar surface (kg/m’) 1.2 1.2 [30]
A)pferack (mm/year) 0.0116 0.0116 [31]
As explained in
A(t) afcrack(mm/year) 0.0232 0.0232 section 2.3
Critical crack width .
’ 0.2 0.2 Cui et al. (2018
Wcri (mm) ( )
v 0.18 3 0.18 3 [25]
8 (mm) 20 x 107 20 x 107
R 6 6 [23]

2.4. Outcomes of corrosion modeling

The outcome of the corrosion model is the estimation of loss of reinforcement area due to
corrosion for bridge piers at 0 years, 25 years, 50 years and 75 years along their life-span. Both

longitudinal and transverse reinforcement in piers were considered.
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Chapter 3: Seismic Fragility Analysis

A seismic fragility curve provides the probability of a structure exceeding a specified level
of damage as a function of a ground motion intensity measure (/M), such as peak ground
acceleration (PGA). A seismic fragility curve is commonly modeled by a lognormal cumulative
distribution function, as shown in Equation 16. In this study, the engineering demand parameter
(EDP) was displacement ductility. The distribution parameters (6 and ) of the lognormal
cumulative distribution function were estimated from the statistical analysis of the results of an

incremented dynamic analysis.

In(IM;)—-1n(6)

P(EDP > d |IM = IM,) = cb[ ; (16)

3.1. Steps of seismic fragility analysis

The fragility curves in this study were developed through the six steps summarized below.

Step 1: Ground motion selections

A far-field ground motion record set, including 44 records provided by FEMA P695 [32],
was used. The PGA was used as the earthquake intensity measure. All ground motion records used
in this study were scaled linearly from 0.1g to 2.0g with increments of 0.1g. It should be noted that
the ground motions recommended by FEMA P695 are for the risk analysis of structures in the
western U.S. Due to the low seismicity in New York State, there are no ground motion records for
New York State. Therefore, ground motion records from FEMA P695 were also used in the risk

analysis of NYSDOT bridges due to their reliability and wide recognition in risk assessments.
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Step 2: Structural model

Finite element models of bridge elements (i.e., pier columns or pier walls) were created in
an open-source finite element software, OpenSEES [33]. The piers were simulated using four
degree of freedom, fiber-based, displacement beam-column elements. The superstructure and other
bridge elements were represented as point masses, but they were otherwise excluded from the
model for computational efficiency. Additional details of the finite element model are provided in

Section 5.2.

Step 3: Incremented dynamic analysis

Incremented dynamic analysis (IDA) proposed by Vamvatsikos and Cornell [34] was
performed in this study. It involved a large number of nonlinear response history analyses using
ground motions that were scaled systematically to increasing earthquake intensities (PGA) until a
given damage level was achieved. The resulting structural response data was statistically analyzed

to determine the fragility curve for that damage level.

Step 4: Time-dependent damage states and damage index

The level of damage is typically characterized by discrete damage states defined by certain
thresholds of a damage measure. Corrosion affects the structural capacity, and therefore, these
thresholds should change with time. In this study, displacement ductility was used as the damage
measure, which is defined as the ratio of the peak lateral displacement (obtained from the dynamic
analysis) to the yield displacement, both of which change due to the effects of corrosion. The yield

displacement, obtained from a push-over analysis, is defined as the lateral displacement
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corresponding to the yielding of the outermost longitudinal rebar under tension. Based on the

above definitions, four damage states are defined as follows:

1.

Slight Damage: Slight damage is assumed to occur when the peak lateral displacement is
equal to the yield displacement. At this level, the concrete cover is assumed to have visible
cracks under earthquake load near the maximum moment locations.

Moderate Damage: Moderate damage is assumed to occur when the maximum compressive

strain in the concrete core (confined by steel reinforcement) at the column base reaches
0.002 [14]. At this strain, concrete cover near the bottom of a bridge column is assumed to
have minor spalling.

Extensive Damage: Extensive damage is defined when the column reaches the

displacement ductility that is equal to the geometric mean of the displacement ductility
corresponding to the moderate damage state and the complete damage state, similar to other
studies [14].

Complete damage: Complete damage is defined to occur when the maximum compressive

strain in the confined concrete reaches ¢, calculated in Equation 17 [35]. This value of

strain in concrete corresponds to the fracture of the first transverse tie [12, 14].

14' Sf (t SUu
€., = 0.004 + % (17)
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Step 5: Estimation of the parameters of fragility functions
The parameters of the fragility functions can be obtained using several methods [36]. In
this study, the maximum likelihood method [37] was used to estimate the parameters of the

fragility curves using the expression given below:

{9_, E} = argmax XL, {{ln (rzlj) + zjIn® (W%) + (n]- — Zj)ln [1 -0 (ln(m%)]} (18)

Step 6: Development of continuous fragility curves

Due to the high computational cost of IDA, the fragility curves were computed in this study
only for four time points along a bridge’s service life: 0 years, 25 years, 50 years, and 75 years
since the original construction of a given bridge. As explained above, each fragility curve is
described by the lognormal distribution parameters 8 and . Two different second-order
polynomials as expressed by Equation 19 were fitted through the four values of 8 and f using the
nonlinear least square method to compute the coefficients W;, W, and W5, similar to other studies

[11]. Here, Para(t) is either 6 or 8 as a function of time t.

Para(t) =W, X t2 + W, Xt + W, (19)

3.2. Outcomes of seismic fragility analysis

The outcome of seismic fragility analysis is seismic fragility functions at 0 years, 25 years,
50 years and 75 years along the service life of a bridge. Outputs of the corrosion model (loss of
reinforcing bar area) are used as input to the seismic fragility analyses to understand seismic

damage probability considering corrosion.
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Chapter 4: Integration of Seismic Hazard and Fragility Curves

While a fragility function quantifies the probability of damage to a structure exposed to a
given set of ground motions, it does not account for the probability of the hazard. Seismic hazard
curves are used for this purpose [38], which provide the annual probability of exceeding a certain
ground motion intensity. Obtaining a seismic hazard curve was particularly important for this
research project, due to differences in seismic risk in New York and Washington and the lower
intensity of ground motions expected in New York. Figure 2 shows a typical seismic hazard curve
in which the annual probability of exceedance and PGA (an intensity measure) are plotted on log

scales.
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Figure 2: A typical seismic hazard curve
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4.1 Method to generate seismic hazard curves

Seismic hazard curves can be generated by both deterministic and probabilistic methods.
In this study, probabilistic seismic hazard analysis (PSHA) [39] is used, which considers the
uncertainty in the location, size, and resulting shaking intensity of earthquakes incorporating the
historical data of a region. Seismic hazard curves were generated using the Unified Hazard Tool
[38] provided by the United States Geological Survey (USGS). The hazard curve provided by the
tool shows the annual frequency of exceeding a given PGA (at a given location) plotted against
the PGA, which can be converted to the probability of exceeding that PGA using the Poisson

distribution.

4.2 Method to integrate seismic hazard curves and fragility curves

ASCE 43-05 [40] provides a method to calculate the probability of exceeding a given
damage state considering both the seismic hazard curve and the fragility curve for that damage
state. In this approach, the seismic hazard curve is modeled by an approximate equation, as shown

below:
H(a) = K; x a™Kn (20)

where H(a) is the probability of exceeding of a PGA (a). K; is a constant, and Ky is a slope

parameter defined by :

!
log(AR)

21

Ky

28



where Ay is the ratio of exceedance frequency at a given PGA to the exceedance frequency at a
PGA that is 10-times smaller than this PGA. The probability of exceeding a given damage state is

obtained by convolution of the seismic hazard curve and fragility curve, which is expressed by:

co d c
Pi= [ H(a) x“Eda (22)

where P; is the probability of exceeding a damage state i, % is the log-normal probability density

function, which is the derivative of fragility curve (¥.) with respect to the PGA (a). Using Equation
20 and Equation 21 along with Equation 22, P; can be expressed analytically as shown below,
where 8 and f are parameters of the lognormal distribution representing the fragility curve for a

given damage state.

P; = H(0) x exp[(Kup)?/2] (23)

4.3. Outcomes of integration of seismic hazard and fragility curves

The outcome of this process is the probability of exceedance of a given damage state as a
function of PGA, considering both the hazard curve and the fragility curve. For each bridge, the
seismic hazard curve generated by USGS was first converted to the analytical form in Equation 20
using the nonlinear least square fitting method, as shown for one of the bridges in Figure 3. The
fragility curve was developed for a given damage state using the steps given in Chapter 3. Then,

the damage probability for that damage state was obtained using Equation 23.
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Figure 3: Bridge NY-1 seismic hazard function
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Chapter S: Bridge Details and Modeling Strategies

This chapter provides a detailed description of the analyzed bridges and the modeling
strategies adopted in this study. Sixteen bridges were selected in total, 8§ from NYSDOT and 8
from WSDOT. All the bridges were built between 1960 and 1990 with RC substructures. In the
following sections, the details of the bridges from NYSDOT and WSDOT are given. Then the
modeling strategies are discussed, including: 1) material model for concrete and rebar, 2) finite

element model, including element choices and boundary conditions.

5.1 Bridge details

Details of the bridges from NYSDOT are summarized in Table 2, including built year,
number of spans, span lengths, types of superstructure and substructure, sizes of rebars, design
compressive strength of concrete, and yield strength of rebars. The layouts of the 8 NYSDOT
bridge substructures are shown in Figure 4. Similarly, the details for WSDOT bridges are
summarized in Table 3 and their layouts are given in Figure 5. It should be noted that the bridges
from WSDOT were expanded to carry more lanes after the original construction, but only the
original design information was available for this study. Therefore, the layouts of WSDOT bridge

substructures are based on the original designs.
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Table 2: Summary of NYSDOT bridges

Span length (m) Superstructure Substructure
Bridge Built year | Spans Rebar Size* Concrete Rebar
. . . Substructure
Side | Middle | Deck type | Girder type strength strength
type Longitudinal | Transverse (MPa) (MPa)
NY-1 1990 3 23.0 23.0 Concrete Steel Column No.32 No.13 21 276
No.19,
NY-2 1970 3 29.0 38.0 Concrete Steel Wall No.22 No.16 21 276
NY-3 1962 3 26.0 48.0 Concrete Steel Columns No.25 No.13 21 276
NY-4 1983 3 24.0 34.0 Concrete Steel Wall No.32 No.13 21 276
NY-5 1970 2 27.8 - Concrete Steel Columns No.36 No.16 21 276
NY-6 1972 2 | 274 ; Concrete | restressed Wall No.16 No.16 21 276
concrete
NY-7 1985 2 344 - Concrete Steel Wall No.16 No.16 21 276
NY-8 1973 3 38.1 - Concrete Steel Wall No.19 No.16 21 276

*The numbers indicate rebar diameter in mm.
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Figure 4: Layouts of NYSDOT bridge substructures
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Table 3: Summary of WSDOT bridges

Span length (m) Superstructure Substructure
Bridge Built year | Spans Substructure Rebar Size* Concrete Rebar
Side | Middle | Deck type Girder type tvpe L udinal | T strength strength
yp Ongl udina ransverse (MPa) (MPa)
1
WS-1 1959 3 | 178 | 238 COSS;“ ; Columns No.25 No.13 25 276
Prestressed
WS-2 1965 3 15.4 16.4 Concrete Columns No.29 No.10 28 276
concrete
WS-3 1960 3 | 146 | 195 Voided - Columns No.29 No.13 25 276
concrete
Prest
WS-4 1960 4 1107 | 193 | Concrete | Trestessed | ins No.32 No.10 25 276
concrete
Prestressed
WS-5 1963 3 | 163 | 163 | Concrete | & o€ Columns No0.29 No.10 28 276
concrete
WS-6 1966 3 14.8 17.5 Concrete - Columns No.29 No.13 28 276
Prest
WS-7 1961 3 [ 155 | 157 | Concrete | TTETeSd o imns No.32 No.10 25 276
concrete
Prest
WS-8 1961 3 | 146 146 | Concrete | Trestressed | s No.32 No.10 25 276
concrete

* The numbers indicate rebar diameter in mm.
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Figure 5: Layouts of WSDOT bridge substructures

5.2 Modeling strategies

The IDA used for the fragility analysis (Chapter 3) has a high computational cost, and it
has to be performed multiple times for each bridge at different times across their lifespan. In order

to improve the overall computational efficiency for a group of bridges, three assumptions were
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made in this study: 1) the seismic performance of bridges was represented by the seismic
performance of their substructures, with the rest of the bridge modeled as point masses and
appropriate boundary conditions, 2) earthquake load was applied in the same direction as the traffic

flow of the bridge, and 3) soil-structure interaction was not considered.

5.2.1 Finite element model

An open-source software, OpenSEES [33, 38, 41] was used to create a finite element model
of each bridge pier, which was either a column (single or multiple columns) or a wall type, to
generate the seismic fragility curves for various damage states. Each pier (column or wall) was
modeled as a four-degree freedom system with a fixed base using a “displacement-based beam-
column” element in OpenSEES. A fiber section was used to discretize the cross-section of a pier
(column or wall). The important parts of the model for an example substructure are shown in
Figure 6 (a). The model details of all the bridges investigated in this study are summarized in Table

4.

5.2.2 Material models

Unconfined concrete properties were assigned to the cover elements, whereas confined
concrete properties, calculated by the model of Mander, Priestley [42], were assigned to the core
elements. The stress-strain behavior of concrete was modeled using the Concrete07 material model
in OpenSEES. This material model implements the concrete model by Chang and Mander [43]
with simplified unloading and reloading curves, taking into account the tensile strength,
descending portion of the compressive stress versus strain relation, and reduced stiffness during

the unloading of concrete. After cover concrete attained the crack width of 1.0 mm, it was assumed
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to be ineffective for carrying mechanical loads and was therefore removed from the dynamic
structural analysis [44]. Reinforcing steel stress-strain behavior was modeled using the Steel02
material model in OpenSEES, which is based on the Giuffre-Menegotto-Pinto model [45],
including isotropic strain hardening. The constitutive relationships of concrete07 and steel02 are

shown in Figure 6 (c).

Table 4: Model details of bridges

Bridge name Sgll(l)cci[:f © H(erlf)ht Plong Ptrans (KPN) P/(f xA)
NY-1 Column 3.80 1.1% | 0.12% 2073.6 4.4%
NY-2 Wall 3.51 0.23% | 0.17% 5850.4 3.1%
NY-3 Column 5.58 0.9% | 0.20% 958.9 7.0%
NY-4 Wall 5.49 0.7% | 0.26% 5403.6 1.7%
NY-5 Column 3.65 2.2% | 0.48% 1689.9 5.7%
NY-6 Wall 4.40 0.08% | 0.14% 4848.9 1.3%
NY-7 Wall 6.37 0.08% | 0.17% 5430.8 1.5%
NY-8 Wall 5.41 0.14% | 0.10% 4625.1 1.1%
WS-1 Column 9.00 1.0% | 0.20% 3197.5 19%
WS-2 Column 5.14 1.1% | 0.12% 1419.0 7.8%
WS-3 Column 6.26 1.3% | 0.20% 1700.9 12.0%
WS-4 Column 5.70 0.9% | 0.12% 1062.5 5.8%
WS-5 Column 6.00 1.1% | 0.12% 908.5 5.0%
WS-6 Column 8.17 1.4% | 0.20% 1615.9 8.9%
WS-7 Column 5.53 1.0% | 0.12% 745.9 4.5%
WS-8 Column 7.00 1.0% | 0.12% 715.5 4.4%

Prong’ Longitudinal reinforcement ratio

Perans: Transverse reinforcement ratio calcualted for different types of cross-sections per Mander, Priestley [42]
P: Superstructure weight

f'c: Compressive strength of unconfined concrete

A: Gross area of the cross-section
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Chapter 6: Results and discussion

6.1 Corrosion model results

6.1.1 Corrosion initiation phase

The computed times to corrosion initiation for all the bridge substructures (columns/walls)
are shown in Table 5. It should be noted that the surface chloride concentration and chloride
diffusion coefficient for all the bridges of a state were assumed to be the same, as given in Section
2.3. Therefore, the difference in corrosion initiation times between the bridges of the same state
was solely due to the difference in their concrete cover thicknesses. Larger cover thickness
increases the distance between the external surface of the column/wall and the steel reinforcement,
which in turn increases the time taken by the chloride ions to diffuse through the concrete cover.
As observed in Table 5, the corrosion initiation time increases with increase in the concrete cover
thickness. Additionally, the corrosion initiation time for the transverse reinforcement is shorter
than that for the longitudinal reinforcement because the transverse reinforcement is closer to the
exterior surface of a column/wall than the longitudinal reinforcement. A more refined prediction
can be made if the local exposure conditions of each bridge, such as deicing salt amount on a

specific road, are known and captured in corrosion modeling.

Among the NYSDOT bridges, NY-4 and NY-5 exhibited the longest and the shortest
corrosion initiation times, respectively. Bridges NY-2 and NY-3 have the same corrosion initiation
time for the transverse reinforcement, but NY-2 has a longer corrosion initiation time for

longitudinal reinforcement than NY-3. This is because NY-2 has a larger size of transverse rebar
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(No.16) compared to NY-3 (No.13), which slightly increases the distance of the longitudinal
reinforcement from the external surface. Similarly, among the WSDOT bridges, WS-4 and WS-1
exhibited the longest corrosion initiation times for transverse and longitudinal reinforcement,
respectively. Bridges WS-3 and WS-6 exhibited the shortest corrosion initiation time due to the

smallest cover thickness.

Table 5: Corrosion initiation time

Bridge number Cover thickness Corrosion initiation time (years)
(mm) Longitudinal rebar | Transverse rebar
NY-1 47 9.0 6.0
NY-2 51 12.0 7.0
NY-3 51 10.0 7.0
NY-4 89 29.0 21.0
NY-5 35 7.0 3.0
NY-6 51 12.0 7.0
NY-7 51 12.0 7.0
NY-8 51 12.0 7.0
WS-1 57 20.0 13.0
WS-2 46 12.5 8.5
WS-3 38 10.5 6.0
WS-4 59 19.0 14.0
WS-5 46 12.5 8.5
WS-6 38 10.5 6.0
WS-7 46 12.5 8.5
WS-8 46 12.5 8.5

6.1.2 Corrosion propagation phase

As explained in Chapter 2, the rebar area reduces during the corrosion propagation phase.
The calculated remaining rebar areas after 25, 50, and 75 years as percentages of the initial areas

for all the bridges are shown in Table 6. In these calculations, corrosion is assumed to equally
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reduce the area of all reinforcing bars. The results indicate that rebars with larger initial areas tend
to exhibit slightly less percentage area reduction over time due to corrosion. For example, consider
the longitudinal reinforcement bars in bridges WS-2 and WS-7. Although the corrosion initiation
times for both the bridges are the same, the remaining rebar area in WS-7 (with No.32 longitudinal
rebars) after 75 years is 2.5% larger than that WS-2 (with No.29 longitudinal rebars). Pitting
corrosion considered in this study causes the same absolute rebar area reduction regardless of the
bar size, which in turn lowers the percentage area reduction for larger bar sizes. NYSDOT bridges
NY-6 and NY-7 and WSDOT bridges WS-3 and WS-4 exhibit the least remaining longitudinal
reinforcement areas after 75 years in their respective groups, which makes them the most

vulnerable to seismic damage as shown in the following sections.

Table 6: Remaining rebar area

Remaining rebar area (%)
Bridge number After 25 years After 50 years After 75 years
Long. Trans. Long. Trans. Long. Trans.
NY-1 99.7 96.3 96.3 72.0 89.1 34.7
NY-2 99.4 98.0 90.6 82.3 72.2 55.6
NY-3 99.6 96.8 94.4 73.0 83.2 36.0
NY-4 99.8 98.0 96.8 93.0 89.8 72.0
NY-5 99.7 96.6 96.5 78.9 90.0 51.1
NY-6 99.2 98.0 86.5 82.3 61.5 55.6
NY-7 99.2 98.0 86.5 82.3 61.5 55.6
NY-8 99.5 98.0 90.6 82.3 72.2 55.6
WS-1 99.9 99.0 97.0 81.0 87.9 46.0
WS-2 99.8 95.6 96.1 58.4 87.5 8.9
WS-3 99.7 96.2 95.5 71.7 86.5 34.4
WS-4 99.9 98.5 98.1 68.8 92.2 18.6
WS-5 99.8 95.6 96.1 58.5 87.5 8.9
WS-6 99.7 96.2 95.5 71.7 86.5 34.4
WS-7 99.8 95.6 96.9 58.5 90.0 8.9
WS-8 99.8 95.6 96.9 58.5 90.0 8.9

Long.: Longitudinal rebar
Trans.: Transverse rebar
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6.2 Seismic damage probability

NYSDOT bridges at all the damage states. The damage probabilities for all the bridges are low
(less than 0.03%) due to the low seismicity in New York State. For every bridge, the damage
probability increases over time due to corrosion. For example, the probability of extensive damage
for bridge NY-1 increases by approximately 25% after 75 years relative to the as-built condition.

Bridges with multi-column piers are more fragile than bridges with pier wall, which is due to the

larger stiffness of the pier wall, reducing the dynamic responses.
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Figure 7: Damage probability for bridges from NYSDOT
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Figure 8 shows the damage probability variation over 75 years (since the built year) for
WSDOT bridges at all the damage states. Compared to the NYSDOT bridges, the damage
probabilities of WSDOT bridges are approximately two orders of magnitude larger at all the
damage states due to high seismicity in Washington State. For the slight damage state, which is
marked by the onset of yielding in the outermost longitudinal rebar, the damage probability is
mainly controlled by the height and the axial load ratio [P/(fcxA)] (given in Table 4) of the bridge
substructures. The tallest WSDOT bridge substructures, WS-1, WS-6, and WS-8, exhibit the
lowest probabilities of slight damage. This is because the bridge substructures with larger heights
have smaller stiffness, which increases the displacement causing yielding in the outermost rebar.
Although the low stiffness also increases the dynamic responses of the bridge column, the yielding
of rebar happens under low seismic force. Therefore, the increase in the dynamic response is not
as significant as the increase in the displacement for the yielding of the rebar, which results in a
low probability of damage at slight damage states. For bridge WS-7, although it is not as tall as
WS-1, WS-6, and WS-8, the probability of slight damage is low because the axial load ratio of
WS-7 is much lower than other bridges, resulting in the smaller seismic force (inertial force) and

smaller responses in dynamic analysis.

The damage probability is mainly controlled by the axial load ratio [P/(f:xA)] at moderate
and extensive damage states. As a result, bridges WS-1, WS-2, WS-3, and WS-6, which have the
largest axial load ratios, exhibit the largest probabilities of moderate and extensive damage among
the WSDOT bridges. This is because the large axial load ratio results in the larger seismic force

(inertial force), which increases the dynamic responses.
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For the complete damage state, which is marked by achieving the ultimate strain in
confined concrete (calculated by equation 17 in Chapter 3), the damage probability is mainly
affected by the axial load ratio and transverse reinforcement ratio of the bridge substructures (given
in Table 4). The bridges that exhibited the highest damage probability are WS-1, WS-2, and WS-
3. These bridges have the highest axial load ratio. As mentioned before, a large axial load ratio
results in a large seismic force. The bridge WS-6 has a larger axial load ratio than WS-2. However,
its probability of damage is lower because the WS-6 has a larger transverse reinforcement ratio,

which increases the ultimate strain in confined concrete, resulting in a more ductile performance.

It is interesting to note that at moderate and extensive damage states, the damage
probability of bridge WS-4 increases the fastest among all bridges over time. This is because WS-
4 has the smallest concrete core left after 50 years. All the concrete cover is assumed to have
spalled when the crack width (due to corrosion damage) reached 1 mm (Section 5.2.2). All the
WSDOT bridge columns have the same gross section area (including cover). Therefore, after cover
removal due to corrosion damage, WS-Bridge 4 has the smallest residual section area (as it has the
largest cover thickness, as shown in Table 5), which resulted in the largest decrease in stiffness

and the largest increase in dynamic responses.
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Figure 8: Damage probability for bridges from WSDOT

When evaluating their inventory, departments of transportation are anticipated to assign a
higher priority of maintenance, repair and retorif to bridges that have the highest expected damage
probability per Figure 7 and 8. For both New York and Washington State bridges, the order of
damage probability (and therefore priority of intervening actions) of bridges in the group changed
over time for some damage states, as suggested by damage probability curves crossing one another
in Figures 7 and 8. This indicates that departments of transportation that do not consider
deterioration in their seismic damage assessment may not be able to correctly identify bridges with
the highest risk of seismic damage. It should be noted that the bridges selected for this study for
demonstration of the assessment were built in similar years. In addition, the corrosion model
captured the general environmental conditions in a state, but did not consider local exposure

conditions for each individual bridge. For bridges with large differences in age and local exposure
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conditions, the order of seismic damage risk is expected to change more drastically than the bridges

considered in this study for the demonstration of the assessment method.
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Chapter 7: Conclusions

This report demostrates the application of a systematic framework for determining the
seismic vulnerability of a group of bridges undergoing corrosion deterioration. Two groups of
bridges, one owned by the New York State Department of Transportation (NYSDOT) and the
other owned by Washington State Department of Transportation (WSDOT), were considered in
this project. The computational framework consists of three parts: corrosion modeling, seismic
fragility analysis, and risk analysis. The framework takes into account the effects of several key
parameters on the corrosion and structural models. Most importantly, the effects of pitting
corrosion on both longitudinal and transverse reinforcement areas, the effects of cracking in
concrete cover on corrosion rates, and the effects of site-specific seismic hazard curves are

considered in this framework. The main conclusions of this research are given below:

1. All bridges become more vulnerable to seismicity due to corrosion deterioration. Therefore,
neglecting the effects of corrosion deterioration may lead to unconservative estimates of seismic
damage risk. Seismic evaluation of bridges should be performed considering the current state of
bridge substructures, as documented by inspections (if available) or as predicted by a corrosion
model such as the one presented in this study. For planning future repair and retrofit actions, the
combined seismic and corrosion model presented in this study can be used to predict the
performance of bridges in an inventory considering both hazards, allowing prioritization of

intervening actions as well as quantification of the impacts of these actions on bridge performance.
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2. The demonstration of application of the seismic and corrosion assessment of bridges using a
group of bridges showed that that the order of seismic vulnerability of bridges in an inventory can
change over time due to corrosion. This implies that departments of transportation that do not
consider corrosion in seismic assessments may not be able to identify bridges with the highest need
of maintenance, repair or retrofit. The effect of corrosion on the order of seismic damage
probability of bridges in a group is expected to be more significant for inventories with a large

variability in bridge age, bridge characteristics and local exposure condition.

3. The order of seismic damage vulnerability did not change for some bridges. This may be due
to the assumption of similar local conditions (such as salt exposure), and similar ages for some
bridges. Incorporation of effects of local exposure conditions into the corrosion model may refine

the results presented in this report.

This project demonstrated the use of the framework on a small group of pilot bridges, to
aid in implementation of the framework by departments of transportation to larger bridge
inventories. In this project, the framework was used to evaluate bridges under the combined
seismic hazard and corrosion, to quantify seismic damage probability along service life, to identify
bridges in a network with a higher damage risk, and therefore, to inform maintenance decisions
for a group of bridges. The assessment can also be used to quantify the return-on-investment for

new materials, design methods, and construction practices.
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