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NOMENCLATURE
Due to the large number of variables used in this article, the following nomenclature is used for parameters
in this study:

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

Cs Chloride content at the outer surface of concrete
D¢, Effective chloride diffusion coefficient
erf(.) Error function
A(t) Rebar area at time t
Do Original Rebar diameter
P(t) Pit depth
64 Parameter depending on Do, P(t), and b in pitting corrosion model
0, Parameter depending on Do, P(t), and b in pitting corrosion model
b Width of the pit area
A Parameters depending on Do, P(t), 8, and b in pitting corrosion model
A, Parameters depending on Do, P(t), 8, and b in pitting corrosion model
R Pitting factor
A(t) Corrosion rate in mm/year

A pferack  Corrosion rate before cracking
A()afcrack  Corrosion rate after cracking

icorr Current density
f® Yield strength of corroded rebar at time t
fo Yield strength of non-corroded reinforcement
Qcorr Percent weight loss (or area loss) of rebar
Ay Original rebar area
Peorr Internal pressure caused by rust expansion
Myoss Percent of rebar mass loss (or area loss per unit length) due to corrosion
v Poisson’s ratio
E Elastic modulus
C Thickness of concrete cover
o Circumferential stress
So Thickness of the porous zone
6¢ Radial displacement
T Radius of rebar
o Radius of the thick-wall cylinder (concrete cover)
r Distance from the center of the thick-wall model to the interface between the rust
and concrete
W(t) Crack width of concrete cover at time t

W(t)gcc  Crack width of ECC cover at time t
AA(t) Cross-sectional area loss of reinforcement at time t

ter Crack initiation time
M, Mass of rust per unit length of one rebar
Mipss Mass loss of steel per unit length consumed to produce rust
Dr Mass density of rust
Ds Mass density of the original (non-corroded) steel
e* Tensile strain of ECC




Cer(x,t)

T:
()

Chloride concentration at spatial coordinate x and time t

Tensile strain of ECC in percent

Time when the peak corrosion rate is reached

Standard normal cumulative distribution function (CDF)

Ground motion intensity measure

Parameter of standard normal distribution

Parameter of standard normal distribution

Engineering demand parameter

Limiting value of EDP used to define a damage level

Volumetric ratio of transverse rebar at time t

Yield strength of transverse rebar at time t

The maximum compressive strain in the confined concrete

Strain in transverse rebar at ultimate strength

Compressive strength of confined concrete at time t

Number of ground motion intensity level

Number of records which reach a particular damage state in the j IM level
Total ground motion records run at j" ground motion intensity levels




1. PROBLEM DESCRIPTION

Reinforcement corrosion in highway bridges is one of the most common durability problems
across the world. In the United States, the annual direct cost of repair and maintenance of deteriorating
bridges due to corrosion is estimated to be $8.3 billion (1). This cost is expected to increase in the future as
bridges continue to age (2). In addition to its impact on the economy and bridge service life, rebar corrosion
can also affect the safety of the structure when a repair is overdue due to budget constraints. An extreme
event such as an earthquake, a large vehicular impact, or a hurricane can inflict more damage on a corroded

bridge as compared to a sound bridge due to reduction of the buffer capacity.

A systematic computational framework to evaluate the influence of durability (or lack thereof) on
the resilience of reinforced-concrete bridges is presented in this report. Although there can be several factors
affecting the durability of a reinforced-concrete (RC) bridge, corrosion of steel reinforcement is considered
as the primary deterioration mechanism in our study. Earthquakes are assumed as the primary hazard for
resilience assessment. An RC bridge column with two types of cover materials — conventional concrete and
ductile fiber-reinforced concrete — is considered as an example structure for the demonstration of the
framework. The ductile fiber-reinforced concrete in our study is called Engineered Cementitious
Composite (ECC), which provides better protection from corrosion than the conventional concrete,

resulting in lower rebar mass loss at a given time (3).

In the past few decades, several studies have investigated the combined effects of corrosion and
seismic hazards on RC infrastructure. Choe et al. (4) developed analytical fragility curves for a corroded
bridge column using probabilistic methods. Akiyama and Frangopol (5) considered the airborne chloride
in seismic fragility analysis. Ghosh and Padgett (6) presented a computational model for an entire bridge,
including the corrosion effects on bridge bearings. Alipour et al. (7) performed a life-cycle cost analysis of
deteriorated bridges. All of these studies assumed uniform corrosion of steel in chloride-rich environments.
However, pitting corrosion is the most commonly observed corrosion mechanism in real RC bridges and
its effects on the seismic response of bridges must be incorporated (8-13). 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, which is captured only by a few researchers (11, 12, 14).

Despite the above studies on combined durability-resilience assessment of RC structures, a couple
of crucial knowledge gaps still exist. First, the effects of cracks in concrete on the corrosion rate have been
considered only by a few researchers (13). Corrosion-induced cracks in concrete cover increase the

corrosion rate significantly (15, 16), and therefore ignoring their effect may cause underestimation of
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corrosion effects (13). Second, none of the previous studies investigated materials similar to ECC, with
superior corrosion resistance compared to the conventional concrete, for the dual purpose of corrosion-
mitigation and improving seismic resilience. The framework presented in this report explicitly captures the

effects of cracking and incorporates the behavior of ECC into the corrosion model.

ECC is an ultra-ductile concrete with tensile strain capacity of about 300 times that of conventional
concrete (17). Instead of forming large cracks similar to concrete, it absorbs damage through the formation
of micro-cracks of widths (or openings) less than 100 pm even at large imposed deformations well beyond
its elastic limit. The compressive strength of ECC is similar to that of a moderate strength concrete (40-50
MPa). Previous researches on the transport properties of ECC suggest that this material, even when strained
in tension up to 3%, exhibits water permeability and effective chloride ion diffusivity comparable to
uncracked concrete, by the virtue of its intrinsically tight crack width (18-22). The difference in
performance between ECC and concrete is more significant during the corrosion propagation stage, as ECC
can resist the tensile hoop stresses created around the rebars by the expansive corrosion products. Recent
research (22) has shown the effectiveness of using precast ECC covers for reducing corrosion rates in
chloride-rich environments. The ECC properties used in this research are representative of the mix number
M45 in Wang and Li (23).

The objective of this research is to develop and demonstrate a quantitative tool (a computational
framework) to determine the influence of improved structural durability, enabled by the use of an advanced
concrete material, on the resilience of RC infrastructure. The computational framework consists of two
parts: corrosion model and seismic fragility analysis. In the methodology section of this report, corrosion
initiation and propagation models are defined for concrete and ECC, considering crack width effects on
corrosion rate. Then, a seismic fragility analysis, incorporating corrosion effects, is introduced. Finally, the
computational framework is demonstrated using an example bridge column that uses two alternative cover

materials: concrete and ECC.

2. APPROACH

An analytical investigation was used to establish a framework that can combine the effects of
deterioration with the effects of seismicity. Behavior of bridge columns under both corrosion and seismic
hazards was determined using analytical means based on transport phenomena and structural mechanics,

respectively. The framework is applied to an example bridge column to demonstrate its use.



The computational framework presented in this report consists of two separate models— one for
corrosion and the other for non-linear dynamic structural analysis of the structural member (a bridge column
in this case). In the corrosion model, the time to corrosion initiation is determined using the Fick’s second
law of diffusion. The time to cracking is determined using the concrete cover’s tensile strength. A new
crack width-dependent model to determine corrosion rate as a function of time is proposed in this research
to enable comparison of concrete with fiber-reinforced cementitious materials that have a better control of
crack widths. The output of the corrosion model — the rebar mass loss (for both longitudinal and transverse
rebars) as a function of time — is fed into the structural model to update the section properties with time. In
the structural model, a set of ground motions is first selected and scaled appropriately. A finite element
model (in OpenSEES in this report) of the structural member is used to perform non-linear dynamic
structural analysis and determine the engineering damage parameter (EDP) (e.g. drift) as a function of the
earthquake intensity [characterized by the peak ground acceleration (PGA)]. A damage measure in terms
of the EDP is then used to discretize the damage levels. Finally, the fragility curves (probability of
exceeding a certain EDP as a function of earthquake intensity) are constructed at discrete times, which

informs the bridge owner about the resilience of a bridge deteriorated by corrosion.

3. METHODOLOGY

3.1 CORROSION MODEL

Chloride-induced corrosion is the major cause of bridge degradation in the US, particularly in the
northern states. It happens in two phases: initiation and propagation. In the initiation phase, chloride ions
from the outside environment gradually ingress through the concrete cover to steel reinforcement surface.
Once the chloride concentration at the reinforcement surface reaches a critical level, active rebar corrosion
starts, 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. As the rust expands,
it generates tensile stress in the surrounding concrete. The concrete cover cracks when the tensile stress

reaches the tensile strength of concrete.

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

solution (24) given in Equation 1.

D¢yt

Cer(x,t) = Cs [1 — erf(2 ad )] 1)



3.1.2 Corrosion propagation

Active corrosion of steel reinforcement happens during the corrosion propagation phase.
Corrosion can either occur uniformly throughout a rebar due to the formation of a corrosion macro-cell or
occur locally due to the formation of a corrosion micro-cell or a pit (25). Chloride ion diffusion typically
leads to local or pitting corrosion, which is considered in our study. Corrosion products apply radially
outward pressure due to their expansive nature, as their volume is about 3-6 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
outward radial pressure causing tensile hoop stress in the surrounding concrete. This continues until the
tensile stress in concrete reaches its 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 increase in the number of cracks as well
as 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 corrosion products shield the rebar core from extremely

rapid corrosion. All the above stages of corrosion are captured in our model.

3.1.2.1 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 hame 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 (26) proposed

a hemispherical model to simulate pitting corrosion as shown in Figure 1.



Dy

Figure 1 Pitting corrosion (26)

The rebar area, A(t), at time t after corrosion initiation and can be estimated using Equation 2 (26):

2
[ A -4, P <Dy
A pitting = A, —A,, D, \/75 < P(t) £ D, @)
k 0, P(t) > Dy

The parameters A, and A, are parameters that can be estimated by the following equations (26):

4, =05 [91 (Z) - p |2 P ] @)
4z = 05[0,P(t)? - b%] 4)
0, = Zarcsin(Dio), 6, = 2arcsin(%(t)) (5)
b=2P() [1- (%?)2 (6)

The pitting depth, P(t), is be expressed by Equation 7 (26):
P()=R[. AMt)dt ©)
where, A(t) is the corrosion rate, expressed as:

A(6) = 0.0116 X igpyr (8)

In addition to the reduction in rebar area, pitting corrosion also causes reduction in yield strength

as expressed by Equation (9) (27):

f(t) =(1.0- O-OOSQcorr)fO (9)



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

«100 (10)

Q — AO_A(t)
corr A

0

3.1.2.2 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 (28). In our study, E is
assumed the same for concrete and ECC (equal to 30 GPa), and C is taken as 60 mm. 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 (mioss) is a function of time, crack initiation time can

be calculated using these equations.

Mypss = Qeorr X Unit thickness of section (1 mm) (11)
Feorr = 90.9(1T1l/c-):zspil();+260) N (1+v+$?§0+250) (12)
s (13)
o =Ty 4 1 (14)

3.1.2.3 Time-dependent crack width
After crack initiation, crack width gradually increases with time. Due to different crack control
abilities of concrete and ECC, two different time-dependent crack width models are introduced. For

concrete, equation (14) (29) is used:

W(t) = 0.0575 (AA(t) — AA(t,,)) (15)

Similar to Equation 15, an empirical equation describing the time-dependent crack width of ECC
as a function of rebar area (or mass) loss was derived in our study. For this purpose, three relationships
were needed: (1) the relation between rebar area loss and outward radial displacement caused by expansive

corrosion products, (2) the relation between the outward radial displacement and average hoop strain in the
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cover, and (3) the relation between average hoop strain and average crack width of ECC. As mentioned
above, unlike concrete, the crack width in ECC is controlled by the bridging fibers. These three relationships

are determined as follows.

Considering the densities of original steel and corrosion products and the rebar diameter, a model
proposed by Maaddawy and Soudki (28) is used to calculate the relationship between outward radial
displacement (&) and rebar mass loss, which is given in Equation 16. In our study, the ratio of p,. to pg is
assumed to be 0.5 (30, 31) and the ratio between M;,; to M, is assumed to be 0.622 (28).

My
Pr

—~ M;— = Do (6 + b¢) (16)

Fakhri (22) performed experiments to investigate the relationship between outward radial
displacement and average hoop strain of ECC. In these experiments, radial pressure was applied on four
hollow ECC cylinders, simulating the effects of rust expansion on the ECC cover. Average strain at the
outer surface of ECC cylinders was recorded at three locations. In our study, the relationship between
outward radial displacement and average hoop strain is calculated through linear regression on the

experimental data reported by Fakhri (22) which is given in Equation 17:
£* =0.0095, + 3.6 x 107> (17)

In another experimental study, Ranade et al. (32) determined the relationship between the tensile
strain and average crack width of ECC. A lognormal probability density function was used to define the
observed crack width distribution. In this study, only the mean crack width given in Ranade et al. (32) is
used for computational efficiency. The relationship between crack width and tensile strain of ECC is given
by Equation 18. Using Equations 16, 17, and 18 simultaneously, an empirical relation between rebar mass

loss due to corrosion and average crack width in ECC was developed.

W () gce = 36.13 — 101.0¢2 + 105.8¢ + 23.8 (18)

where, e = £* % 100

3.1.2.4 Corrosion rate
Previous studies (15, 16, 21, 22, 33) have showed that the existence of cracks in both ECC and
concrete increases the corrosion rate significantly, depending on the crack width. This is because cracks in

the cover provide easier ingress path for water, oxygen, and chloride ions. As explained above, corrosion



propagation can be divided into four stages (16). 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 increase in
number and widths of the cover cracks. Due to lack of experimental data and ease of numerical analysis,
the corrosion rate is assumed to increase linearly with time in our study. Other studies (13) have also used
a similar assumption. In stage 4, corrosion rate reaches a peak value and remains constant thereafter, when

the cover crack width reaches a critical value depending on the material.

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

1. Assume the slope (dA/dt) of the linear increase in the corrosion rate 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 T1 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 yes, the assumed dA/dt
and the corresponding time Ty is correct; else, vary dA/dt and start again from step 1 until this check is

satisfied.

3.1.3 Corrosion model properties for the example bridge column

3.1.3.1 Conventional concrete cover

Corrosion initiation phase: In this study, the example bridge is assumed to be a new bridge, and

therefore, the initial chloride concentration in the cover concrete is assumed zero. The salt exposure is
assumed similar to the urban highway bridges around the authors’ university (Western New York). The
surface chloride concentration (C) based on the database of the Life-365™ (34) is taken as 19.8 kg/m?®. The
chloride diffusion coefficient (D.;), calculated considering the temperature effects of this area, is 4.50x10°
12 m?/s for conventional concrete (34). The critical chloride content for corrosion initiation at the rebar-

concrete interface is assumed to be 1.2 kg/m? (34).

Corrosion rate: A moderate corrosion rate of 0.0174 mm/year suggested in the literature (25) and
(35) is assumed prior to crack initiation. Due to the lack of peak corrosion rate data in real bridges, the peak
corrosion rate after crack initiation is assumed to be 0.0267 mm/year. This value is based on the assumption

that longitudinal rebar area would reduce by 20% under moderate corrosion at the end of the service life
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(75 years), assuming no repair is performed during the bridge’s service life. The critical crack width beyond

which the corrosion rate becomes constant is assumed to be 0.2 mm for concrete (13).

In our study, it is assumed that when the crack width reaches 1.0 mm, the cover concrete becomes
ineffective for carrying seismic loads, and therefore, it is removed from the dynamic structural analysis
(36).

3.1.3.2 ECC cover

Corrosion initiation phase: The environmental exposure for the ECC cover is the same as that for

the conventional concrete cover. Therefore, surface chloride concentration (Cs), temperature variation (that
affects Dci), and initial chloride concentration are same as those for the conventional concrete. The effective
chloride diffusion coefficient for the ECC considered in our study is 0.64 times that of conventional
concrete (19). Although the critical chloride content changes with the type of concrete, its value for ECC is

assumed the same as that for concrete due to limited experiment data.

Corrosion rate: Average corrosion rate of the ECC considered in this study is 0.72 times that of
conventional concrete based on experimental data (22). Thus, the corrosion rates before and after cracking
of ECC are taken as 0.0125 mm/year and 0.0192 mm/year in our study, respectively. Average crack widths
in ECC are typically limited to 0.1 mm by the fibers. Some experimental data suggests that the corrosion
rate in ECC can become constant at crack widths less than 0.1 mm (22). However, due to limited

experimental data, the corrosion rate is assumed to become constant after the crack width reaches 0.1 mm.
Table 1 summaries all the parameters used in the corrosion model of the example column. All

assumed values can be changed in the future based on field data for other columns. The computational

framework will remain unchanged regardless of the properties chosen.
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Table 1 Parameters considered in the corrosion model of the example bridge column

Parameters Conventional ECC Source
concrete

Cs (kg/m?) 19.8 19.8 (34)

D¢y (m?s) 4.50x10712 2.86 x 10 12 (34)

Critical chloride content at

rebar surface (kg/mq) 12 1.2 (34)
A®)bferack (Mm/year) 0.0174 0.0125 (25, 35)
A aferack(mm/year) 0.0267 0.0192 Explained above
Critical crack width (mm) 0.2 0.1 (13)
v 0.18 0.18 (28)
8o (mm) 20x10°® 20x10°3 (28)

3.2 SEISMIC FRAGILITY OF CORRODED BRIDGE COLUMN

3.2.1 Fragility analysis

Seismic fragility curves have found widespread use in probabilistic seismic risk assessment of
highway bridges. A fragility curve provides the probability of a structure exceeding a specified level of
damage as a function of ground motion intensity measures such as peak ground acceleration (PGA) or
spectral acceleration at the geometric mean of the longitudinal and transverse periods. A seismic fragility
curve is commonly modeled by a lognormal cumulative distribution function as shown in Equation 19. In
this equation, 8 and /3 are estimated from statistical analysis of the damage data. EDP is an engineering
demand parameter (e.g. interstory drift, beam plastic rotation, derived damage index, etc.) that is obtained

from structural analysis.

P(EDP > d|IM = IM,) = & [%] (19)

It should be noted that there are multiple methods to create fragility curves and steps may vary
between various methods. The following five steps were followed for constructing fragility curves in this
report:

1. Select ground motion records for the site of the structure,

2. Develop a structural (finite element) model,

3. Perform incremental dynamic analysis (IDA) for the selected ground motions,
4. Define/select a suitable damage index, and
5

Estimate parameters of fragility curves using statistics.
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The details of the steps (1) and (2) are discussed in Section 3.3 as applied to the example bridge

column. The details of steps (3) to (5) are given in the following sections.

3.2.2 Incremental dynamic analysis (step 3)

In this paper, IDA proposed by Vamvatsikos and Cornell (37) is performed. This involved a large
number of nonlinear response history analyses using ground motions that are systematically scaled to
increasing earthquake intensities (PGA) until each damage level occurs. IDA yields a distribution of results
at varying PGAs that is used to generate a fragility curve. Response history analyses can be performed using
any structural analysis software. In this research, the open source structural analysis software is used.

Analyses included isolated bridge piers subjected to ground motions.

3.2.3 Time-dependent damage states and damage index (step 4)

The levels of damage are characterized by discrete damage states defined by certain thresholds of
a damage measure. Although many definitions of damage exist in the literature, in this research,
displacement ductility is used as the damage measure. Displacement ductility is defined as the ratio of the
peak lateral displacement (obtained from the dynamic analysis) to the yield displacement. The yield
displacement is defined as the lateral displacement corresponding to the yielding of the outermost

longitudinal rebar under tension. 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, concrete cover is assumed to have visible cracks under
earthquake load near the maximum moment locations.

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

in the concrete core (confined by steel reinforcement) at column base reaches 0.002 (11). At this
strain, concrete cover near the bottom of a bridge column is assumed to have minor spalling.

3. 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 collapse state, similar to other studies (11).

4. Collapse: Collapse is defined to occur when the maximum compressive strain in the confined
concrete reaches ., calculated in Equation 20 (38). This value of strain in concrete corresponds

to the fracture of the first transverse tie (11, 12).

L4psfe(D)esu
Eocu = 0.004 + Tt(t) (20)
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3.2.4 Statistical method to estimate the parameters of fragility curves (step 5)

In this study, the parameters of the fragility curves are obtained using the least-square error method
proposed by Baker (39). In this method, the parameters of the lognormal distribution are estimated by
minimizing the sum of the squared errors between the observed fractional number of ground motions (z;/n;)
causing the structure to reach a given damage state and the probability of reaching that damage state as

predicted by the fragility function. The method is mathematically described by Equation 21.

{6, B} = argmin 37, {% - (@)}2 (21)

3.3 DEMONSTRATION OF FRAMEWORK

An example bridge column designed according to the Caltrans Bridge Design Specifications in
1990 is considered in this study (40). The circular column has a diameter of 1829 mm and a height of 6.8
m. The longitudinal reinforcement consists of 58 No. 36 rebars (diameter = 36 mm), and the transverse
reinforcement consists of No. 13 stirrups with 76 mm spacing. Geometric and cross-sectional details of the
column are shown in Figure 2. Fragility analyses were performed for two columns that were identical
except for their cover concrete material. The two columns had normal concrete and ECC cover to

understand the impact of concrete cover material on seismic fragility of columns exposed to deterioration.

Concrete cover ECC cover

6.8 m

1.8 m dia (D,) 1.8 m dia (D,)

58 NO.36 Rebar

NO. 13 Stirrups @76.2 mm

1.8 m 1.8 m

COLUMN SECTION COLUMN SECTION

Figure 2 Bridge column detail
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3.3.1 Finite element model

A finite element model of the column is created in OpenSEES (41). A fiber section model is used
to simulate the cross-section of the column. Unconfined concrete properties are assigned to the cover
concrete, whereas confined concrete properties are assigned to the core concrete fibers. In this study,
differences in corrosion resistance of ECC and normal concrete are considered. However, mechanical
properties of ECC cover are assumed the same as those of unconfined concrete cover for simplicity, as the
effect of cover concrete on dynamic response is anticipated to be minimal. Reinforced concrete behavior is
modeled using the Concrete 07 material model (42) in OpenSEES. Reinforcing steel is modeled using the
Steel 02 material model in OpenSEES (43, 44), including isotropic strain hardening. The unconfined
compressive strength of concrete is 35 MPa and the yield strength of reinforcing steel is 414 MPa. Table 2

shows all the material model parameters and

Figure 3 shows the mesh detail of the column section.

Table 2 Material properties used in the finite element model

Material property Concret_e 07 Concre_te 07 _Steel 02
(Unconfined) (Confined) (Reinforcement)
Compressive strength (MPa) 34.5 39.2
Strain at compressive strength 0.002 0.0035 Yield strength
Ultimate comp. strain capacity 0.003 0.011 =414 MPa
Tensile strength (MPa) 3.6 3.6
Strain at tensile strength 0.0002 0.0002
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Unconfined
concrete fiber
(Concrete 07)

Confined l
concrete fiber
(Concrete 07)

Rebar fiber
(Steel 02)

Figure 3 Finite element mesh of the example bridge column

3.3.2 Ground motions

Different ground motions cause different structural responses. For demonstrating the computational
framework, 50 ground motion records from the 1994 Northridge earthquake are used. Any other set of
ground motions can also be used in this framework. PGA is used to describe the severity of the earthquake
ground motion. A large PGA does not necessarily cause severe structural damage; however, using the
simple structural model assumed in this study, higher PGA corresponds to higher structural damage. Thus,
Northridge ground motions with PGA higher than 100 cm/s? were selected and scaled linearly from PGA

of 0.1g to 2.0g with increments of 0.1g.

4. FINDINGS
The framework was applied on the example column to demonstrate the effect of deterioration on

seismic fragility and the effect of concrete cover material on corrosion susceptibility and seismic fragility.

4.1 Corrosion model results

(a) shows the determination of corrosion initiation time of rebars with concrete and ECC covers.
As seen in the figure, corrosion initiates earlier in the transverse rebar than the longitudinal rebar regardless
of the cover concrete type. This is attributed to the smaller concrete cover to the transverse rebar than to the
longitudinal rebar. The corrosion initiation time for the rebar in ECC cover is longer than that in concrete
cover. The ECC cover delays the corrosion initiation time of longitudinal and transverse rebars by 2 years

and 3 years, respectively.
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(b) shows the rebar area loss due to corrosion as a function of time. Corrosion affects transverse
rebar more significantly than the longitudinal rebar regardless of the cover material. For instance, after 100
years, 64% of the original longitudinal rebar area is left, whereas the transverse rebar area completely
diminishes due to corrosion with conventional concrete cover. The rebar area loss rate appears to accelerate
with time, regardless of the cover material. For instance, in the first 50 years, the average longitudinal rebar
area loss rate is 1.7 mm?/year with concrete cover, which increases to about 5.6 mm?/year from 50 to 100
years. A similar trend can be observed in the transverse rebar loss rate. ECC cover reduces the rebar area
loss rate in both longitudinal and transverse rebars, although the reduction is more significant for the
transverse rebar. After 100 years, the longitudinal rebar area left with ECC cover is about 22% larger than
that left with normal concrete cover, and the transverse rebar area left with ECC cover is about 37% larger
than that left with conventional concrete cover. Thus, the ECC cover significantly enhances the durability

of the column as compared to the conventional concrete cover.

Crack width variations with time in longitudinal and transverse directions are shown in Figure 5.
Although the transverse crack starts earlier than the longitudinal crack with either of the two cover types,
the width of the transverse crack increases faster than the longitudinal crack with ECC cover and slower
than the longitudinal crack with concrete cover, respectively. Crack widths increase at a much faster rate in
conventional concrete cover compared to the ECC cover, which is expected due to the crack bridging effect
of the fibers in ECC. Longitudinal cover crack never reaches 1 mm even after 100 years with the ECC

cover.
“EE“B Longitudinal rebar E Transverse rebar
2 6 — 2 6 —
r.u m ] I
%'é 5! Concrete E 5 Con:l:rete :
] 3 I :
5 4 ECC o ECC |
m !
8 g " 1N
m 3 | © I |
- C . . l l t. m I |
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2 | g I N
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(a) Corrosion initiation
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Figure 5 Longitudinal and transverse cover crack width variation with time

4.2 Time-dependent fragility curves of the example column

Fragility curves of the column with conventional concrete cover are shown in Figure 6 for a column
that is O years (newly constructed), 25 years, 50 years and 75 years (end of service life) old. It can be
observed that the probability of damage (for a particular damage state) at a given PGA increases with time,
as the corrosion effects (rebar mass loss) become more significant with time (

). For instance, at 25 years, the probability of damage is similar to the original state; however, at
50 and 75 years, the probability of damage at a given PGA increases due to corrosion. Furthermore, the
corrosion effects become more significant for higher damage states. For instance, the probability of collapse

of the column for PGA equal to 1.0g at 50 years is about 20% higher than the probability of collapse of a
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newly constructed column (at O years). In comparison, the probability of extensive damage for a 50 year

old column is about 6% higher relative to a newly constructed column at PGA of 1.0g.

Figure 7 shows the fragility curves of the same column with ECC cover. Similar to the above
observations with conventional concrete cover, the corrosion effects become more significant with time.
Corrosion affects higher damage levels more significantly than lower damage levels. In spite of this, the
corrosion effects on the fragility curves are reduced with ECC cover compared to conventional concrete
cover. At slight and moderate damage levels, there is almost no change in the fragility curves with time in

Figure 7 due to enhanced durability against corrosion offered by the ECC cover.

Figure 8 shows the differences between the fragility curves of the example bridge column obtained
with ECC cover and conventional concrete cover at 75 years. Compared to conventional concrete cover,
the ECC cover reduces the probability of damage (at all damage levels) due to enhanced durability against
corrosion. For instance, at collapse level, the damage probability at PGA equal to 1.0 g with the ECC cover

is reduced by about 20% relative to that with conventional concrete cover.

Slight damage Moderate damage
100 100
80 80
60 60
. 40 40 0 years
R
:?—-: 20 20
= 0 _ | 0 | | | 25 years
o
2 0 0.5 1 1.5 2 0 0.5 1 15 2
o Extensive damage Collapse 50 years
100 r Y 100 i T
80 80 75 years
60 60
40 40
20 20
0 0
0 0.5 1 1.5 2 0 0.5 1 1.5 2
PGA (9)

Figure 6 Fragility curves of RC bridge column with conventional concrete cover
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Figure 7 Fragility curves of RC bridge column with ECC cover
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100 100
80 80
60 60 Column with
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T 20 20
=
= 0 0 ,
5 0 05 1 15 2 0 05 1 15 2 Column with
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a Extensive damage Collapse 75 years
100 100
80 80
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60 60 = concrete cover at
75 years
40 40
20 20
0 0
0 0.5 1 15 2 0 0.5 1 15 2
PGA (g)

Figure 8 Comparison of fragility curves obtained using conventional concrete and ECC covers at 75
years
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5. CONCLUSIONS

This research developed a systematic framework to determine the effect of corrosion deterioration
on seismic resilience. The framework utilizes seismic fragility analysis to determine the probability of
damage of deteriorating bridge columns under seismic excitation. The framework is demonstrated using an
example RC bridge column, analyzed at discrete intervals during its service life. Impact of replacing the
conventional concrete reinforcement cover with ductile fiber-reinforced concrete (ECC) reinforcement
cover on the fragility is investigated to inform decisions about the use of advanced materials in bridge
construction, maintenance and repair. The framework can also be used on a group of bridges to identify

most vulnerable bridges to prioritize maintenance.

A novel method to incorporate the influence of multiple cracking in ECC on the corrosion rate is
presented. The corrosion model takes into account the effects of pitting corrosion on both longitudinal and
transverse rebar and cracking in conventional concrete. This framework can be extended to other
deterioration processes and hazards (extreme events) such as vehicle impact or wind with appropriate

modifications for hazard modeling.

The following specific conclusions can be drawn based on the results of this study:

1. Lower effective chloride diffusion coefficient of ECC compared to conventional concrete helps delay
corrosion initiation (assuming the same critical chloride content).

2. The percent mass loss (relative to the original mass) of the transverse reinforcement is greater than that
of the longitudinal reinforcement. This is because the transverse rebar is closer to the external surface
of the column than the longitudinal rebar and the original mass of the transverse reinforcement is
smaller than that of the longitudinal reinforcement.

3. After crack formation and during corrosion propagation, the corrosion rate is lower with ECC cover
than with concrete cover due to better crack width control in ECC.

4. The effects of corrosion become more significant on the seismic performance of the example column
with time. The effects of corrosion on seismic fragility are significantly less for the column with ECC
cover than with conventional concrete cover.

5. The benefit of corrosion reduction of ECC cover is more pronounced at higher damage levels than

lower damage levels.
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6. RECOMMENDATIONS

The following recommendations are provided based on the findings of this study:

o Bridge owners should consider time-dependent deterioration (due to corrosion or other
mechanisms) for assessing the vulnerability of bridges under extreme hazards, particularly
against collapse and extensive damage.

e The asset management teams of state DOTs should consider durability and resilience of
structures simultaneously for prioritizing repair and rehabilitation, possibly using their asset
management software

e Use of advanced materials that offer better corrosion protection is recommended to not only
improve durability but also to increase resiliency. These materials can be used strategically in
small amounts (e.g., in reinforced concrete column cover) to limit their higher initial cost.

e Durability and resilience assessments can be improved when transport properties and cracking

of advanced materials are characterized and included in the assessment framework.
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