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Abstract

This research introduces a novel procedure for considering corrosion effects within critical infrastructure
exposed to seismic risk, focusing on reinforced concrete structures. Most conventionally developed
seismic fragility curves cannot assess the progressive material degradation over time, such as corrosion.
At the same time, the present study proposes a novel approach that explicitly incorporates corrosion-
driven deterioration in seismic vulnerability assessment. The proposed framework couples time-
dependent corrosion modelling with FDEM numerical simulations to assess deterioration in structural
integrity. These results are used to update seismic fragility curves that accurately capture the increased
vulnerability of corroded structures to earthquake-induced damage. The significant contribution of this
research is developing an integrated risk assessment model that merges the corrosion-adjusted fragility
functions with seismic hazard analysis for long-term seismic risk assessments. The primary novelty
within the methodology formulation involves developing a cumulative risk ratio, expressing the overall
accumulation of risk during the structure's service life. In this context, this framework has been validated
with a case study of a single-story RC moment frame for different corrosion scenarios and spatial
distributions. The numerical results agreed well with empirical data by a 3-14% discrepancy for the
projected 75-year life cycle period. The results indicate a considerable increase in seismic risk due to
corrosion effects: 59% for moderate and 100% for intense corrosion environments. The findings highlight
that considering the mechanisms of corrosion during seismic risk assessment allow for more realistic
seismic risk assessment and ameliorate critical infrastructures resilience along their service life cycle.
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1. Introduction

Reinforced concrete (RC) structures under corrosive environments experience severe losses in seismic
performance when corrosion mechanisms are explicitly modelled [1], [2]. Various research works have
demonstrated that the inclusion of time-dependent corrosion effects leads to a notable decrease in
structural capacity [3]. For instance, finite element and time-variant modelling approaches report losses
of up to 50% in base shear capacity and a rise of 20-25% in the probability of failure within 50 years [3].
Coupled models that reconcile time-dependent corrosion simulation and Finite—Discrete Element
Modelling (FDEM) predict even greater risk increases, with moderate corrosion increasing seismic
hazard by 59% and intensive corrosion doubling it in 75 years, while case study comparisons find
variations of only 3—14% [4]. Notably, FDEM has been successfully validated for simulating fracture and
failure in concrete elements [5], supporting its use in corrosion-integrated seismic risk assessments.

Different modelling strategies—from finite difference methods and nonlinear finite element analyses to
probabilistic models (often performed using Open Sees or enhanced using neural networks) — have
been used to model chloride-induced deterioration, flexural strength loss, ductility loss, and progressive
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accumulation of seismic risk over a structure's service life [6]. Other studies have also modelled concrete
degradation due to brine attack, highlighting the diverse mechanisms contributing to long-term structural
deterioration [7]. All these studies highlight the need for seismic fragility curve updating with cumulative
risk ratios and corrosion-incorporated seismic models for more accurate quantification of the increasing
vulnerability of deteriorating RC structures under seismic loading.

The diversity of integration methods reflects the inherent difficulty of coupling corrosion development
with seismic hazard assessment [6]. The dominance of nonlinear finite element methods and advanced
computational frameworks indicates a clear trend toward increasingly sophisticated modelling methods
[3]. However, the fact that nearly half of the present work considered herein lacks experimentally or case
study validation suggests a very large gap that must be addressed in subsequent endeavours [3], [6],
[8]-[11].

The focused interest in time-dependent mechanisms of corrosion and degradation impact is precisely
within the research objective of evaluating how deteriorating material degradation influences seismic
performance [3]. Additionally, the use of probabilistic models in different studies demonstrates
consideration of and compensation for significant uncertainty regarding long-term structural
performance for extreme events [12]—[14].

While a few models demonstrate reasonable agreement with experimental measurements or field
observations, the overall variety of validation methodologies—and the absence of validation
in most cases—indicates the critical need for more rigorous, systematic validation methods
[1]. Better validation practices will increase corrosion-integrated seismic risk models' credibility and
applicability to infrastructure resilience planning.

The significance of this research is the improvement of the precision and validity of long-term seismic
risk evaluation for critical infrastructure. By explicitly accounting for corrosion effects, the study offers a
more realistic estimation of structure vulnerability, thus facilitating improved maintenance planning,
resource allocation, and risk mitigation measures. This enhancement is crucial in enhancing essential
infrastructure resilience and operational reliability in seismically active and corrosive environments.

2. Methodology

The research proposes a time-dependent corrosion-integrated risk assessment system for reinforced
concrete wall subjected to seismic actions. There are four main steps in the methodology (see Fig. 1):

Simulating corrosion progression

‘ Evaluating corrosion-induced degradation

l

Integrating degradation into seismic fragility analysis

|

‘Conducting long-term infrastructure risk assessment

Fig. 1. Methodology flowchart.



The evolution of damage and its effect on structural capacity are simulated and presented in this section.
Exposure levels of corrosion are defined following Raoul Francois [15], based on which current densities
equal to 0.2, 1.0, and 3.5 pA/cm? are assumed to model minor, moderate, and intensive corrosion,
respectively.

e Simulation takes place for a period of 120 years, replicating the evolution from the passive to severe
corrosion states. For each time increment:

¢ Internal pressure and shear boundary conditions are applied to a concrete cube model extracted from
the wall to model local effects.

e Automated simulations assess the progressive degradation in structural response and shear capacity
due to seismic loading.

3. Framework Development
3.1. Mechanical Model

Simulations were carried out on a 116 x 116 x 116 mm? concrete block removed from the base of a wall
— where seismic shear forces are most significant, to save computation time. Reinforcement rigidity
was omitted, but circumferential pressure due to corrosion was imposed as an internal boundary
condition over a meshed cylindrical hole for the rust extension effect.

Seismic loading was simulated with incremental shear stress up to failure, where the back of the cube
faces confinement and free boundaries at all other locations. Internal pressure and material degradation
were updated after de-passivation, assumed to occur after 20 years, based on corrosion initiation
findings reported in [16], [17]. Empirical equations (Egs. 1-9) were assigned to the material to simulate
degradation mechanical properties like compressive strength, tensile strength, modulus of elasticity, and
cohesion due to corrosion products. The degradation of concrete properties was driven by corrosion
expansion, which influences crack width and reduces shear capacity (Eqg. (1)).

fek
fox = 1+ki5_1' 1)
€co

where kr is taken as 0.1 for medium-diameter ribbed bars for allowing roughness and bar size [18], and
€0 (0.002) is the peak compressive strain according to IS 456 [19]. €1 captures the tensile strain
associated with cracking subjected to compression, as defined in Eq. (2).

br—b
& = %ﬂ (2)

bo is the original cross-sectional width without corrosion cracks, while by represents the expanded width
due to corrosion-induced cracking. The increase in thickness is estimated using Eq. (3).

bf — by = Nparswe, ®3)

where npars represents the number of bars in each layer, and w. denotes the crack width corresponding
to a given level of corrosion over the time interval At, as defined by Eq. (4).

w, = 21 (vrs — 1)d,, 4)

where vis is corrosion product expansion to intact steel volumetric ratio, generally assumed to be 2 [64],
and de is the corrosion penetration depth, computed from Eg. (5).

d, = 0.0115i,,t, (5)

where ico is the corrosion current density (in cm/year), and t is the elapsed time since the corrosion
propagation initiation (in years). The concrete elastic modulus (Ec) is related to its compressive strength



(fe) at all stages of its service life, according to the model proposed by Noguchi and Nemati [65], as
given in Eq. (6).

fe
E. = 21 x 10°(5) " (G%)05, (6)

The strength in compression (fek) and modulus of elasticity of concrete (Ec) is in kg/cm? units with the
concrete density (y) maintained constant at 2.5 ton/m3. Direct tensile strength (f) may be approximated
from reliable values under conditions where size is not a problem. According to ACI 318 [20] and ref.
[21], [22], (fy) is expressed in relation to (fek) as follows following Eq. (7), and the model is refreshed at
each time step by the following equation:

fi = 0.334/f.x (MPa units) 7)

Where A is for lightweight concrete, and in this research, it is taken to be 1.0.

The strength of cohesion (c) and the normal stress (on) in FDEM are incorporated depending on the
method as described in [23]:

fs = c + o tan (6,) (8)

where 6i denotes the friction angle and fs the intrinsic shear strength, the shear strength is approximately
proportional to the compressive strength to the 1/2—-1/3 power [24].

fo =Fa 9)

The internal pressure P is derived from steel expansion and concrete confinement, as expressed in
equations (Eqns. 10-18).

Several models have been proposed for rusting prediction. Andrade et al. (1993) [25] formulated a linear
model based on Faraday's law, relating corrosion current density (icor in JA/cm?) to a reduction in steel
bar diameter, using a conversion factor 0.023 (uA/cm? to mm/year).

Dy, = Dy — 0.023i5rr At (mm) (10)

where D is the residual steel diameter, Do is the original diameter, and At is the time elapsed since
corrosion started.

AV, = O'Zj X Dy lcorr At (Mmm3 /mm) (11)

Assuming uniform corrosion, the radius reduces from Ry, as per Eg. (12), based on the volume loss of
steel per unit length, detailed in Eq. (11)

Rey = (R — ¥/ (mm) (13)

The steel radius accounting for the rust layer is defined as follows:
R, = R, + §o(mm) (14)

The total volume of oxide produced is given by: AV. = AV,p,/(p, 1), iS the proportion of iron molecular
weight to rust molecular weight, as 0.622. To account for the effect of corrosion product migration into
open cracks (see figure 5 (e)), we used a modified equation presented in [26]. The modification involves
subtracting the volume of available crack space vac into which the oxide penetrates—from the total
oxide volume generated by corrosion Alj.:

AV = AV, — V,.(mm3/mm) (15)



In addition, we followed the work of [26], which also reduced the thickness of porous layer t;, and
calculated the oxide thickness &. as follow:

80 = | R%, + 2/ =Ry — tr(mm) (16)

By applying an equivalent pressure around the steel, the expansion of the corroding reinforcement is
simulated. The first step in this process is to calculate effective, non-dimensional mass loss:

(Dp+80x2)?
T_l

-1 (17)

]/:

Where (3 denotes the density of steel divided by density of rust. The strain resulting from the unrestrained
expansion of the reinforcement can be determined as follows:

1 -1

Eeeq = iaryg (GP) (18)
Es TEo

where Es denotes the modulus of elasticity of steel (200 GPa), and EO refers to the modulus of the

elasticity of the oxide in this work taken as (7 GPa).

The internal pressure (P) denotes the confinement effect of the concrete on steel, dependent on the
degree of corrosion, calculated in Eq. 19:

P = Es,eq X &g free (MPa) (19)

3.2. Degradation Analysis and Shear Capacity Loss

Simulated cubes were loaded until failure at each time step, capturing surface crack development and
failure modes. Simulated cubes were loaded to failure at each time step, including surface
crack growth and failure modes. Shear capacity was verified from each model's shear stress—
displacement curves. The capacity at timesti to t+1 were normalized to the initial capacity at t=0
to evaluate the deterioration as a function of time, shown in Fig. 2.
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Fig. 2. Shear capacity degradation over time under varying corrosion intensities.



Fig. 1 illustrates progressive shear capacity loss with time for a seismically loaded wall under three
corrosion intensities: minor, moderate, and intensive. The results show a trend of capacity reduction of
between 20% and greater than 80% after 120 years, based on the intensity of corrosion.

The model focused on a small portion of wall to get detail as against high cost, so the effects of localized
corrosion and the shear degradation could be assessed. Though the direct steel contribution to the
structural stiffness was neglected, the pressure due to corrosion in the surrounding concrete was
considered.

Simulations were done discontinuously, incrementally applying shear load at each time step and
modelling material degradation through empirical relationships. While the simplifications, the model
adequately captures the trend of degradation, allowing for long-term planning of maintenance and
highlighting the importance of early intervention to ensure structural resilience.

3.3. Integrating Corrosion Effects into Seismic Fragility Curves

Reinforced concrete (RC) deterioration is included in the seismic vulnerability analysis for this section
based on capacity reduction evaluated previously.

Seismic vulnerability is evaluated using seismic fragility curves, which express the probability of reaching
a damaged state (DS) as a function of an earthquake intensity measure (IM). The fragility function is
lognormal cumulative distributed [27], [28] and has two parameters: the median structural capacity 04
and the logarithmic standard deviation 4, defined as Eq. (19):

P[DS = ds|IM = x] = q)(l"(’;ids)) sds € {1,2, .. Npg) (20)
ds

Where P is the probability of reaching or exceeding a damage state, DS is the damage state index, IM
is the intensity measure (e.g., PGA, PGD, PGV), @ is standard normal cumulative distribution function,

For more than one damage state in order of increasing severity, the probability of being in a certain state
is given as:

1— P(DS = ds;|IM) i=0
P(DS = ds;|[IM) = {P(DS = ds;|IM) — P(DS 2 dsi4|IM) 1<i<n-1 (21)
P(DS = ds;|IM) i=n

Baseline Fragility Curves: represent the initial seismic vulnerability of the structure before considering
corrosion, founded on parameters available from literature and existing databases [29], [30].

Adjusted Fragility Curves: To incorporate corrosion effects, the median capacity is adjusted using a
degradation factor (t), which is calculated as a function of corrosion level (CL) and elapsed time (t). The
adjusted median capacity (t) is calculated as:

s, () = Oas; " fer(O) (22)

Where 0 () is adjusted median capacity at time, fcL (t) is degradation factor, reflecting corrosion severity
over time, CL is corrosion level (minor, moderate, intensive).

To validate the degradation rates, a comparison was done with the findings of Cui et al. [31], which
investigated fragility deterioration for RC bridges in marine environments for 0, 25, 50, 75, and 100
years.

The comparison resulted in a close match within 3—14% for the first 75 years, to the advantage of the
reliability of the approach. At 100 years, our models resulted in moderately more conservative
predictions.

4. Future research and limitations of the present research

While this study offers valuable information, several limitations must be acknowledged. The accuracy of
the result depends significantly on the reliability of input data, particularly corrosion rates and structural



characteristics. Future research may possibly greatly improve the modelling framework by enhancing
several important areas.

First, reinforcement bar stiffness and the explicit representation of the rebar—concrete interface would
increase the accuracy of shear capacity predictions. The discrete degradation model is simulated and
gradually loaded by shear stress to failure, whereas degraded mechanical parameters are revised
manually according to empirical functions. Crack growth and crack starting should be facilitated with
continuous exchange of information from one time step to another, where cracks growing and
developing grow progressively, contrary to employing degradation curves.

In addition, bond strength degradation between steel and concrete needs to be simulated because
corrosion progressively weakens this interface, which affects load transfer and increases the risk of
localized failures, especially under seismic loads. Bond deterioration consideration would provide a
more realistic structural deterioration patterns prediction over time.

Further developments should also consider strain rate effects, corrosion-induced voids, and mesoscale
deterioration patterns upscaling to the structure level. Finally, input parameter calibration using more
detailed field observations and actual-world data acquisition would significantly enhance the model's
reliability.

The solution to these points will give a good chance to enhance the proposed methodology and conduct
a more accurate long-term corrosion-induced seismic vulnerability assessment in reinforced concrete
structures.

5. Conclusions

In this research, a novel strategy towards seismic hazard assessment in reinforced concrete structures
of the critical infrastructure considers explicitly the progressive corrosion effects. Results show that
seismic load vulnerability grows exponentially in time, markedly for moderate and severe corrosion
levels, with cumulative risk ratios rising to six times the baseline over a 120-year lifespan, depending on
environmental conditions. One of the important contributions of this study is the development of a
corrosion-adjusted fragility method, which allows real-time updates of seismic vulnerability in
accordance with corrosion progression. The dynamic assessment reflects more realistic assessments
of evolving structural risks, allowing for full lifecycle resilience planning. The case study illustrates the
way in which corrosion-adjusted fragility curves signal risk escalation in different geographical and
environmental settings.

The findings underscore the significance of factoring time-dependent degradation into seismic risk
appraisal, necessitating intensified monitoring, precocious interventions, and active management of
infrastructure.

Finally, the current work provides a comprehensive evaluation of seismic resilience in substations
according to critical component performance and failure probability. The quantitative indicators and
derived fragility curves provide valuable information on post-earthquake operation. The models can be
enhanced by introducing more complexity and verified using experimental data from actual events in
the future to improve practical applicability.
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