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Abstract: This study investigates the evaluation of the effects that corrosion on the performance
of steel industrial infrastructures with ageing effects. In this paper, a probabilistic risk assessment
method is presented in relation to a case study of a real petrochemical structure located in an
atmospheric environment with a high severity of corrosion. The findings of the damage
assessment that were derived from the refined fragility analyses showed that long-term corrosion
mass reduction has the potential to increase the probability of damage to the structure subjected
to both near and far-field ground motion records. The structural seismic risk assessment showed
that the corrosion can increase the annual failure rate due to the earthquake motions. The findings
of this study can help owners and insurance companies make more accurate predictions
regarding the damage, and as a result, they can provide an effective roadmap for the
management of industrial assets.

Introduction

Corrosion-induced damage can have a significant impact on the performance of steel structures
and result in enormous costs for rehabilitation and repair of corroded elements. According to
research conducted by the National Association of Corrosion Engineers (NACE) in 2016, the
annual global corrosion cost was estimated to be approximately US$2.5 trillion, which
represented approximately 3.4% of the global gross domestic product (GDP) in 2013 (Bowman
et al., 2016). As mentioned in this study, nearly half of the global cost of corrosion damage is
attributable to industry economics. For example, this cost is around 57% of the overall cost of
corrosion in the European region, and in the United States, infrastructure corrosion accounts for
about 17% of the overall cost of the industry sector.

Severe corrosion damage over a long period can modify the response characteristics of the
building, cause a loss of mass and increase the vulnerability of the structure subjected to severe
loading conditions (Wang et al., 2021, 2018; Xu et al., 2019, 2016). The seismic performance will
be affected due to these structural modifications. As shown by Eq. Error! Reference source not
found., the corrosion rate is directly proportional to the corrosion mass loss.

W

where D is the corrosion thickness loss (in millimetre or micrometre), W is the mass loss (@), p
and A are the density of the material and exposed area, respectively.

As corrosion loss over the lifetime of the structure is the greatest concern for engineers, time-
dependent corrosion thickness loss models have been developed using experimental research
data collected over exposure time. (Landolfo et al., 2010; Rizzo et al., 2019). In such models,
uniform thickness loss over the entire metal surface as the most common form of corrosion in the
long run was considered as shown in Eq. (2):

d(t) = A.t8 2

where A is the first-year corrosion rate, B is the long-term impact coefficient, and d(t) is the
thickness loss of the corroded element over time (t). Note that environmental parameters,
including the presence of pollutants such as sulphur dioxide (SO32), chloride ion (CL"), relative
humidity (RH), and temperature, affect the value of the A and B coefficients (Benarie and Lipfert,
1986; Feliu et al., 1993a, 1993b).
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The International Organization for Standardization (ISO) report in 2012, categorized corrosivity
into six levels, starting from C1 for areas with minimal pollutants and low corrosion rate to CX for
coastal and offshore regions with high levels of contaminants and exposure to sea salt spray with
high salinity. Several researchers suggested similar models utilising Eg. (2) to estimate the A and
B values by analysing the interactions between multiple environmental attacks (Kee Paik et al.,
1998; Soares and Garbatov, 1999). Determining the susceptibility of structures to damage
resulting from corrosion at different stages is still a matter of discussion.

In this paper, after a brief review of the mechanism of corrosion in severe environmental
conditions, the damage assessment of corroded structure during the life of the structure is
addressed as follows: First, the corrosion effect was modelled using Finite Element (FE) methods
of a steel petrochemical plant as a case study located in a high corrosivity level zone based on
the available time-dependent models in the literature. The damage states were then determined
based on the proposed methodology in literature. To determine the probability of damage at
various intensity measures, the median, 16 and 84 percentiles of the fragility functions were
obtained. For risk evaluation, median fragility curve was utilized in conjunction with hazard
characteristics specific to the location of the case study.

Corrosion mechanism

The ISO report has classified C5 category as an area with a high rate of corrosivity, particularly
in coastal and industrial buildings with a high level of pollutants. Table 1 provides information on
the 1SO report regarding pollutant and corrosion rates at the C5 level in industrial outdoor
environments. This table illustrates the range of significant environmental factors that affect
corrosion rates, including the presence of industrial plant emissions such as PM10 and Soz, and
airborne sea spray-derived chloride ions (PM10). The duration of time that a metal surface
remains wet during atmospheric exposure is known as the time of wetness (TOW).

Description Symbol Annual average rate Unit
Sulphur deposition So2 50~400 pg/m3
Chloride deposition CIl 300~1,500 pg/m3

Particles PM10 30~70 pg/m3
Time of wetness TOW 2,500~5,500 hour/year
First-year corrosion rate A 80~200 pm/year

Table 1. pollutants and corrosion rate at C5 level of corrosivity

Eq (3) represents a time-dependent model proposed by ISO (2012) to determine the corrosion
thickness loss during the lifetime of the structure assuming a linear corrosion rate after 20 years
of exposure.

AtB, t <20

d(t) = {A [208 + B(205~1) x (t — 20)], t > 20

®3)

Corrosion protection techniques

The I1SO report suggests that the cost of corrosion can be reduced by 15% to 35% by adopting
effective corrosion management techniques and appropriate design. Structures lacking proper
corrosion maintenance plans must be repaired to improve the performance of corroded elements.
Traditional rehabilitation techniques, such as adding a plate to damaged portions, can increase
the structure's weight and cost remarkably. Prevention strategies, such as using corrosion-
resistant materials like stainless steel during the design phase, can help minimize situations that
contribute to corrosion. Inhibitors can be applied as a passivation layer to prevent electrochemical
reactions between the metal and the environment. Cathodic protection can convert the active
(anode) parts of the metal surface to passive (cathode) and protect the metal. Coating is the most
common corrosion protection method that acts as a barrier system to shield the metal from
environmental attacks. CFRP (Carbon Fiber Reinforced Polymer), a lightweight and easy-to-
install material, can be used to reinforce damaged components by attaching it to the damaged
parts through an adhesive. Several studies have evaluated corroded elements using CFRP
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products (Elchalakani, 2016; Jagtap and Pore, 2021; Yousefi et al., 2021). The experiments
conducted demonstrated that the utilization of CFRP products can significantly enhance the
durability and strength of the damaged element. The selection of an appropriate protective
strategy depends on various factors such as the project's size, initial investment budget,
accessibility, etc.

Many existing corrosion models do not consider the impact of corrosion protection methods on
overall corrosion loss. However, in reality, corrosion can begin when the coating layer first gets
scratched, leading to pit growth and eventual general corrosion over time as shown in Fig. 1-a.
Once a corrosion product layer (rust) entirely forms on the metal surface, the corrosion rate
decelerated and will be nearly zero over time. If a protective coating system is absent, the
corroded components must be repaired or replaced by the end of the structure's design life. For
simplicity in calculations, it is commonly assumed that the coating life, tc, is equivalent to the
initiation of uniform corrosion, ta (Qin and Cui, 2003).
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Figure 1. Time-dependent corrosion model: (a) mechanism of corrosion (b) coating layer effect.

The coating system is often a practical choice for safeguarding structures against corrosion due
to its ease of installation. Kere and Huang, (2019), proposed a time-dependent model to estimate
the rate of corrosion over time while considering the interaction between metal corrosion and
coating layer deterioration.

Aiofotd(t—r).A’l(r).dr, t<tc
dt) =91 ¢ , (4)
Efo At —7). A (1).dr, t > tc

where Ao and A'|(t) represent the initial and rate of corrosion area loss, respectively (Kallias et al.,
2016). In this model, the degradation of the coating layer is directly related to the loss of metal
corrosion before the entire surface coating layer is lost (tc). Once the coating layer is completely
deteriorated, only the metal will continue to deteriorate.

Having an accurate estimation of the coating layer's service life can serve as a basis for
implementing a more efficient maintenance strategy (Helsel and Lanterman, 2022). An effective
maintenance plan for coating layers should be based on the practical life (P) of the protective
layer, which is the point when 5 to 10% of its effectiveness is lost. Three stages can be considered
for maintenance: touch-up at P for minor damage and small surface defects, maintenance repaint
after 1.5*P for recoating of damaged parts, and thorough painting after 2*P for removing the
existing coating and repainting.

As illustrated in Figure 1-b, a comparison of various corrosion models after 50 years of the
structure's lifespan reveals a significant contrast between the mass loss of the protected (coated)
and unprotected models. In fact, the difference in the absence of a coating layer is nearly 15 times
greater compared to when a maintenance plan is implemented during the design life of the
structure.
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Methodology
Case study

A case study was conducted on a petrochemical plant structure located in the Caribbean region,
close to the sea with high rate of humidity. The studied structure had a height of 61 meters, an
irregular shape, and was equipped with a piping system running along its entire height, in addition
to storage tanks. The study aimed to investigate the impact of corrosion on the seismic
performance of the main structure of the system. The lateral resistance system consisted of
ordinary braced frames in the X direction and ordinary moment frames in the Y direction. The
structure was constructed using normal carbon steel material with a grade of A36, which has an
expected yield and ultimate strength of 372.32 MPa and 439.89 MPa, respectively, and an
elasticity module of 203 GPa. To provide context, the soil class was classified as D, and the
structure had a spectral response acceleration of 1.37 seconds and 0.869 seconds for 0.2 and 1-
second, respectively, with a 5% damping ratio.

Finite element model

CSl sap2000 was used as a finite element (FE) software program to create a 3D nonlinear Finite
Element (FE) model of the petrochemical plant structure, which included nonlinear hinges at both
ends of the elements to simulate the behaviour of the structure in the nonlinear region. The hinges
included axial load-bending P-M2-M3 hinges to model the coupled axial and bending behaviour
in columns, as well as bending hinges (M3) to simulate the bending behaviour of the beams, as
per the guidelines set out in the ASCE/SEI 41-13, (2014) standard. Also, the axial hinges were
chosen to simulate the buckling behaviour of the bracing frames. The model is illustrated in Fig.
2.

Figure 2. The finite element model.

Damage assessment

To make a risk-management decision, it is important to evaluate the probability of damage to the
structure during earthquakes of varying intensity levels. A useful method for assessing the
behaviour of the structure in both linear and nonlinear regions is the use of incremental dynamic
analysis (Vamvatsikos and Allin Cornell, 2002). Incremental dynamic analysis (IDA) is a multi-
level, multi-scale analysis technique that assesses the structural response of a building under
various levels of ground motion intensity. It involves a series of nonlinear dynamic analyses,
gradually increasing the intensity of the input ground motion, to achieve different performance
levels and damage states. The fragility curves then can be extracted based on the results of the
IDA analysis. In this study, spectral acceleration at the dominant-mode period of the structure,
Sa(Ts), was selected as a sensitive ground motion intensity measure (IM), and the maximum inter-
story drift ratio (MIDR) as an engineering demand parameter (EDP) was chosen to reflect the
extent of damage at each IM level.

Seismic fragility analysis is an effective method for evaluating the seismic performance of a
structure based on the probability of failure as a function of IM in which failure is defined with
respect to damage states (DS) (Muntasir Billah and Shahria Alam, 2014) .Under the assumption
of a lognormal distribution between EDP and IM, the fragility curve can be represented by the
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probability of reaching or exceeding the damage limit state (ds;) for a given level of seismic
excitation (IM). The following distribution represents the fragility function.

In(im/61)
Bi
where P [DS = ds;|IM = x] is the probability of damage at each damage state (dsi), which is
calculated using the cumulative normal distribution function denoted by ®. The parameters 6 and

B represent the median and standard deviation of the natural logarithm of the structure's capacity
at damage state i, respectively.

P [DS > ds;|IM = x] = CI)( (1)

Seismic hazard definition and input ground motions

Hazard curves are used to characterize the ground motion activities at a specific location,
providing information on earthquake frequency at various intensity measure (IM) levels. This data
can be collected through past investigations or a probabilistic seismic hazard assessment. To
assess the risk, fragility functions can be integrated with the hazard curve, allowing for the
calculation of the annual failure rate of different degrees of damage. In this study, the hazard
curve for the site of the case study is shown in Fig. 3 (Karagiannakis et al., 2022).

A(IM > x)
=

10 10" 10
Sa(Te)lg]

Figure 3. Seismic hazard curve of the case study region.

The seismic evaluation of the structure involved using a range of ground motion records, including
22 far-field and 28 near-field records, selected based on the Federal Emergency Management
Agency report (FEMA P-695). These records were employed as input for the intensity measure
(IM) in the structural analysis. These inputs were then used to develop fragility functions, allowing
for the assessment of the risk associated with seismic activity in the case study region.

Annual failure rate and loss exceedance curve

The annual failure rate is an essential metric in risk assessment and can help in developing
effective strategies for hazard mitigation and management and evaluating the safety of a
structure. The probability of failure for each potential damage state can be calculated for different
levels of input intensity measures (IMs) considering the hazard characteristics of the structure
region. The annual failure rate is a measure of the average number of failures expected to occur
in ayear at a specific IM. As illustrated in Eq.(6), This can be determined by combining the hazard
curve and fragility function in a discrete format.

AMC>c) = Zp(c > ¢|IM = x;) * A\, ©)

where A(F) represents the annual failure rate, reaching a particular damage
state, P(C > c|IM = x;) the probability of the structure reaching a certain damage state given the
input IM level xi, by the difference between the hazard curve values at each discrete IM level, AAi.

Results and discussion

Modal analysis
Table 2 presents the frequencies of the structures in both corroded (C) and uncorroded (UC)
conditions, which have the highest mass participation ratio. The most influential modes for the
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uncorroded model were identified as mode 4 in the X direction and mode 3 in the Y direction. In
contrast, for the corroded model, mode 17 was identified as the dominant mode in the X direction,
while mode 16 was found to be the most critical in the Y direction.

Mode shape | Corrosion effect | Frequency (Hz) Mass ratio (%)
4 ucC 0.93 18.5
17 C 0.77 20.7
3 ucC 0.85 18.5
16 C 0.70 20.4

Table 2. Modal analysis results for the main structure.

Damage limit states

Table 3 outlines the different levels of damage states based on the HAZUS standard thresholds.
The initial loading stage, DS, is considered a light damage state, where minor damage such as
small cracks and buckling of slender braces may be observed. As the intensity level increases,
the damage state progresses to DSz, denoted as moderate damage, where major cracks and
noticeable buckling and stretching of braces can be seen. At the extensive damage state, which
is the next level, most steel brace and members reach their yield strength capacity, resulting in
significant and permanent deformations, and some members may even exceed their ultimate
capacity, leading to a few collapses. Finally, the complete damage state is characterized by most
structural elements reaching their ultimate capacity, and connections may fail, resulting in partial
collapse of the structure.

Damage state (DS) Damage level MIDR [%]
DS: Light 0.30
DS: Moderate 0.60
DSs Extensive 1.50
DS4 Complete 4.00

Table 3. Hazus structural damage limit states.

Fragility curves

Figure 4 presents the fragility curves for both the corroded and uncorroded structures subjected
to near and far-field ground motion records. The solid lines represent the uncorroded model (UC),
while the dashed lines show the corroded structure (C). The plot also includes the median (50th),
16th, and 84th percentiles to demonstrate the variability of the results. It is evident that there is a
noticeable difference in the fragility curves between the corroded and uncorroded structures,
which increases with increasing intensity levels (Sa(Ts)). Based on the median values (as shown
in Fig. 4a & b), it can be inferred that the largest difference in the probability of damage between
the corroded and uncorroded models occurs in the highest damage state (DS4) which represents
the nonlinear response of the structure at the higher damage level. Furthermore, the fragility
curves for the far-field records indicate a lower probability of damage at a given intensity level
compared to the near-field records. For instance, in case of far-field records (Fig.4-a), when a
structure is subjected to Sa(Ts)= 2g, the probability of corrosion case damage is approximately
0.5 at ‘Complete’ damage state (DSa4), while it is approximately 0.1 in case of near-field records.
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Figure 4. Fragility curves of (a) 50%, (c) 16" and (e) 84 percentile subjected to far-field records
and (b) 50, (d)16" and (f) 84 percentile for near-field motions.

Annual failure rate

The annual failure rate, A(F), is plotted in Fig. 5 for each damage state level by combining the
hazard characteristics into the fragility curve’s results (see Fig.3 & 4 and Eq.6). The comparison
between cases with and without corrosion reveals a small difference in the annual rate at the
lowest damage level, but a significant difference at higher levels of damage.
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Figure 5. Annual failure rate ratio as a function of the damage states.

The results presented in Fig. 5 clearly demonstrate the impact of corrosion on the annual failure
rate. For instance, in the case of far-field records, the annual failure rate for the corroded case
was about 1.7 and 1.4 times higher than that of the uncorroded case in the first two damage
states. At the extensive damage state (DS3z), the annual failure rate for the corroded case was
approximately four times higher than that of the uncorroded case, while for complete damage
(DS4) level, the difference in higher. For near-field records, the difference in annual failure rate
was around 150 times higher for damage state 3. It is worth noting that the hazard characteristics
of the study region estimate the annual failure rate to be around 0 for damage state 4 on near-
field records. Return periods can be estimated using the available annual failure rate data. For
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instance, in the case of 'Moderate' damage state (DS:z), the estimated return period for the
corroded structure is around 1689 years under far-field records, and around 2816 years under
near-field records.

Conclusions and recommendations

This study examined the seismic risk assessment of a typical petrochemical building under harsh
environmental conditions with high corrosivity level. The research used a real-world case study
and developed fragility curves to determine the failure probability at various damage levels. The
study also considered the hazard characteristics of the structure to determine the annual failure
rate. The findings are summarized as follows: (1) The research found that corrosion has a
significant impact on the probability of damage to the petrochemical building at all levels of
severity. The fragility analyses conducted as part of the study revealed that the effect of corroded
elements on the structural performance was more significant at higher levels of damage. In other
words, the more severe the damage, the more critical it is to address the corrosion issue. (2) The
fragility curves generated using far-field earthquake records show a lower probability of damage
at a particular intensity level when compared to the fragility curves generated using near-field
earthquake records. (3) The analysis of the annual failure rate at different levels of damage
revealed that when the structure was subjected to far-field earthquake records, the rate of annual
failure was higher compared to when it was subjected to near-field earthquake records. Moreover,
the difference between the annual failure rate was significantly more pronounced at higher levels
of damage. These results underscore the importance of considering the distance of the
earthquake source when assessing the seismic risk of petrochemical buildings and implementing
appropriate measures to mitigate the risk of damage.

The above findings can aid stakeholders and insurers in estimating damage and making informed
decisions on retrofitting and proactive maintenance of aging petrochemical plants, enhancing their
resilience against seismic events. Thus, implementing corrosion prevention and maintenance
measures is critical to minimizing potential damage caused by corrosion in such structures.
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