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Highlights 

 

• Components showing aging effects are most vulnerable to failure during the initial 

stages of damage under earthquake swarms. 

 

• Structural components are more susceptible to severe damage compared to non-

structural counterparts 

 

• Corrosion impacts on severe damage levels are significant, regardless of whether they 

occur during the mainshock or aftershocks. 

 

• Lack of maintenance planning coupled with the effect of aftershocks can slightly 

increase the life cycle costs of the structure. 

 

• The combined impact of corrosion and aftershocks can halve the resilience of the 

structure, compromising its structural integrity. 
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Abstract 

Steel oil refineries are subject to ageing due to corrosive chemicals and harsh atmospheric 

conditions, leading to the degradation of their structural integrity. This deterioration affects the 

resilience of process units against seismic events, particularly during strong aftershocks. Leaks 

in pipelines or damage to tanks containing hazardous materials pose health risks and can 

necessitate shutdowns for essential repairs. Hence, maintaining the integrity and safety of both 

structural and non-structural components and adopting a proper maintenance plan is essential. 

This paper investigates the performance of a petrochemical unit in a seismic area, estimating 

damage risks from earthquake swarms considering soil-structure interactions and damage 

accumulation. Fragility curves, based on defined damage states, were developed to create a 

customized risk assessment model for oil refineries. A life cycle cost analysis was also 

conducted, considering an effective corrosion maintenance plan over the lifetime of the 

structure. The results showed that inadequate maintenance and aftershocks, increase life cycle 

costs by 2% for uncorroded structures and 4% for corroded structures due to aftershocks. The 

combined effects of aging and aftershocks significantly increase annual failure rate and reduce 

structural resilience. Corroded structures under sequence motions face the highest failure risk, 

with a 1,000-year return period at low damage level. Aftershocks further decrease resilience 

by 2% and double the annual slight damage rate under sequence motions. The results also 

reveal that structural components are more prone to damage than non-structural ones. The 

proposed framework systematically evaluates seismic risk and resilience in refinery units under 

harsh atmospheric conditions. 

Keywords: Natech, Probabilistic risk assessment; Refinery unit; Corrosion; Seismic 
sequence; Seismic resilience 

1. Introduction 

1.1. Background 

Consolidated research outcomes have indicated that major accidents in industrial plants can 

result in significant damage to equipment and endanger the health of workers [1] .This is due 

to the presence of toxic and often flammable materials, which jeopardize the overall safety of 

oil refineries. A recent study revealed that 28% of major industrial accidents are related to 

process plants, leading to human injuries, environmental damage (e.g. soil contamination, 

water and air pollution), equipment loss (e.g. process equipment, storage tanks), and financial 

loss [2]. Approximately 15.5% of such accidents occurred due to earthquake motions according 

to Natural hazard-triggered technological accidents (Natech) database [3]. In the last two 

decades, the petrochemical and oil refineries recorded the highest number of accidents, 
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highlighting the importance of studying and assessing the performance of these industrial 

sectors to prevent potential damage and significant losses in future [4].  

Previous industrial incidents have shown that Na-tech events caused by geophysical disasters 

have the highest likelihood of causing damage to human and assets. [5]. Strong ground motions 

as one of the most destructive agrophysical events can endanger the safety of structures and 

undermine health of people by causing widespread damage to both structural and non-structural 

components. The statistical data indicate that total repair cost of earthquake damage from 2,000 

is around $400 billion with approximately 530,000 deaths and 1,500,000 injuries [6]. The 

damage can be more destructive in industrial process units. Many earthquake reconnaissance 

surveys have assessed the damage and loss of industrial facilities after major strong motions 

[7–9]. For example, in 2011 Tōhoku earthquake with magnitude Mw=9, an oil refinery with 

several storage tanks was damaged. This led to failure of diagonal braces supporting the tank 

legs, resulting in the collapse of the tanks during subsequent aftershock with a magnitude of 

7.9. The leakage from the pipes containing the flammable liquid resulted in several explosions 

[4,7]. Hence, assessing the seismic performance of existing petrochemical and refinery plants 

in high-seismicity areas for implementation of effective protection techniques and provide 

appropriate cost-effective maintenance plan is crucial. 

Petrochemical plants transfer and store chemical liquids and gases under high-pressure and 

temperature conditions, making structures vulnerable to corrosion attacks. The estimated 

annual cost of corrosion in U.S. industrial plants in 2013 was around $137.9 billion with 12.8% 

of this total ($17.6 billion) was for production and manufacturing industries. Petroleum refinery 

units accounted for 21% of this value ($3.7 billion) [10]. Without adequate protection 

techniques and a regular maintenance plan, petroleum refineries can experience different types 

of corrosion, depending on the materials used and the environmental conditions. [11]. Different 

methods can be employed to decrease the corrosion rate in petroleum refinery assets, e.g. 

utilizing coatings and employing inhibitors. The choice depends on corrosivity of raw 

materials, temperature, pressure and chemical processes conducted within the unit [12]. In 

hydrotreating units which are responsible for removing the sulphur or nitrogen from raw 

materials, the presence of corrosive contaminants, such as hydrogen sulphide (H2S), can 

increase significantly corrosion rate. In some cases, this can result in the formation of acid salts, 

leading to corrosion within the refinery unit. Corrosion can decrease the strength capacity of 

the corroded elements resulting to decreasing the global capacity of the entire plant. 

Investigating the vulnerability of aged refinery units is important to mitigate the probability of 

damage. 

Numerous studies have focused on the seismic evaluation of refineries under seismic loads 

[13–21]. For example, a recent study investigated the seismic vulnerability of two unanchored 

cylindrical steel liquid storage tanks [15]. The study considered hydrostatic pressure and 

sloshing effects of the liquid on the wall shell and investigated the seismic response of the tanks 

using three-dimensional finite elements, with a particular focus on the effect of uplift. In 

another recent study, fragility assessment of a pipe-rack system, considering soil-structure 

properties was investigated. The study revealed that soil deformability plays a crucial role in 

the fragility assessment, influencing the seismic integrity of the pipe-rack system [19]. The 

seismic behaviour of cylindrical pressure vessels was studied using three-dimensional finite 

element methods, considering sloshing effect [14]. The results indicate that additional safety 

measures are required in seismic design of pressurized vessels. A recent study introduced a 

comprehensive virtual refinery testbed for system-level seismic risk assessment, offering 

detailed asset-level modelling and a homogenization framework to translate individual asset 

damage into global operational disruption and hence supporting resilience-focused evaluations 

[22]. In another numerical investigation, researchers studied the effect of aftershock motions 

on risk assessment of an existing petrochemical plant with aging effect [23]. It was shown that 

                  



corrosion affect more significantly the risk of damage and loss compared to aftershocks, and 

impact of aftershocks is heightened in corroded structures. Seismic performance of industrial 

moment-resisting frames with process secondary components through full-scale shaking table 

tests was recently studied [21]. The results highlight the dynamic interaction between primary 

and secondary structures and the need for localized retrofitting to mitigate damage in industrial 

facilities.  

Seismic risk is a well-established concept in earthquake engineering used to evaluate the 

risks associated with earthquakes. A widely adopted approach for seismic risk assessment is 

outlined in the Pacific Earthquake Engineering Research (PEER) Centre Seismic Risk 

Assessment Framework, which includes hazard characterization, structural response analysis, 

damage and loss estimation, and decision-making process [24]. Traditional seismic risk 

assessment primarily focuses on assessing the immediate impact of an earthquake. However, 

this approach often does consider the long-term effects such as recovery process after 

earthquake or its ability to adapt to future sequential earthquakes. Seismic damage to large-

scale infrastructure (e.g. chemical plants) can lead to not only substantial direct economic 

losses (e.g. repair costs) but also prolonged indirect losses. The losses arise from factors such 

as reduced functionality due to successive hazards, aging effects, and the interdependencies 

within distributed infrastructure systems [25,26].  

To address these limitations, seismic resilience assessment has emerged as an extension of 

seismic risk assessment, placing greater emphasis on evaluating the time-dependent 

functionality trajectories making it a crucial tool for assessing and optimizing long-term 

mitigation and restoration strategies in industrial plants [27–30]. By incorporating resilience-

based metrics, provides a more comprehensive understanding of how the entire process plant 

can recover and adapt over an extended planning horizon, ultimately improving disaster 

preparedness and risk management in process plants. 

1.2. Research workflow and objectives 

The present study employs probabilistic seismic risk assessment to estimate the damage, loss 

and the resilience of a typical aged petroleum unit subjected to earthquake motions. A series 

of comparative analyses were conducted to evaluate the long-term impact of aging and 

aftershocks on seismic vulnerability and performance. Finite element methods (FEMs) are 

utilized to numerically model the case study structure, subjecting it to natural earthquake 

through response-history analyses. The sections provided hereafter start with a brief overview 

of corrosion mechanism and available corrosion time-dependant models in the literature. This 

is followed by the summary of methodology used in conducting seismic risk assessment, 

damage and loss analysis, and resilience evaluation. The research roadmap is illustrated in Fig. 

1, which highlights the fundamental steps that contribute to robust and efficient decision-

making process. 

 

                  



 
Fig. 1 . Research roadmap 

The outcomes of the framework in Fig. 1 provide valuable insights for researchers, insurance 

companies, and industry stakeholders, enabling more effective structural monitoring over the 

lifetime of the facility through probabilistic risk and resilience assessment. By incorporating 

relevant uncertainties, accounting for ground motion variability and uncertainty in limit state 

                  



thresholds affecting demand and capacity assessments, this approach enhances the reliability 

and safety of complex petrochemical systems, supporting more informed maintenance 

strategies and emergency response planning. The results contribute to improved resilience, 

extended service life, and enhanced risk mitigation during seismic events. This study focuses 

on system-level performance metrics and does not explicitly model physical consequences. 

2. Corrosion in oil refineries 

Corrosion, leading to equipment integrity loss through general or localized thinning of steel 

shells, can result in leaks or ruptures. Internal process conditions like high temperatures or 

aggressive substances, coupled with other factors such as humidity or proximity to saline 

environments, can increase the severity of corrosion [31]. Petrochemical units transmit the 

crude oil to refined oil for various fuel types. Such process exposes industrial equipment and 

supporting structures to aggressive condition, leading to corrosion [11].  

Crude oil is stored in storage tanks before being transferred to process units, and corrosion 

in tanks can derive from factors like water accumulation or damage of the outer protection 

layer. Presence of salts can increase the risk of pitting corrosion caused in industrial plants. 

Desalting units aim to remove inorganic salts (e.g. H2S, Na2S) from the material. Distillation 

columns separate refined materials from raw materials based on different boiling points. 

Hydrotreating units are critical sections of refinery, responsible for removing sulphur and 

nitrogen compounds from petroleum materials to ensure that they meet the environmental 

standard levels. In reactors, dissolved acid gases like H2S are removed, entering liquid/gas 

separators where sulphur gas can create acid salts, causing uniform corrosion in carbon steel 

[32]. The corrosion rate in a refining unit is significantly influenced by relative humidity (RH), 

measured at around 1.35 millimetres per year at 80% RH for carbon steel in a temperature of 

50 degrees Celsius [21]. 

Refineries can experience a variety of failure modes across critical components during 

earthquake. Pipes encompass issues with the rigidity of support-to-pipe connections, the 

vulnerability of fractured fittings at T-joints due to equipment movements and pipe vibrations. 

The failure of a vessel in a refinery unit which can lead to pipes failure. Supporting structures 

can experience damage, such as failures in structures supporting pipes, anchorage, and 

collapses of rack supports [33]. These failure modes underscore the necessity for robust safety 

measures to protect refinery operations. 

2.1. Corrosion models 

The extent of corrosion damage is greatly affected by the environmental conditions where 

structures are originally constructed [34]. Various factors including rainfall patterns, relative 

humidity, temperature, the presence of pollutants like SO2, airborne salinity (chloride ions), pH 

levels in seawater, and wind speed can significantly affect the determination of corrosion rate 

during the service life of the structure [35–37]. Especially when climate change data (such as 

temperature variation, humidity, pollutants, etc.) for a specific location is available, it facilitates 

estimating the long-term impact on corrosion rate, although this can be challenging in some 

cases. Rural regions, characterized by minimal aggressive contaminants, experience the 

minimum corrosion rate. In contrast, urban areas and coastal regions with moderate salinity 

levels are considered to have a moderate corrosivity. Inshore industrial facilities with medium 

and high level of salinity can be represented as high corrosivity classes. Structures located in 

marine and offshore environments face the most extreme conditions, characterized by the 

highest concentrations of contamination ions and acids, leading to the greatest rate of corrosion. 

International Organization for Standardization (ISO), assigns specific class for each corrosivity 

                  



level, ranging from C1, indicating the least corrosive environment, to CX, related to the most 

corrosive environmental condition [34]. 

Corrosion appears in various types and forms [38–40]. Corrosion can occur either locally or 

uniformly across the entire metal surface. In atmospheric conditions, corrosion starts with 

localized form like pitting and without proper maintenance plan (e.g. repainting), and as a rust 

layer forms, the corrosion progresses to uniform thickness loss over long time. In other words, 

the decrease in the mass of steel components can be approximated as a uniform reduction in 

cross-sectional thickness. This reduction in thickness, can be quantified using time-dependent 

model as illustrated in (1). This model has been developed for different corrosivity classes 

based on empirical data gathered from various environmental conditions [41–44]. 

𝐷(𝑡) = 𝐷0𝑡
𝑛 (1) 

where D0 represents the average corrosion rate expressed in units of millimetres or micrometres 

per year, while n is the coefficient associated with the long-term impact factors and D(t) is the 

corrosion thickness loss after t years. 

Numerous studies have integrated a variety of environmental factors to estimating the 

average corrosion rate [34,44]. For example, ISO 9223 model considers factors such as time of 

wetness, relative humidity, temperature, pollution, and air salinity. It also considers the 

interaction between these factors to provide an average value for corrosion rate. However, 

climate changes could alter in the future the environmental condition, potentially causing the 

actual corrosion rates to deviate from current average estimates. This highlights the 

significance of considering climate change factors in estimating corrosion rates over the 

lifetime of a structure which can greatly aid in decision-making and improve maintenance 

planning strategies [45]. Recently, several studies have utilized machine learning methods to 

develop models for the time-dependent corrosion rates of carbon steel [46,47]. The models can 

predict corrosion rates under various climate change conditions, thereby decreasing the reliance 

on extensive experimental procedures. These approaches can significantly contribute to more 

efficient and cost-effective corrosion management in industrial units. 

Recently, a study has combined the deterioration rate of coating layer and metal corrosion 

rate to present a more comprehensive and realistic model [48]. In this study, the effect of 

localized corrosion was considered following the first damage (first scratch) to the coating 

layer, prior to the complete removal of the entire coating from the steel surface. Eq. (2) 

illustrates the time-dependent mathematical model and Fig. 2. Corrosion loss mechanism 

represents the mechanism of corrosion attack considering degradation of the coating layer.  

𝐷(𝑡) =
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Fig. 2. Corrosion loss mechanism 

where A0 is the initial protective area and 𝐴′(𝜏) represents the rate of protection area loss over 

time τ. TU indicates the life of the coating layer (complete degradation) which can be computed 

as 1.38*T50, where T50 is the time required for half of the coating area to deteriorate [49]. The 

value of T50 varies, depending on the specific coating systems in use. tc represents the duration 

which the element remains fully protected from corrosion, where D(t)=0. 

The implementation of a comprehensive maintenance plan throughout the service life of the 

structure can enhance its overall integrity and safety. A study suggested a management strategy 

customized for each specific protective layer type [50]. This plan outlines maintenance 

activities over the lifetime of the structure, classified into three distinct phases: touching up 

layers, repainting damaged sections, and eventually repainting all elements.  

Corrosion incidents within refinery units stand out as paramount concerns in both design and 

the formulation of consistent maintenance strategies. While numerous studies have focused on 

the impacts of corrosion alone, only a limited number have concurrently addressed the 

combined effects of corrosion and seismic activities on structural integrity [51,52]. With 

appropriate design, refinery equipment and primary structures are intended to either remain 

undamaged or sustain only slight damage, ensuring the safety of refinery workers. Nonetheless, 

corrosion can elevate the risk profile by altering the capacity of the system. Consequently, in 

the event of an earthquake followed by strong aftershocks, the structural and non-structural 

elements may become increasingly susceptible to the seismic sequence, particularly if they 

have already been compromised by corrosion. 

3. Methodology 

To assess the risk during earthquakes, structural responses should be analysed at various 

intensity measures and the probability of damage at specific performance levels, such as life 

safety or collapse prevention, should be determined. A common method for identifying the 

responses is regression analysis, which is also referred to as Cloud analysis, assuming that the 

seismic response follows linear logarithmic distribution [53]. The equation derived from this 

analysis is represented as Eq. (3)&(4): 

 

𝑙𝑛 (𝐸𝐷𝑃𝑀)  =  𝑙𝑛𝑎 + 𝑏 ∗ 𝑙𝑛(𝐼𝑀) (3) 

                  



 𝛽 =  √∑
(𝑙𝑛(𝐸𝐷𝑃𝑖) − 𝑙𝑛(𝐸𝐷𝑃𝑀))

2

𝑁 − 2

𝑁

𝑖=1

 (4) 

where a and b are the coefficients for the regression line, while EDPM indicate the median 

value of the Engineering Demand Parameter (EDP) that represents the structural response to 

seismic motions. IM stands for Intensity Measure, reflecting the severity of earthquake and β 

denotes the standard deviation in lognormal data. N denotes the number of ground motion 

records evaluated in the analysis. Examples of EDPs include the Maximum Inter-story Drift 

Ratio (MIDR), maximum joint rotation (θmax), Maximum floor acceleration (Accmax), and 

Maximum Hysteresis Energy dissipated during earthquake. Spectral Acceleration at the first 

mode (Sa(T1)), Peak Ground Acceleration (PGA), and Arias Intensity (AI) are the examples of 

intensity measure which commonly use in structural analysis.  

Probability of a structure reaching a certain level of damage, referred to as the fragility 

function, is typically represented by the lognormal cumulative distribution function (CDF) of 

the cloud data, as shown in Eq. (5): 

P(Fj) = 𝑃(DCRj ≥ 1 | IM) = Φ (
𝑙𝑛(𝐸𝐷𝑃)

𝛽𝑗
) (5) 

where P(Fj) represents the probability of a structure experiencing failure or reaching a specific 

damage state j. The parameter DCR stands for the Demand (response) to Capacity Ratio 

associated with each damage state. The function Φ(.) denotes the standard normal distribution.  

Considering the effects of aftershocks, Eq. (5) should be modified to account for both 

mainshock and aftershock motions. This is achieved by evaluating the response conditioned on 

the intensity of mainshock motions (IMMS) and the expected aftershock intensity (IMAF), as 

detailed in Eq. (6). Accordingly, the structural response is adjusted, considering the algebraic 

relationship between the responses to mainshocks and aftershocks, as shown in Eq. (7). 

𝑃(DCRi ≥ 1 | IMMS) = Φ (
𝑙𝑛(𝐸𝐷𝑃𝑀𝑆𝐴𝐹)

𝛽𝑖
) (6) 

𝐸𝐷𝑃𝑀𝑆𝐴𝐹 =  𝐸𝐷𝑃𝑀𝑆 + 𝐸𝐷𝑃𝐴𝐹  (7) 

where EDPMSAF indicates the estimated response of the structure when subjected to seismic 

sequence, and 𝐸𝐷𝑃𝐴𝐹  denotes the response of a structure, which has already been damaged by 

the mainshock, to sequence motions. 

To evaluate the seismic risk of the structure at a particular damage state j, the risk metric 

known as annual failure rate (λ) can be determined. λ can be calculated by integrating the 

fragility function with the seismic hazard characteristics of the study location as stated in Eq. 

(8): 

𝜆(𝐹) =∑𝑃(𝐷𝐶𝑅𝑗 ≥  1|𝐼𝑀 = 𝑥𝑖) ∗ ∆𝑝(𝐼𝑀𝑖)

𝑛

𝑖=1

 (8) 

where ∆𝑝(𝐼𝑀𝑖) represents incremental hazard rate associated with the intensity measure level 

xi. 

Identifying recovery time in seismic risk assessment is crucial specially in industrial units as 

it determines how quickly an infrastructure can return to normalcy after an earthquake. It helps 

in planning for post-disaster response and repair of critical infrastructure components. Seismic 

                  



resilience is a measure of both ability of the system to withstand earthquake damage and its 

capacity to recover functionality over time. Enhancing resilience helps minimize the long-term 

social and economic impacts of seismic events, as it ensures a structure can recover 

functionality efficiently [54,55]. Calculating the expected annual recovery time 

(𝐸(𝑅𝑇)𝐴𝑛𝑛𝑢𝑎𝑙), as indicated in the Eq. (9), involves estimating independent recovery times 

(RT) for various damage states (DS) and integrating these estimates with seismic risk 

assessments as outlined in Eq. (10). This integration combines the probabilities of encountering 

different seismic intensities (𝑃(𝐼𝑀𝑖)) with the likelihood of surpassing specific damage 

thresholds (𝑃(𝐹𝑗)). The resilience index (R) can be calculated as the inverse of expected annual 

recovery time, accounting for both damage and its consequences. The comprehensive approach 

represents a structured method to quantify the total time required for a structure to recover from 

seismic events over a year, considering both the severity of potential damages and the 

frequency of seismic occurrences. 

𝐸(𝑅𝑇)𝐴𝑛𝑛𝑢𝑎𝑙 = ∑ ∑ 𝐸(𝑅𝑇)𝐷𝑆𝑗,𝐼𝑀𝑖

𝑛

𝑖=1

𝑚

𝑗=1
 

(9) 

𝐸(𝑅𝑇)𝐷𝑆𝑗,𝐼𝑀𝑖
= 𝑅𝑇𝑖 ∗  𝑃(𝐹𝑗) ∗  𝑃(𝐼𝑀𝑖) (10) 

Estimating the costs throughout the service life of an asset is essential for informed decision-

making. Life Cycle Costing (LCC), is defined as an analytical framework to measure the 

cumulative costs associated with a structure throughout its lifetime [56]. By employing LCC, 

engineers can refine design approaches to maximize cost-effectiveness, anticipate long-term 

maintenance plans, and balance initial budget with probable future expenses. This approach 

considers both the initial cost of construction and the maintenance costs during the life of the 

asset, as outlined in, as detailed in Eq. (11). 

𝑁𝑃𝑉 = 𝐶0 +∑
𝐶𝑡

(1 + 𝑑)𝑡

𝑁

𝑡=0

 (11) 

where NPV refers to the Net Present Value, representing the value of all future cash flows over 

the entire life of an asset. The variable Ct represents the costs incurred at year t, including 

maintenance, repair, or replacement costs. The discount rate, d, is utilized to adjust future costs 

to their present-day equivalent. This adjustment is executed by multiplying Ct with the 

appropriate reduction factor. The term C0 represents the initial costs, such as design and 

construction costs, along with the costs associated with application of a protective coating layer 

on steel surfaces. 

This methodology strengthens life extension strategies for petrochemical facilities in harsh 

atmospheric conditions, playing a crucial role in industrial safety and sustainability. 

4. Asset at risk (case study) 

In the present study, an irregular steel desulphurisation refinery unit located in a high-

seismicity region of the Caribbean (coordinates: 10°18'54.9"N, 61°26'43.5"W) was assessed. 

This facility plays a crucial role in purifying diesel by removing sulphur, ensuring the final 

product meets acceptable sulphur content levels. As illustrated in Fig. 3-a, refinery unit 

comprises both horizontal and vertical vessels and steel pipes which are supported by a steel 

structure. The initial stage involves processing crude oil within the vessels for hydrotreating to 

remove the sulphur. Subsequently, the product is directed to reactor tanks for additional 

                  



refining. The transportation of liquid between these components is facilitated through the steel 

pipes. Because of the presence of corrosive elements like hydrogen sulphide (H2S) and other 

aggressive substances, along with the age of the unit, constructed fifteen years ago, structural 

integrity of the unit could be compromised over time due to aging effects such as corrosion. 

The structure was constructed on clayey soil, as illustrated in Fig. 3-b, which exhibits three 

soil layers. The first layer, measured from the ground surface to approximately 4.8 meters 

below, is characterized by soft to medium-stiff silty clays, with a maximum shear velocity of 

around 207 m/s. The second layer, beneath the first layer with the width of 4.3 meters, 

comprises stiff to very stiff fissured silty soil with a maximum shear velocity of approximately 

440 m/s. Below this layer, the soil consists of hard, silty clays, with a depth of 18.5 meters from 

the ground surface exhibiting a maximum shear velocity of around 530 m/s. 

 

 
 

(a) (b) 

 

 
(c) 

Fig. 3. (a) 3D finite element model of the asset, (b) soil profile, (c) model specifications. 

The structural components (steel frame) were fabricated using ASTM A36/A36M steel grade 

[57], comprised ordinary moment frames (OMF) with some braces in Y direction and 

concentrated and chevron bracing system in X direction. Structural elements were designed 

with an expected yield capacity of 379 MPa and an ultimate yield capacity of 440 MPa with 

the modulus of elasticity of 203 GPa. The non-structural components (refinery process 

                  



equipment), includes vessels, two reactor tanks, and transfer pipes run along the height of the 

building. Both steel tanks and vessels were constructed from the same material as the 

supporting steel frame. Two tanks, with 36 meters and 29 meters in height and each with a 

thickness of 106 millimetres, were supported by the steel frame. The seamless pipes with 

varying diameters, were made of ASTM A106 with expected yield capacity of 297 MPa and 

an ultimate capacity of 335 MPa. The diameter of the pipes varies, ranging from 200 

millimetres to 600 millimetres. 

 
 

(a) (b) 

  
(c) 

 

Fig. 4: (a) Active faults in the site of construction (South of Trinidad and Tobago); (b) seismic hazard curve 

and (c) seismic hazard maps of the study region. 
 

The structure is located in a region with high seismic activity, including three faults in both 

near and far-field distances, as illustrated in Fig. 4-a&c. The short-period spectral acceleration 

(Ss) is measured at 1.37 seconds, and the long-period spectral acceleration (S1), is recorded at 

0.35 seconds [58]. Fig. 4-b shows the hazard characteristics of the case study location, 

                  



illustrating the annual rate of occurrence for various earthquake intensity levels in the study 

region [59] . This curve was derived using probabilistic seismic hazard analysis (PSHA) [33].  

The analysis of climate change and pollution rate changes for the case study location was 

conducted by studying the available statistical data over recent years [60]. The findings indicate 

that relative humidity level has remained relatively stable over the years, consistently averaging 

above 80%. This constant high humidity is a crucial factor in accelerating corrosion loss. In 

terms of air quality, pollutants such as SO₂, NO₂, and particulate matter (PM10 and PM2.5) have 

been maintained at negligible concentrations, within the allowable limits. The annual 

concentration of CO₂ decreased since 2010. It is important to note that CO₂ in the presence of 

moisture can lead to acidic conditions that potentially increase the rate of corrosion. The data 

on temperature and annual rainfall indicate only minor changes over the years. Moreover, 

average wind speeds have varied slightly within this timeframe. Strong wind can accelerate the 

oxidation process, influence temperature fluctuations, and transport pollutants and particulate 

matter, all of which can impact the rate of corrosion. Fig. 5 provides a graphical representation 

of the variations in some of these parameters over time and real-time corrosivity level of the 

study region, which is classified as C5 level [61]. 

 

 

Fig. 5. (a) Normalized trends in climate change parameters over years. Each value is adjusted relative to its 

initial value for comparison and (b) corrosivity level of the study region 

As illustrated in Fig. 5a, the effects of climate and air pollution trends have been relatively 

minor in recent years. While broader climate change impacts such as sea level rise and 

precipitation shifts are acknowledged in the literature [62], they are not directly incorporated 

into the numerical modelling in this study and are referenced solely for contextual background 

on long-term exposure conditions. 

5. Numerical model  

5.1. Finite element modelling 

Finite element method (FEM) was employed to simulate the refinery unit using SAP2000 

software [63]. Frame elements were defined with nonlinear hinges located at 5% and 95% of 

the length to effectively model the structural damage [64]. Nonlinear coupled moment-axial 

hinges were assigned at the beam ends to represent damage at various levels of ground motion. 

Axial hinges were utilized for the braces. To more accurately represent the damage in non-

structural components, such as pipes and tanks, shell elements were employed. This modelling 

approach considered the coupled nonlinear behaviour, incorporating hysteresis properties 

                  



derived from a recent experimental study [65]. For the tanks, hydrostatic pressure was 

considered, while sloshing effects were neglected. Additionally, the compressive strain 

buckling behaviour of the pipes was analysed using the specified model from literature [66] 

which represented in Eq. (12). Shear deformation was considered in both structural and non-

structural members by defining shear properties in shell elements and incorporating shear 

stiffness in frame elements. To accurately capture the nonlinearity of the material under cyclic 

loading, the Von Mises plasticity model was applied to the frame and tank elements, 

considering both isotropic and kinematic hardening. Where can I in this paragraph add that 

hydrostatic pressure of the tanks considered for tanks and the sloshing effect ignored 

𝜀𝐶𝑢 = 0.5 (
𝑡

𝐷
) − 0.0025 + 3000 (

𝜎ℎ
𝐸
)
2

 (12) 

where 𝜎ℎ is hoop stress due to internal pressure, t is the thickness of the pipe and D is the 

diameter. For simplification in this study, the hoop stress was considered zero. 

It was assumed that all beam-column connections were fixed, and non-structural components 

were linked to the primary structure using linear link elements. 

Deep foundation includes piles with 16 meters in length and a diameter of 0.45 meters 

designed according to the soil characteristics specified to the case study location. The stiffness 

of the soil was modelled using nonlinear link elements connected to the piles at one-meter 

intervals [67]. The modelling incorporated various soil capacity curves: the p-y curve, which 

corresponds to the lateral behaviour of the soil; the t-z curve, representing the skin friction 

force; and the Q-z curve, illustrate the end-bearing capacity of the piles. 4% damping was 

assigned using the Rayleigh damping as recommended in [68].  

To apply the effects of corrosion and ageing effect, a model as represented in Eq. (2) was 

utilized [48]. In this study, it was assumed that a three-layered inorganic coating, consisting of 

zinc, epoxy, and polyurethane, was initially applied to the steel surfaces [50]. This multi-

layered coating was intended to protect the steel from potential corrosion damage. To model 

metal corrosion in the absence of coating layer, the methodology outlined in ISO 9223-4 was 

employed [34,69]. In this study the worst-case corrosion damage scenario was considered, 

applying uniform corrosion loss across the entire cross-section which all parts of the section 

experience an equal thickness reduction. Corrosion damage was applied only to structural 

components in this study, based on the assumption that non-structural components were 

adequately protected. 

Table 1. Values utilized for computing corrosion loss [50,69] 

Variable Value Unit 

Corrosion rate 0.200 mm/year 

Long-term coefficient 0.549 - 

T50  30.00 year 

TU 41.40 year 

tc 2.00 year 

D(t)  1.42 mm 

It was also assumed that the initial damage to the coating occurs after two years (tc). Based 

on such assumption and considering the design life of the structure (1.25 × 50 = 63), the 

corrosion loss, D(t), was calculated. Table 1 summarizes the values utilized to calculate the 

corrosion loss for this study. 

                  



5.2. Input ground motion records 

Due to the proximity of the structure to one of the faults, both near-field and far-field seismic 

records were considered for the response-history analysis. 10 far-field and 10 near-field records 

were selected, each with magnitudes exceeding 5.5 and shear velocities ranging between 180-

360 m/s for both mainshock and aftershock motions. The mainshocks were adjusted to closely 

align with the design spectrum within a specific period range, capturing 85% of the modal mass 

participation, as illustrated in Fig. 6 from the PEER ground motion database [70]. All 

aftershocks were selected from the same event and location as the mainshock was recorded 

with most obtained from the same station. Joyner-Boore distance (Rjb) value of under 20 

kilometres considered as the criterion for selecting the near-field records. Additional 

information can be found in Table 9 and Fig. 15 in Appendix A. 

 
Fig. 6. Response spectra of the input ground motions and design response spectrum for the site of 

construction. 

6. Results 

6.1. Modal analysis 

To investigate the impact of earthquakes on performance of the case study structure within 

the linear region and compute predominant frequencies, comprehensive modal analysis was 

performed. This type of analysis provides invaluable insights into the structural response 

dynamics, enabling to predict reliably the behaviour of the refinery under strong ground 

motions. 

                  



  
(a) (b) 

 

 

(c) 

Fig. 7. Modal analysis results: (a) mass participations, (b) effect of soil-structure interaction, (c) 5th mode 

shape as an example 

The results as illustrated in Fig. 7 and Table 2 indicate that approximately 85% of the mass 

participation occurred within the period range of 0.08 to 1.30 seconds. This concentration is 

because of the irregularity of the structure in plan and along the structure height and also the 

presence of reactors and vessels. Consequently, the spectral acceleration of the first mode, 

which is commonly employed as an intensity measure in structural analysis, contributes lower 

mass participation percentage and may not accurately monitor the performance of the structure 

during earthquake.  

Table 2. Considered period range 

Direction Period range (sec) Total mass participation (%)  

X 0.08 ~ 1.19 

 85% 

Y 0.08 ~ 1.30 

                  



To ensure consistency between the seismic motions and the anticipated ground motions at 

the study location, the mainshock ground motions within the 0.08 to 1.30-second range were 

appropriately scaled to align with the desired design spectrum acceleration in that interval (see 

section 5.2). 

As illustrated in Fig. 7b, soil-structure interaction (SSI) can increase the vibration period by 

up to 17%, with its effect varying across different modes. This difference highlights the 

influence of SSI on modal characteristics and structural dynamics. 

6.2. Response analysis 

6.2.1 Characterization of optimal intensity measure 

Response analysis of a structure is typically assessed by monitoring its behaviour across 

various intensity measures (IMs). Appropriate deal Engineering Demand Parameter (EDP) 

should accurately capture the response of the structure with minimal error. To ensure the utmost 

accuracy in the evaluations, it is essential to identify and employ the optimal combination of 

EDPs and IMs. 

Several studies have proposed methodologies to assess and compare the adequacy and 

reliability of intensity measures in predicting structural responses [71–76]. They studied the 

effectiveness of different IMs in predicting structural demands, reducing uncertainty in 

probabilistic seismic demand models, and improving fragility assessments. The primary quality 

to assess an IM is its dispersion which represented by the standard deviation (denoted as β in 

Eq. (4)). An effective IM should exhibit a lower standard deviation. Another factor is the 

correlation between the IM and structural demand. A desirable IM should accurately represent 

the relationship between changes in IM and resultant EDP. This correlation is represented by 

the steepness of the predicted line (coefficient ‘a’ in Eq.(3)) in regression analysis. Higher slope 

exhibits the more practical IM. Composite metric, termed the "proficiency parameter", which 

captures the combined influence of both dispersion and the correlation between the data. The 

proficiency of IM can be quantified as the ratio of its standard deviation to the slope (β/a). A 

lower value of this ratio indicates more reliable IMs. It is essential to consider the independence 

of IM from ground motion characteristics, such as magnitude (Mw) and epicentral distance (Re). 

This comparison signifies the reliability of the IM when applied in Probabilistic Seismic 

Demand Models (PSDM), illustrating how Mw and R, given a specific IM, influence the 

seismic demand model. A higher p-value resulting from regression analyses between residuals 

and ground motion characteristics (Mw and R) shows a more reliable IM. Ultimately, the chosen 

IM should align well with the hazard characteristics of the study region. The importance of 

selecting efficient intensity measures that minimize record-to-record variability in seismic 

demand estimation has been highlighted [77]. Traditional IMs, such as PGA and Sa(T1), have 

been shown to exhibit significant dispersion, leading to uncertainty in demand predictions, 

particularly for nonlinear structural responses. Structure-specific IMs have also been 

introduced, emphasizing their role in capturing both near and far-field ground motions [78]. It 

has been suggested that sufficiency and efficiency should be key criteria in selecting IMs, 

particularly for structures where higher-mode effects are significant.  

In this study, sensitivity of structural response in relation to the period, amplitude, and 

duration of the intensity measure (IM) was evaluated considering four different intensity 

measures: peak ground acceleration (PGA), spectral acceleration at the dominant modes 

(Sa(Td)), which represents the average intensity measure within the range of dominant vibration 

periods, Arias intensity (AI), and cumulative absolute velocity (CAV), as shown in Table 3 & 

Table 4. 
Table 3. Statistical characteristics of intensity measures under primary motions. 

Attribute β/b  p-value  R2[%] 

                  



Intensity 

measure 
Uncorroded Corroded 

 Uncorroded  Corroded  
Uncorroded Corroded 

 Mw R  Mw R  

Sa(Td) Period-based 0.12 0.11  0.67 0.46  0.61 0.24  81 82 

PGA Amplitude-based 2.56 2.62  0.03 0.28  0.02 0.50  20 22 

CAV Duration-based 0.52 0.6  0.04 0.69  0.03 0.86  20 23 

AI Duration-based 0.82 1.2  0.02 0.41  0.02 0.79  21 21 

Table 4. Statistical characteristic s of intensity measures under sequence motions 

Intensity 

measure 
Attribute 

β/b  P-value  R2[%] 

Uncorrode

d 

Corrode

d 

 Uncorroded  Corroded  Uncorrode

d 

Corrode

d  Mw R  Mw R  

Sa(Td) Period-based 0.22 0.22  0.48 0.43  0.84 0.63  54 53 

PGA Amplitude-based 0.75 0.79  0.04 0.11  0.27 0.69  20 21 

CAV Duration-based 0.34 0.46  0.18 0.85  0.48 0.96  32 20 

AI Duration-based 0.45 0.54  0.65 0.42  0.33 0.97  21 19 

 

According to statistical results, spectral acceleration at the dominant modes (Sa(Td)) showed 

the strongest correlation with data, the least dispersion, and the highest accuracy (R2) compared 

to other measures of intensity. The results indicate that the structural response is significantly 

affected by the dominant periods that govern the performance of the petrochemical unit. While 

CAV demonstrated the highest p-value, indicating a good correlation with ground motion 

characteristics, considering the hazard curve (Fig. 4-b) and comparisons with other statistical 

factors suggest that it may not be the most suitable intensity measure for this case study. 

6.2.2 Cloud analysis 

Fig. 8a&b illustrate the cloud (regression) analysis of the data, using the maximum inter-

story drift ratio (MIDR) as the response parameter to represent damage accumulation in both 

structural and non-structural components and Sa(Td) of the mainshock as the optimal intensity 

measure to represent the severity of the input ground motion. The results are compared under 

mainshock records (MS) and when followed by strong aftershock (MS+AF). 

  
 (a)  (b) 

                  



   
 (c)  (d) 

Fig. 8. Cloud analysis for: (a&c) uncorroded model and (b&d) corroded model. 

The results indicate that aftershock records can increase the structural response value, 

possibly, resulting in higher damage level. Aftershock effect was more significant in the case 

with ageing, i.e. when subjected to corrosion attacks. As an example, for an uncorroded model, 

the aftershocks can amplify the demand by up to a factor of 1.6. In contrast, for a corroded 

structure, this factor can reach approximately 1.8. 

 Fig. 8c&d represent correlation between earthquake severity and repair costs. All costs, 

were normalized to the repair cost associated with braces were obtained from the Federal 

Emergency Management Agency (FEMA-P-58) consequence estimation database [79] as 

illustrated in  

Table 5. Based on expert opinions, it was presumed that the repair costs for beams and seamless 

pipes, upon reaching their yield capacity, were approximately double the repair cost associated 

with braces. Furthermore, the repair cost for columns was estimated to be three times this value.  

Table 5. Structural consequence estimation according to FEMA P-58 [79] 

NISTIR* 

classification 
Component Description Damage level 

B1033.052 

Ordinary Concentric 

Braced Frame w 

compact braces, Single 

Diagonal Brace 

The brace is buckled, but has not 

exceeded its depth. The gusset 

and framing show initial yielding 

without buckling. Residual brace 

deformation is minimal, and drift 

is slight. 

Slight 

B1033.052 

Ordinary Concentric 

Braced Frame w 

compact braces, Single 

Diagonal Brace 

The brace is fractured, gusset 

detached, framing shows local 

buckling, and bolt fractures are 

evident in beam-column 

connections. 

Severe 

NISTIR= National Institute of Standards and Technology 

Due to rarity of observed yielding of reactor tanks in some cases, the repair costs for steel 

tanks were not considered into these calculations. 

The cost analysis indicates that aftershocks might slightly increase repair costs, especially 

under lower seismic intensities. However, as the severity of the earthquake increases, this effect 

becomes less pronounced. The results can be utilized to estimate the total costs associated with 

the structure throughout its lifetime. 

                  



6.2.3 Damage analysis 

To more accurately assess damage probability at different intensity levels, defining clear and 

relevant damage states is crucial. Such states should represent the varying degrees of damage 

a structure might undergo during an earthquake. They range from slight damage, which 

indicates low damage level and minimal consequences, such as approaching the first yielding 

capacity in structural elements or damage to non-critical facilities to extreme damage state, 

often referred to as the collapse prevention level which is the highest damage level the structure 

can experience. At this level, most structural elements reach their ultimate capacities, 

accompanied by leaks and ruptures in critical equipment. Table 6 illustrates these different 

damage states for the structure obtained using pushover analysis.  

Table 6. Damage states selected for the case study 

Damage state level Performance objectives MIDR [%] 

Slight 
Several braces or beams approach 

their yield capacity  
0.28 

Moderate 

The first pipe reaches its yield 

capacity, the reactor tanks yield 

and a few beams and braces 

experience minor damage 

0.51 

Severe 

First column reaches its yield 

capacity, followed by beams or 

braces reaching their ultimate 

capacity, accompanied by minor 

damage to several pipes 

1.10 

Extreme [52] 

Several pipes reach their tensile or 

compressive ultimate capacities 

with tanks experiencing buckling, 

and structural elements severely 

damaged  

4.70 

During the pushover analysis, the structural response was monitored at each step. The results 

revealed that the initial damage was associated with the yielding of braces or beams within the 

structural elements. Damage to non-structural elements commenced with the pipes reaching 

their yield capacity identified as the second damage state. This particular damage level, termed 

as the control damage state, can be addressed through certain repair measures, ensuring the 

unit's full safety is reinstated. Severe damage level was considered when the first column 

reached its yield capacity, accompanied by a few beams and braces reaching their ultimate 

capacity and several pipes undergoing yielding. At this stage, the structural frame was 

significantly damaged, while non-structural elements exhibit moderate damage. Reaching the 

extreme damage level which indicate the global damage state, most structural and non-

structural components experience severe damage and the risk of pipe leakage becomes notably 

elevated. At this step, petrochemical unit should be promptly shut down to facilitate necessary 

repair activities. The maximum inter-story drift ratio, as the response metric for the entire 

system, was determined for each damage state. During the pushover analysis, no damage was 

observed in the tanks. However, damage was closely monitored through multiple time history 

analyses. It was concluded that when the structure was subjected to near-field records, the tanks 

reached their yield capacity and the MIDR of the structural frame exceeded 0.40%. Conversely, 

no damage was observed under far-field records. The 'elephant foot' buckling damage mode, 

                  



frequently observed in steel tanks, becomes apparent prior to reaching the ultimate damage 

state according to [52]. 

As the structure was designed linearly, only the initial three damages were observed during 

seismic events. Fig. 9 illustrates the fragility curves across various damage levels. The results 

indicate that aftershock motions can elevate the probability of damage at different levels. As 

the structure progresses to higher damage levels, it transitions into the nonlinear region and the 

influence of aftershocks becomes more pronounced compared to when structure behave 

linearly (stiffness control stage) at lower damage states. Furthermore, the effect of corrosion 

on the probability of damage becomes greater at higher damage levels. For example, at Sa(Td)= 

2g, the probability of attaining the severe damage state (damage state 3) for the corroded 

structure is approximately 60% higher than that for the uncorroded case. 

 
(a) (b) (c) 

Fig. 9. Seismic fragility curves for (a) slight, (b) moderate and (c) severe damage states. 

 
(a) (b) (f) 

Fig. 10. Effect of corrosion in (a) slight, (b) moderate and (c) severe damage states. 

To illustrate the influence of aftershocks on corroded structure, the differences in the 

probability of damages between corroded and uncorroded scenarios are plotted in Fig. 10 for 

various damage states. The results indicate that the impact of corrosion becomes increasingly 

significant as the damage state progresses. Furthermore, as structures experience more severe 

damage levels, the difference in peak values diminishes. For instance, in the case of slight 

damage, the peak value sees a rise of 75%. However, in severe damage state, this increase is 

approximately 30%. Additionally, corrosion influences a broader range of intensity measures 

in higher damage states. 

                  



To assess further the influence of aftershocks over the lifetime of the structure, the surface 

fragility is plotted in Fig. 11. The results indicate that the impact of aftershocks is more severe 

when the structure is corroded (structure exhibiting ageing effects). 

 
(a) (b) (c) 

Fig. 11. The effect of aftershocks on fragility of the structure at: (a) slight, (b) moderate and (c) severe 

damage states 

 

As illustrated in Fig. 11 the aftershock effect intensifies notably as the damage progress to 

higher levels. This effect underscores the importance of considering aftershocks in seismic risk 

assessments. 

6.2.4 Life cycle cost analysis 

To evaluate the life cycle costs (LCC) of the refinery, this paper outlines two management 

scenarios over the design life of the structure. The first scenario considers comprehensive 

corrosion management throughout the design life of the structure. On the other hand, the second 

scenario considers a corroded structure assumes no specific corrosion management strategies. 

The LCC analysis of both cases start with identical initial costs, including material costs, as 

well as the costs associated with the initial coating application. Additionally, anticipated repair 

costs attributable to seismic activities, as determined in the cost analysis presented in section 

6.2.2, are included into future costs. For this study, a discount rate of 3.5% is applied [80] to 

represent the time value of money and evaluate the present worth of maintenance costs over 

the lifetime of the structure through the calculation of Net Present Value (NPV). The details of 

the LCC analysis are summarized in Table 7 and Table 8.  

Table 7. Breakdown of the initial costs [50] 

Initial costs  Material  Price Basis  Unit cost 

Construction materials 
 Carbon steel  

USD/ton 
 550 

 Stainless steel   3,000 

Initial painting (IP)  IOZ/Epoxy/Polyurethane *  USD/ sq. ft  2.587 
* IOZ= Inorganic zinc 

Table 8. Breakdown of maintenance costs [50] 

Maintenance plan  Painting occurs in year  Price Basis  Unit cost 

Touch-up  SL a  0.5*IP*RF b  0.746 

Maintenance re-paint  1.5*SL  0.9*IP*RF  1.020 
 a SL= Coating service life; b RF= Reduction factor. 

                  



The unit costs for materials, including carbon steel (used for supporting structures and steel 

tanks) and stainless steel (employed for steel pipes), have been determined through market 

research and referencing prior studies conducted in the year the asset was constructed [81]. The 

unit cost for corrosion-resistant coatings has been determined, considering a service life of the 

coating layer of 16 years. This assessment includes the costs related to surface preparation, 

initial paint materials, and the costs for applying the three coating layers, including labour fees. 

Two key checkpoints can be considered for the corrosion maintenance plan throughout the 

design life of the refinery. The first involves touch-up painting at the end of the coating layer's 

service life (SL), while the second entails repainting areas where the paint has been removed 

after reaching 1.5 times the service life of the coating layer.  

The results of the LCC analysis are illustrated in Fig. 12. All costs have been normalized to 

the initial cost presented in the case study. 

 
Fig. 12. Life cycle cost analysis for uncorroded (UnC) and corroded (C) structures under mainshocks 

(MS) and aftershocks (AF). 

The results revealed that corrosion maintenance costs accounted for the most significant 

ratio, comprising 65% of the total initial cost of project. The seismic repair costs for the 

corroded structure (no maintenance plan) increased by 6% during mainshocks and 8% during 

aftershocks compared to an uncorroded structure (with maintenance plan). This underscores 

the substantial effect of corrosion on the projected repair costs for the structure. For uncorroded 

and corroded structures, a 2% and 4% increase in repair costs was observed during aftershocks, 

respectively. This highlights the effect of aftershocks on the repair costs. 

The overall LCC ratio was approximately 80% for the uncorroded scenario without 

maintenance, whereas it reduced to around 20% for the corroded structure over the design life 

of the case study. Nevertheless, employing alternative maintenance strategies, or increased 

corrosion-induced deterioration could potentially alter these ratios. 

7. Risk assessment 

For facilitating the decision-making process, risk metrics were utilized, which combined the 

hazard characteristics of the study region with the probability of damage occurrence (fragility 

function). Fig. 13 illustrates the annual failure rates of each damage states. 

                  



 
(a) (b) (c) 

Fig. 13. Annual failure rate at: (a) slight, (b) moderate and (c) severe damage state 

The results indicate that both aftershock motions and corrosion contribute to a higher risk of 

damage in the refinery unit. The most significant risk was observed in the corroded structure 

at its design life, when subjected to earthquake sequence. For the first damage state, the annual 

failure rate was approximately 0.001 (1/year) for corroded structure, corresponding to a return 

period of 1,000 years. However, for the second damage state, the return period was roughly 7 

times longer than the this value. In case of uncorroded refinery unit, the return period was 

approximately 13 times longer for the second damage state compared to the first when exposed 

to the earthquake sequence. 

The effect of aftershock motions on the first damage state was approximately twice as 

pronounced in the case of the uncorroded model. Similarly, this factor was also the same for 

the corroded model. Based on the hazard characteristics of the study region, it can be 

determined that the risk for the uncorroded structure to incur more than slight damage is nearly 

zero. These results emphasize the compounded risks associated by both corrosion and seismic 

sequence on the structural integrity of the case study. 

Fig. 14 illustrates the relative recovery time and resilience of the petrochemical unit after 

experiencing ground motion records. Based on engineering judgment and web research, it is 

concluded that braces may be easier to inspect, repair, or replace due to their accessibility. 

Beams, due to their larger size and the complexity of their connections, require more detailed 

inspections to assess damage, thus necessitating more recovery time. Columns, as critical load-

bearing elements, require careful repair to ensure the building's structural integrity, leading to 

even longer recovery times than beams. Non-structural components, such as steel pipes, are 

expected to have shorter recovery times than braces due to better accessibility and the 

feasibility of replacement. Assuming that steel reactor tanks are to be replaced rather than 

repaired, the replacement process is considered to have the longest recovery time in this study 

due to the extensive timing for removal of the damaged tank and the consideration of 

installation time.  

  
(a) (b) 

                  



 
(c) 

Fig. 14. Regression analyses of seismic recovery times for (a) uncorroded and (b) corroded unit, with 

(c) a comparison of normalized resilience. 

Fig. 14-a&b display the linear regression analysis of the normalized recovery time (relative 

to the minimum recovery time) against the intensity of each ground motion, considering both 

mainshock and subsequent motion sequences. It is observed that recovery times increase as the 

intensity of the ground motion rises. Additionally, aftershocks slightly influence the results, 

with a more pronounced effect observed in corroded systems. Fig. 14-c illustrates the resilience 

factor normalized to the resilience of the uncorroded model (Rmax). The results indicate that 

corrosion can reduce resilience by approximately 14% under main shock motions (MS), and 

this reduction can escalate to about 50% when considering the combined effect of mainshock 

and aftershocks (MS+AF). The presence of aftershocks can further reduce resilience by 16.17% 

in structures experiencing aging effects. 

8. Conclusions 

In this study, the seismic risk evaluation of an operational refinery unit was determined using 

probabilistic methods incorporating aging effects and aftershocks. Nonlinear time history 

analyses were performed to estimate the responses of the unit to strong seismic motions. The 

results underscore the combined vulnerabilities arising from both corrosion and seismic 

activities on refinery unit structures. Major results from the study are summarized as follows: 

1. Structural elements within the petrochemical unit experience more severe damage 

compared to non-structural components. Additionally, the occurrence of corrosion, 

coupled with the effects of aftershock motions, amplifies the frequency of failures. With 

an increase in damage severity, the effects of both aftershocks and corrosion on seismic 

risk escalate. 

2. Near-field seismic records have a greater impact on non-structural performance than 

far-field records, with steel reactor tanks particularly sensitive to near-field motions. 

3. At severe damage level, the impact of corrosion on probability of damage is nearly 

identical, whether it experiences the mainshock or aftershocks with a difference of 

approximately 4%. However, in low damaged states, this effect becomes notably more 

significant, being 15% higher when the structure experiences aftershocks. As the 

damage level increase, the influence of corrosion extends to a broader spectrum of 

intensities. 

                  



4. Corroded unit under sequence motions experiences the highest risk of failure at slight 

damage level, with an estimated return period of 1,000 years. 

5. Both corroded and uncorroded structures when subjected to sequence motions 

demonstrate an identical annual rate of slight damage. This rate is approximately twice 

as much when the structure only affected by mainshocks. 

6. Structures subjected to mainshock events exhibited negligible risk of severe damage. 

However, there is a slight risk of damage when aftershocks occur. 

7. Lack of maintenance planning coupled with the effect of aftershocks can slightly 

increase the life cycle costs of the structure. The costs may rise by 2% and 4% for 

uncorroded and corroded structures, respectively, due to aftershocks. 

8. Corrosion significantly reduces structural resilience, and this reduction is heightened 

by the occurrence of aftershocks. Aftershocks contribute to an extra 2% decrease in 

resilience for structures that are already corroded, emphasizing their increased risk 

during seismic events. 

The results emphasize the need for refinery design improvements that account for aging 

effects and multiple earthquakes. For facilities located in regions prone to earthquake swarms, 

resilience strategies should incorporate multi-event seismic demand assessments, robust 

structural reinforcement, and adaptive maintenance planning. 

Additional investigations are required in future studies regarding the influence of pressure 

and sloshing in steel pipes and tanks, corrosion effects on pipes and sensitivity of other 

engineering demand parameters to seismic excitations. Further research is needed to investigate 

the effects of climate change, non-uniform corrosion types such as pitting corrosion, and the 

adoption of more realistic corrosion modelling approaches for accurately evaluating the long-

term performance of existing refinery units. Moreover, identifying the optimal intensity-

demand relationship and implementing hazard-consistent ground motion selection methods, 

including conditional spectra for mainshock–aftershock sequences, remain important 

directions for future work. Developing improved methods for combining seismic demands, 

accounting for residual deformations, damage accumulation, and structural degradation, is 

essential. 

Appendix A. 

Summary of input ground motions 

Input ground motion obtained from PEER database [70] is presented in Table 9. 

Table 9. Properties of the ground motion records based on PEER database 

# 

Mainshock records  Aftershock records  
 PGA 

(MS/AF) RSN Mw 
Rjb 

(km) 

Vs30 

(m/s) 

PGA 

(g) 
 RSN Mw 

Rjb 

(km) 

Vs30 

(m/s) 

PGA 

(g) 

 

1* 176 6.53 21.98 249.92 0.14  194 5.01 23.76 237.33 0.07  2.00 

2 945 6.69 37.67 349.6 0.06  1675 5.93 51.41 349.6 0.01  6.00 

3 971 6.69 36.2 326.19 0.15  1654 6.05 38.82 326.19 0.02  7.50 

4 122 6.50 33.32 249.28 0.10  131 5.91 41.37 249.28 0.02  5.00 

5 1748 5.90 12.62 240.09 0.29  1750 5.93 37.26 240.09 0.16  1.81 

6 968 6.69 43.2 271.9 0.24  1653 6.05 42.8 271.9 0.05  4.80 

7 287 6.90 44.62 356.39 0.05  298 6.2 43.5 356.39 0.03  1.67 

8 7 6.60 91.15 219.31 0.06  8 6.4 44.52 219.31 0.14  0.43 

9 604 5.99 45.98 267.49 0.14  3694 5.27 47.89 267.49 0.03  4.67 

10* 4474 6.30 49.21 356.39 0.04  4515 5.6 87.47 310.01 0.08  0.50 

                  



11 949 6.69 3.30 297.71 0.37  1651 6.05 1.48 297.71 0.11  3.36 

12 988 6.69 15.53 277.98 0.26  1658 6.05 18.34 277.98 0.11  2.36 

13 162 6.53 10.45 231.23 0.29  195 5.01 11.17 231.23 0.11  2.64 

14 214 5.80 15.19 377.51 0.16  223 5.42 14.31 377.15 0.28  0.57 

15 4349 6.00 0.80 317.00 0.21  4385 5.60 10.50 317.00 0.10  2.10 

16 174 6.53 12.56 196.25 0.48  199 5.01 13.61 196.25 0.10  4.80 

17 1 6.00 2.07 593.35 0.17  2 6.00 2.09 551.82 0.05  3.40 

18 231 6.06 12.56 537.16 0.46  250 5.94 9.65 537.16 1.02  0.45 

19 1039 6.69 16.92 341.58 0.33  1681 5.93 13.61 341.58 0.19  0.62 

20 368 6.36 7.69 257.38 0.61  412 5.77 13.16 257.38 0.58  0.45 

* Mainshock and aftershock records are from different stations due to a lack of data 

 
 

Fig. 15. Response spectral acceleration of the selected ground motion records 

 

Appendix B. 

List of abbreviations and symbols 

MIDR = Maximum Inter-story Drift Ratio 

IM = Intensity measure 

EDP = Engineering demand parameter 

Sa(Td) = Spectral acceleration at the dominant modes 

CAV = Cumulative absolute velocity 

AI = Arias intensity 

Mw = Magnitude of earthquake 

R = Resilience index 

Re = Epicentral distance 

Rjb = Joyner-Boore distance 

β = standard deviation (dispersions) 

R2 = Coefficient of determination 

a = Slope of the predicted line 

                  



MS = Mainshock record 

MS+AF = Mainshock-aftershock record 

DCR = Demand to capacity ratio 

λ = Annual failure rate 
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