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Abstract

:

The oil pipeline network system (OPNS) is an essential part of the critical infrastructure networks (CINs), and is vulnerable to earthquakes. Assessing and enhancing the resilience of the OPNS can improve its capability to cope with earthquakes or to recover the system’s performance quickly after the disturbance. This study defines the concept of OPNS resilience in the resistive ability, the adaptive ability, and the recovery ability. Then, the quantitative resilience assessment model is established considering the earthquake intensities, the role of safety barriers, the time-variant reliability, and the importance coefficient of each subsystem via a Monte Carlo simulation. Combining the model with GIS technology, a new methodology to evaluate OPNS resilience is proposed, and the resilience partition technology platform is developed, which can visualize the results of the resilience assessment. Finally, a case study is implemented to demonstrate the developed methodology, and a discussion is provided to identify the sensitive variables. The proposed resilience methodology can provide a framework for the probabilistic resilience assessment of OPNS, and could be expanded to other lifeline network systems.
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1. Introduction


The operation and development of cities depend on a continuous energy supply, such as oil and gas, and pipeline transportation provides convenient routes for them [1]. The oil pipeline network system (OPNS), as a part of critical infrastructure networks (CINs), is easily affected by large-scale geological natural disasters, such as earthquakes [2,3]. Once a high-intensity earthquake occurs, it will cause serious damage to the structure and may trigger subsequent technological disasters to increase the severity of accident loss [4]. In the 1987 Ecuador earthquake (Mw 6.9), almost 40 km of the oil pipeline was destroyed, and more than 800 million dollars were lost [5]. The 1994 Northridge earthquake in Colorado ruptured about 50 km of pipeline and caused more than 3500 barrels of oil to be released. The leaked oil triggered more than 100 cases of fires and explosions, resulting in 30 billion dollars of damage and causing severe pollution in the local environment [6].



Currently, the seismic safety research on oil pipelines mainly focuses on seismic design [7,8], vulnerability assessment [9,10], consequence mitigation [11], and mechanical response analysis [12,13]. Makhoul et al. [14] studied the seismic damage results of buried pipelines by using a series of typical fragility models, and proposed a resilient earthquake preparedness strategy for Byblos’ infrastructure network. Germoso [15] modeled the seismic responses of buried pipelines and developed a novel dynamic analytic approach by incorporating the nonlinear soil interaction, which enables the analysis of seismic pipeline safety towards an ideal design for its performance and mechanical reliability. Shabarchin [16] quantified the failure probability of oil pipelines owing to wave propagation created by earthquakes, and considered the corrosion in a seismic risk assessment. Although many researchers have analyzed and appraised the seismic safety of oil pipelines, their analysis still focused on the subsystem rather than on the system level.



Compared with the above research, resilience assessment is more dynamic and better suited to deal with complex systems after uncertain disruptions [17,18,19], and has developed rapidly in the past decade in the CINs domain. Research on CINs’ resilience can be roughly divided into the probabilistic analysis method, the expert judgment method, and the performance response function (PRF) method [20]. The PRF method was initially implemented by Bruneau et al. [21] in 2003, and has become widely adopted in this field [22,23,24]. For instance, Han [25] and Song [26] introduced the PRF method and considered the physical state, such as in terms of the hydraulic analysis, pipe damage, pipe recovery, and ground motion field, to assess the water distribution network resilience in both structural and functional dimensions, and optimized the recovery strategies of critical and general pipes by heuristic genetic algorithm. Through the PRF curve, Zong et al. [27,28] quantitatively analyzed a gas pipeline network from the technical, organizational, and social dimensions. They introduced the skew of the recovery trajectory (SRT) and total recovery time (TRT) to analyze the performance of the gas pipe network under the technical dimension.



Resilience assessment of CINs can help decision-makers improve safety strategies and reduce resources required for post-disaster recovery [29,30]. However, research on OPNS resilience is rarely reported [31,32]. Oil pipes are significantly more hazardous than gas pipes in terms of environmental pollution and accident-related consequences because any abnormality could affect another area of the oil pipe and start a domino effect. These differences can be seen in the structure, safety accessories, distribution form, and material properties of the two types of pipes [11]. The intricacy of these characteristics makes it difficult to assess and analyze the resilience of OPNS, and the quantitative resilience assessment approach for CINs under earthquakes is not yet available for OPNS.



Therefore, the present work aims to establish a comprehensive approach for the quantitative resilience assessment of OPNS exposed to earthquakes, including the novel resilience quantified model and the resilience partitioning platform. Inspired by the PRF method in CINs, this model takes the intensity of disasters, safety barriers, important coefficient of subsystems, and the recovery strategy into consideration, calculates the subsystem reliability under different times via Monte Carlo simulations, then constructs the metrics from three main compositions of resilience based on the PRF curve. Additionally, by combining the resilience assessment model with GIS technology, a GIS-based OPNS resilience partitioning platform is developed to realize the rapid assessment and visualization of OPNS resilience.



This paper is organized as follows. Section 2 defines the concepts of OPNS resilience and elaborates the resilience metrics. The methodology procedures, the quantitative resilience assessment model, the developed resilience partitioning platform, and the corresponding algorithm are all elaborated on and explained in Section 3 and Section 4, respectively. Next, the application of the developed methodology to a real OPNS is provided, and a discussion based on the case study is illustrated in Section 5. Finally, the conclusions drawn from this study are presented in Section 6. In attention, the explanation of notations in the manuscript can be found in Supplementary Materials.




2. Resilience of OPNS


2.1. Connotation of Resilience


Resilience can be defined in various ways, and the general definition is the ability of a system to prepare and adapt to the changing conditions and to withstand and recover from disruptive events [33,34,35]. The above definition shows three abilities of system resilience, as follows:




	
The resistive ability—refers to the power of the system to resist disaster damage and maintain structural stability [36].



	
The adaptive ability—refers to how a system adapts to the process of disaster evolution and ensures its function is stable [37].



	
The recovery ability—the ability of system performance to recover to a certain level after a disaster under the action of recovery measures [38].









2.2. Definition of OPNS Resilience


The OPNS is a network system composed of multiple pipeline subsystems and, thus, the resilience of OPNS is affected by each subsystem, and can be quantified by their resilience. However, the importance of each pipe is not the same in the network and these differences must be fully considered to quantify the system resilience accurately.



The importance coefficient of pipe segment (Ic), defined as the influence degree of pipe segment on the overall performance of OPNS, is introduced to optimize the system’s resilience. The Ic of the pipeline is a metric that completely takes into account the significant relationship between subsystems and systems, focusing primarily on the state before the disaster, and which will not change with the occurrence of disasters. The larger the Ic is, the higher the influence degree of the pipe is.



As shown in Figure 1, it is assumed that the total flow rate of the pipe network in regular operation is Q and that the flow rate of each pipe section is qi (i = 1,2…n). The Ic of each pipe segment can be calculated according to Equation (1), as follows:


  I  c i  =      q i   / Q      ∑  i = 1  n      q i   / Q      =    q i      ∑  i = 1  n    q i       



(1)







Figure 2 illustrates the logical relation of OPNS and subsystem resilience, and the OPNS resilience can be obtained as follows in Equation (2):


  R =   ∑  i = 1  n   I  c i  ×   R e s  



(2)




where R is the resilience of the OPNS, and Res is the pipeline subsystem resilience.



The measurement of system performance is assumed to be system reliability for convenience. As shown in Figure 3, the pipeline reliability varies over time. Before the occurrence of an earthquake, the initial state reliability of pipes is the maximum value P0, and this decreases immediately to P1 due to the disaster (earthquake) occurring at time t0. With the evolution of primary accident scenarios and the adaption of the pipeline, reliability will further reduce to the minimum value P2 at time t1. In addition, the recovery strategy is prepared during the time from t0 to t1 and applied at time t1, and the pipeline reliability begins to recover at time t2 and fully recovers to P3 at time t3.




2.3. Resilience Metrics


The general approach to quantifying resilience is shown in Equation (3), as follows:


  R e s i l i e n c e =      ∫   t 0     t 3     P ( t ) d t      P  (   t 0   )   (   t 3  −  t 0   )     



(3)




where P(t) is the performance of a system, t0 is the time when the disaster event occurs, and tf is the time to complete restoration of system performance. The numerator of Equation (3) indicates the accumulation of system performance P(t) between t0 (disruption) and t3 (fully recovered). The denominator represents the accumulation of initial system performance P(t0) between t0 and t3. Although the resilience metric is illustrated by the case of system reliability, it may be applied to other fields by substituting other performance functions for the system function P(t).



However, to assess the resilience of the OPNS exposed to an earthquake, a more robust approach is needed to define system performance on a resilience metric. Combined with the logical relation of resilience in Section 2.2, the OPNS resilience (Res) is quantified as the function among resistive, adaptive, and recovery abilities of the system, as follows in Equation (4).


  R e s = f  (  R e , A d , R e c  )   



(4)




where Re is the quantification of resistive ability, which is defined as the ability of the pipe section to resist external disaster (earthquake) disturbance to a certain extent to ensure normal function. It can be estimated as the ratio of residual reliability to the initial reliability at the time of the disruptive event [39] as follows in Equation (5):


  R e =    P 1     P 0     



(5)







Ad is the quantification of adaptive ability, which is defined as the power of a pipe segment to effectively adapt to the evolution process of primary accident scenarios caused by disasters (earthquakes) to avoid the functional reliability reduction. It can be quantified as the ratio of the lowest reliability to residual reliability during the period before recovery action starts, as follows in Equation (6):


  A d =    P 2     P 1     



(6)







Rec is the quantification of recovery ability, which is defined as the ability of the pipe section to reach the minimum performance level after emergency repair quickly, and can be quantified as the slope of the recovery and estimated using the following Equation (7):


  R e c =   arctan  (     P 3  −  P 2     t 3  −  t 2     )    π / 2    



(7)







Therefore, based on Figure 3 and Equations (3)–(7), the resilience metrics can be transformed as follows in Equation (8):


  R e s =   [  (   P 1  +  P 2   )  ∗  (   t 1  −  t 0   )  + 2  P 2  ∗  (   t 2  −  t 1   )  +  (   P 2  +  P 3   )  ∗  (   t 3  −  t 2   )  ]   2  P 0  ∗  (   t 3  −  t 0   )     



(8)









3. Quantification Model of OPNS Resilience


3.1. Quantification of Resistive Ability


According to the definition of resistive ability in Section 2.3, the R1 can be quantified through Equation (9), as follows:


   P 1  = 1 −  P  d a m a g e    



(9)




where Pdamage is the probability of pipeline damage under disasters. For a pipeline, it can be considered that the damage to the pipe is random and independent along its length, and that it obeys the Poisson distribution. Therefore, the Pdamage can be calculated by Equation (10), as follows:


   P  d a m a g e   = 1 −  e  − R r × L    



(10)




where L is the length of a pipe segment, and Rr is the damage rate of the pipe exposed to disaster, which refers to the number of damaged areas per kilometer of a pipeline under a certain kind of disaster. For an earthquake, it contains pipe diameter, materials, site conditions, soil liquefaction degree, and other factors, and it can be obtained as follows in Equations (11) and (12) [40]:


  R r =  C p  ∗  C d  ∗  C g  ∗  C l  ∗  R 0   



(11)






   R 0   {    = 2.88 ×  10  − 6   ×   (  P G A − 100  )   1.97       = 3.11 ×  10  − 3   ×   (  P G V − 15  )   1.3        



(12)




where Cp is the influence coefficient of the pipeline, Cd is the influence coefficient of diameter, Cg is the influence coefficient of geological topography, Cl is the influence coefficient of soil liquefaction, R0 is the standard damage rate of the pipeline, PGA is the peak ground motion acceleration, PGV is the peak ground motion velocity, and the quantification of these coefficients can be found in [40].




3.2. Quantification of Adaptive Ability


In the adaptation stage, the pipeline structure damage caused by a disaster (earthquake) can lead to oil leakage and may occur in the subsequent accident, such as a fire and explosion, which will further reduce the reliability of a system to the minimum level (P2 in Figure 3) before it finally reaches a stable state before restoration.



The involvement of safety barriers can prevent and mitigate these subsequent scenarios, which will increase R2 and reduce the pipeline reliability loss, thus, improving the adaptive ability and restraining the reliability decline. A technical safety barrier can be generically defined as a physical means to prevent, mitigate, or control undesired events or accidents [41,42]. This paper classified technical safety barriers into the following two categories [43]:




	
Active barriers, which require automatic/external activation [44], such as PSVs and emergency shutdowns;



	
Passive barriers which are already in place and do not require external activation [45] (e.g., PFP and flexible connections).








The quantification of safety barrier performance mainly considers two indicators, namely reliability and effectiveness [46], and, thus, the probability of failure on demand PFD and effectiveness η [47] were used to characterize the performance of different safety barriers in various scenarios in this article, as is shown in the following Equation (13):


   {    P F D = 1 + ( ϕ − 1 ) ∗ ( 1 − P F  D 0  ) ; η =  η 0  ( Active barriers )     P F D = P F  D 0  ; η =  η 0  ( 1 − ϕ ) ( Passive barriers )      



(13)




where PFD0 is the baseline value for barrier probability of failure on demand, η0 is the baseline value for barrier effectiveness, ϕ is the modification factor that is used to determine a tailored value of PFD, and η, which can be interpreted as the likelihood that barrier systems are impaired or damaged by natural hazards, hence, a higher value (i.e., closer to 1) indicates a higher probability that the barrier will fail in providing a successful protection action.



Table 1 shows the common types of safety barriers in OPNS [47,48,49].



Then, P2 can be calculated as follows in Equation (14):


   P 2  =  P 1  ∗ ( 1 −  P e  )  



(14)




where Pe is the probability of subsequent accidents triggered by disaster, and the event tree representing the evolution process of disaster must be built to calculate Pe. For the OPNS, the parameters of each part of the segment and the barrier resettlement are different and it is necessary to create an event tree. Then, the probability can be quantified using the following Equation (15):


   P e  = 1 −   ∑  x = 1  n    P  s a f e      



(15)




where Psafe is the probability that the final state is safe in the development of the event tree, and x is the number of the safe state in the evolution of the event tree. Figure 4 shows the event tree as an example.



The logical operators described as gates can be obtained in Figure 5, adapted from a previous study [50].




3.3. Quantification of Recovery Ability


Many factors, such as daily usage of hazardous substances, equipment value, the degree of change in system performance, and the cost of recovery need to be considered to quantify the recovery ability. Due to the duration of an earthquake disaster being concise and aftershocks making the post-earthquake recovery mechanism very complicated, it is reasonable to simplify the recovery ability in the cross-regional level energy transmission system [51]. By assuming the damage of each pipe section in the OPNS subject to the Poisson distribution with the parameter Rr along the pipeline [52], the distance Di between two consecutive rupture points in each pipe section system in the OPNS exposed to earthquake can be calculated according to Equation (16), as follows:


   D i  = −   ln ( U D )   R r    



(16)




where UD is a random variable subject to the uniform distribution of 0–1, and Di are randomly generated according to Equation (15). For a single pipeline, when     ∑  i = 1  m    D i    > L  , m-1 is the maximum number of rupture points.



Typically, the oil station at both ends of the pipeline is equipped with corresponding emergency teams to repair the damaged parts of the pipe in time after the disaster occurs. The repair performance of the pipe is defined as the ratio of the number of rupture points repaired per unit of time to the total number of them. Assuming that all emergency teams will immediately fix the damaged parts when the pipe is damaged and the rescue time needed to repair each rupture point is subject to N~(6h,3h) according to the HAZUS-MHMR4 [53], the performance recovery curve of each pipe section at different times can be obtained by a Monte Carlo simulation, which is shown in Figure 6.



Based on Figure 6, the time begins to recover (t2 in Figure 3) and the time to fully recover (t3 in Figure 3) can be obtained as the average time through the simulation, and a shorter t3 indicates that more rupture points can be repaired per unit time and the pipe section can reach the minimum operation level earlier.





4. Methodology of OPNS Resilience Exposed to Earthquake and the Resilience Partitioning Platform


In the present study, the quantification result of the pipe section was visualized using ArcGIS 10.9 by utilizing natural breaks to separate each index into five assessment grades. The higher the score for each index, the stronger each system’s abilities are, and the more resilient the OPNS is. The combination of resilience model and GIS technology adopts the source code programming method. This method takes ArcGIS as an integration platform and uses the Java programming language and SQL statements, which connect resilience as an analysis module with ArcGIS to provide a unified user interface. Combined with the proposed model framework, an OPNS resilience partitioning platform is developed. The spatial analysis and visualization function of the rasterized ArcGIS can partition the subsystem’s resistive ability, adaptive ability, recovery ability, and resilience of OPNS accurately, efficiently, and conveniently, and realize the visualization of results partitioning. The framework for the OPNS resilience partition platform is shown in Figure 7.



Combining the developed partitioning platform and the quantitative resilience assessment model of OPNS, a six-step methodology is further proposed (see Figure 8) to analyze the resilience of OPNS under an earthquake. First, data is collected related to the OPNS, including geographic details, the kind of safety barrier, the pipe diameter, length, and material of each pipe segment. Second, we confirm the earthquake frequency and intensity parameters in the region where each pipe segment is located according to the catastrophes that need to be evaluated. The next step ensures the maintenance plan according to the severity of the disaster, and Step 4 calculates three assessment indexes of pipeline resilience combined with the determined parameters, respectively. Step 5 calculates the resilience of the pipeline segment, and the OPNS resilience is then obtained after weighting. Finally, the last step achieves the partition and visualization of the results based on the OPNS resilience partitioning platform.




5. Case Study Description


5.1. Data Collection


This paper uses the buried OPNS in Guangdong Province, China, as a case study. Analysis reveals that the total length of this network is 1000.776 km, the flow direction of the material is from west to east, and the entire flow of the pipe network is 700 m3/h. Table 2 and Figure 9 detail each pipe section’s parameters and network topology.



According to history, the seismic intensity of this province is basically between VI and VII, and the recurrence period of an earthquake is between 80 years and 100 years, respectively. Based on the Chinese seismic intensity scale (GB/T 17742-2020) [54], the PGA = 1.35 m/s2 and PGV = 0.12 m/s earthquake was selected as the natural disaster case study based on the most adverse principle. Assuming partial soil liquefaction for all pipes, Table 3 summarizes the several types of safety barriers that can be set up for each pipe section.




5.2. Calculation of Resilience Assessment Indexes


Set the number of simulations in the quantification of Rec to 10000, and prepare for restoration by assuming a suspended time (t0–t1) of 0.5 weeks [28]. The event trees required by the calculation of Paccident are listed in Figure 10, Figure 11, Figure 12 and Figure 13, and Figure 14a depicts the resilience curve of pipe subsystems for the reliability level at various times. The results of the resilience indexes of each pipeline are summarized in Table 4, and Table 5 presents the resilience Res and Ic of subsystems.



Figure 15 shows the visualization results of grade division for each index. From Figure 15a, the distribution of the Re in each pipe section in the OPNS tends to decrease from west to east when facing an earthquake of VII intensity, and the quantification of pipes 12, 13, and 14 is relatively low. This is because the length of these pipes is longer than others and spans a more extensive geological range, resulting in a broader range of disturbances affected by the earthquake, and it is even more challenging to maintain the stability of its functions in the event of disasters.



As for the adaptive ability, Figure 15b shows that all the pipes in this network can adapt to the accident evolution under earthquake disasters to a certain extent and reduce accidents after damages caused by subsequent disasters due to the involvement of safety barriers. However, pipes 3, 7, 11, and 14 are on a low level compared with other pipes, which means that these pipes are at greater risk of fire or explosion accidents influenced by the system performance and further damage to the structure caused by the earthquake. Therefore, setting up an emergency team near these sections in the deployment of an emergency rescue force can reduce the system’s deterioration risk and prevent further expansion of subsequent accidents.



Regarding recovery ability, it can be seen in Figure 15c that the spatial distribution trend is the same as that of Re (a gradually decreasing trend from west to east). Furthermore, the Rec level for pipes 12, 13, and 14 are also lower than the others according to Figure 14b and Figure 15c, mainly because a longer pipeline will generate more rupture points and requires more recovery time under the same repair efficiency. Therefore, by increasing the number of emergency teams and the daily maintenance frequency of pipes 12, 13, and 14, the repair rate of the pipeline section can be further improved so that the OPNS can quickly reach the lowest performance level to meet the daily needs after the disaster.




5.3. Calculation of Network Resilience


Table 5 shows the quantification of resilience under an earthquake of each pipe calculated by Equation (8). Figure 15d deploys the differentiated and expressed results spatially.



From Figure 15d, it can be obtained that resilience still decreases gradually from west to east. For single pipe sections, the resilience of pipes 12, 13, and 14 is lower than others due to the low Re and Rec, which means that they are more likely to be damaged and cause fires, explosions, or other dangerous accidents in the face of the VII earthquake. Furthermore, the length of these pipes is too long, and it takes longer to recover to the minimum performance level, which turned these pipes into objects requiring special attention in OPNS.



When it comes to the OPNS, the quantification of resilience is 0.7753, as in Equation (2). The result means that this network can resist an earthquake of seismic intensity VII, adapt to the evolution of the post-earthquake scene after the quake, and simultaneously avoid all kinds of derivative accidents. Meanwhile, it would take nearly five and a half weeks to recover to the optimal overall performance level to meet the city’s daily needs.




5.4. Discussion


The method proposed in this paper is used to quantitatively evaluate the resilience of OPNS under different intensities. Considering that the OPNS seismic fortification intensity is VI and above, the content of Section 3.1 shows that the Re of the pipeline has tended to 0 when the earthquake scene is above VIII degrees, indicating that the pipeline has been completely destroyed and that the research value is limited, so an earthquake with an intensity of VI ~ VIII is selected for the initial disaster scenarios. Assume that the ground motion parameters in the case area are the same for simplification and that all the subsystems can be fully recovered. The resilience evaluation results under different intensities are shown in Table 6.



Figure 16 depicts the resilience curve of pipe subsystems for the reliability level at various times under different disaster scenarios. When PGA exceeds 0.2 g, almost all subsystems cannot achieve a complete performance-recovery within 3 months, indicating that the earthquake of intensity VIII is fatal to the OPNS, which will not only cause severe damage to the structure but also exponentially prolong the repair time of the subsystem. As a result, the OPNS cannot effectively obtain its original state recovery to fulfill the daily demand in this scenario. Furthermore, when the PGA is less than 0.2g, although the performance of each subsystem will be degraded to a certain extent when earthquake damage comes, the system can be repaired quickly and restored to the initial state due to the high efficiency of the repair scheme, so that OPNS can be maintained at a high resilience level.



As for the three abilities of resilience, considering that the Ad is reflected in the system and prevents the scenario from evolving to an unsafe state through the configuration of the safety barrier, the change in the Ad is mainly related to the configuration and quantity of the barrier. Furthermore, according to Section 3.2 and Figure 3, the involvement of barriers can improve P2 significantly by mitigating and preventing accident scenarios, making the system more adaptable when facing an earthquake.



Moreover, the Re and Rec decrease with the increase in PGA, as shown in Figure 17a,b, indicating that Re and Rec depend on the severity of earthquake. Interestingly, the Rec decreases rapidly before Re, mainly due to the restoration time vastly increasing when the PGA increases from 0.1g to 0.15g. As a result, shortening the restoration time by applying a more efficient strategy can be a great measure of resilience enhancement.



Additionally, with increasing the severity of earthquake, the resilience rapidly decreases and then approaches the minimal resilience value, as shown in Figure 17c,d. The minimal resilience is close to 0.5 for the assumption that all the systems can achieve a complete restoration without considering the repair time, indicating that the OPNS can resist the disturbance of disasters to a certain extent and keep its performance stable in the seismic scenarios with VII and below. When the intensity is above VII, the resilience decreases rapidly due to the possibility, and the degree of structural damage to the system increase sharply, which will prolong the system’s recovery time and make it difficult to restore to a specific performance level in time.



Furthermore, the inflection point for the rest of the pipes appears at PGV = 0.2g, whereas the resilience of pipes 12, 13, and 14 starts to decline quickly at PGV = 0.15g and slowly at PGV = 0.2g (see Figure 17c), indicating that these pipes are more sensitive to changes in PGV and are more susceptible to losing resilience when confronted with earthquakes. This result is similar to the above assessment, demonstrating that the most vulnerable part in this OPNS is pipes 12, 13, and 14. As such, the OPNS can be made more resilient by enhancing the resilience of these parts.



Finally, comparing the change curves of Re and Rec with PGA (see Figure 17c,d), it can be seen that the variation trend of resilience is compatible with the variation trend of Re, indicating that Re can significantly influence the variation trend of resilience. This result demonstrates that the resistive ability is considered the primary index that contributes to system resilience [39], and reasonably improving the system’s Re will be the most efficient strategy to increase resilience.





6. Conclusions


The present study aimed to develop a systematic quantitative resilience assessment approach for OPNS exposed to earthquakes. Through the case study application, the following conclusions are obtained:



(1) The resistive ability, the adaptive ability, the recovery ability, and the importance coefficient of each subsystem play a significant role in the resilience of OPNS. The damage severity and recovery time may increase with seismic intensity, resulting in the reduced resistive ability and recovery ability of the investigated system. Furthermore, removing safety barriers can significantly exacerbate the decline in reliability, reducing the adaptive ability of the system. Considering that the importance of each subsystem is different, underestimating the importance coefficient and the indexes mentioned above will lead to an inaccurate assessment of OPNS resilience;



(2) The case study demonstrates that the recovery ability is the most sensitive ability index among the three indexes in resilience. In contrast, the resistive ability is recognized as the primary index contributing to system resilience, since it can influence the fluctuation trend of resilience;



(3) Under different seismic intensities, the OPNS resilience can vary considerably. In an earthquake scenario with an intensity below VII, the pipe network belongs to the resilient OPNS. When the intensity exceeds VII, the resilience decreases rapidly with the increase in PGA, and the OPNS will not belong to the resilience system when the PGA is more significant than 0.2g;



(4) By combining the resilience assessment model with GIS technology, it is possible to visualize resilience partitioning and increase the application efficiency of this methodology. The outcome of this research can be used to support the decision-making of regional planning, emergency management, disaster prevention, and mitigation in OPNS.



In order to improve and evolve the proposed methodology, future research should adopt the assessment parameters of system resilience most coinciding with the facts. For example, the system’s functionality should be considered more comprehensively, including the users’ satisfaction, the network connectivity, and the efficiency of oil transportation. In addition, calculating the ground motion parameters using the ground motion prediction equation is meaningful for assessing OPNS resilience. Further efforts are also required to quantify the effect of resilience-strengthening strategies, which can optimize the system’s resilience and reduce the impact of the disaster.
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Figure 1. Simplified diagram for calculating Ic. 
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Figure 2. Logical relation of OPNS and subsystem resilience. 
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Figure 3. Resilience metric in terms of pipeline reliability. 
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Figure 4. Event tree of pipeline system considered safety barriers. 
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Figure 5. Definition of operators to be used in ETA [49]. 
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Figure 6. Recovery performance curve of pipeline. (a) single iteration; (b) 5000 iterations. 
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Figure 7. Framework of the OPNS resilience partitioning platform. 
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Figure 8. Resilience analysis methodology under an earthquake in OPNS. 
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Figure 9. Layout of the case study OPNS. 
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Figure 10. Event tree for pipes No.1, 4, 9, and 12. 
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Figure 11. Event tree for pipes No.2, 5, 8, and 15. 
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Figure 12. Event tree for pipes No.3, 7, 11, and 14. 
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Figure 13. Event tree for pipes No.6, 10, 13, and 16. 
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Figure 14. Resilience curve and recovery performance curve of OPNS. (a) Resilience curve with reliability at different times; (b) Recovery performance curve of pipes in OPNS. 
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Figure 15. Distribution of the results in the pipeline network. (a) Distribution of Re; (b) Distribution of Ad; (c) Distribution of Rec; (d) Distribution of Res. 
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Figure 16. Resilience curve with reliability at different times under different PGAs. 
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Figure 17. Tendency of Re and Rec under different intensities. (a) Index of Re; (b) Index of Rec; (c) Resilience of pipes; (d) Resilience of OPNS. 
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Table 1. Safety barriers considered in OPNS.
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	ID
	Name
	Classification
	ID
	Name
	Classification





	a
	Fire retardant valve
	Active
	i
	Regular patrol
	Active



	b
	Isolating valves
	Active
	j
	Emergency teams
	Active



	c
	Blowdown valves
	Active
	A
	Passive fireproofing (PFP)
	Passive



	d
	Overpressure detection
	Active
	B
	Flood control measures
	Passive



	e
	Clogging detection
	Active
	C
	Explosive load protection
	Passive



	f
	Pressure reducing valve
	Active
	D
	Anticorrosive coatings
	Passive



	g
	Emergency shutdown
	Active
	E
	Bunds/ catch basins
	Passive



	h
	Process shutdown
	Active
	F
	Emergency blowdown line to flare stack
	Passive
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Table 2. Detailed information on pipe sections used for the case study.






Table 2. Detailed information on pipe sections used for the case study.





	No.
	Diameter

(mm)
	Thickness

(mm)
	Length

(km)
	Geological

Topography
	Material
	Flow

(m3/h)





	1
	219.1
	5.6
	44.8
	Hill
	Q235
	116



	2
	219.1
	5.6
	52
	Mountain
	Q235
	116



	3
	219
	5.6
	31.75
	Alluvial plain
	Q235
	116



	4
	273.1
	6.4
	72.94
	Mountain
	Q235
	179



	5
	323.9
	9.5
	35.79
	Alluvial plain
	Q235
	250



	6
	323.9
	6.4
	58.079
	Hill
	Q235
	250



	7
	219
	5.6
	49.233
	Hill
	Q235
	116



	8
	219
	5.6
	33.7
	Alluvial plain
	Q235
	116



	9
	219
	5.6
	55.267
	Alluvial plain
	Q235
	116



	10
	406.4
	7.1
	48.535
	Hill
	Q235
	397



	11
	406.4
	7.1
	40.775
	Hill
	Q235
	397



	12
	406.4
	7.1
	95.177
	Hill
	Q235
	397



	13
	406.4
	7.1
	119.503
	Alluvial plain
	Q235
	397



	14
	406.4
	7.1
	115
	Hill
	Q235
	397



	15
	406.4
	7.1
	68.741
	Alluvial plain
	Q235
	397



	16
	406.4
	7.1
	79.486
	Alluvial plain
	Q235
	397
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Table 3. Barrier consideration of each pipe in the case study.
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	No.
	Active Barrier
	Passive Barrier
	No.
	Active Barrier
	Passive Barrier
	No.
	Active Barrier
	Passive Barrier
	No.
	Active Barrier
	Passive Barrier





	1
	c, d, e, g, i, j
	A, C, D, G
	5
	a, b, e, f, i, j
	C, D, G
	9
	c, d, e, g, i, j
	A, C, D, G
	13
	c, d, e, i, j
	A, C, D, E, G



	2
	a, b, e, f, i, j
	C, D, G
	6
	c, d, e, i, j
	A, C, D, E, G
	10
	c, d, e, i, j
	A, C, D, E, G
	14
	c, f, g, i, j
	C, D, F, G



	3
	c, f, g, i, j
	C, D, F, G
	7
	c, f, g, i, j
	C, D, F, G
	11
	c, f, g, i, j
	C, D, F, G
	15
	a, b, e, f, i, j
	C, D, G



	4
	c, d, e, g, i, j
	A, C, D, G
	8
	a, b, e, f, i, j
	C, D, G
	12
	c, d, e, g, i, j
	A, C, D, G
	16
	c, d, e, i, j
	A, C, D, E, G
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Table 4. Quantification results of resilience indexes in the pipeline network.
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	No.
	P0
	P1
	P2
	P3
	t0
	t1
	t2
	t3
	Re
	Ad
	Rec





	1
	1
	0.902771
	0.577416
	1
	0
	0.5
	0.511347
	2.335156
	0.902771
	0.639604
	0.144950



	2
	1
	0.916617
	0.61281
	1
	0
	0.5
	0.52641
	2.183899
	0.916617
	0.668556
	0.146095



	3
	1
	0.952822
	0.598968
	1
	0
	0.5
	0.528437
	1.445601
	0.952822
	0.628625
	0.262416



	4
	1
	0.885037
	0.566073
	1
	0
	0.5
	0.511091
	2.406749
	0.885037
	0.639604
	0.143258



	5
	1
	0.946981
	0.63311
	1
	0
	0.5
	0.513848
	1.560726
	0.946981
	0.668556
	0.214595



	6
	1
	0.875811
	0.591651
	1
	0
	0.5
	0.513889
	2.778828
	0.875811
	0.675546
	0.113557



	7
	1
	0.89368
	0.56179
	1
	0
	0.5
	0.506092
	2.534191
	0.893680
	0.628625
	0.135472



	8
	1
	0.949998
	0.635127
	1
	0
	0.5
	0.524866
	1.436539
	0.949998
	0.668556
	0.242361



	9
	1
	0.919318
	0.588
	1
	0
	0.5
	0.51925
	1.799679
	0.919318
	0.639604
	0.198183



	10
	1
	0.895105
	0.604685
	1
	0
	0.5
	0.522184
	2.517126
	0.895105
	0.675546
	0.124538



	11
	1
	0.911106
	0.572744
	1
	0
	0.5
	0.519778
	2.630141
	0.911106
	0.628625
	0.127169



	12
	1
	0.804684
	0.514679
	1
	0
	0.5
	0.517993
	4.340835
	0.804684
	0.639604
	0.080391



	13
	1
	0.833687
	0.563194
	1
	0
	0.5
	0.515711
	3.726815
	0.833687
	0.675546
	0.086071



	14
	1
	0.769076
	0.483461
	1
	0
	0.5
	0.524772
	5.343992
	0.769076
	0.628625
	0.067975



	15
	1
	0.900656
	0.602139
	1
	0
	0.5
	0.522495
	2.260626
	0.900656
	0.668556
	0.143255



	16
	1
	0.885911
	0.598473
	1
	0
	0.5
	0.515839
	2.696689
	0.885911
	0.675546
	0.115913
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Table 5. Quantification results of Res and Ic in the pipeline network.
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	No.
	Res
	Ic
	No.
	Res
	Ic
	No.
	Res
	Ic
	No.
	Res
	Ic





	1
	0.777272
	2.79%
	5
	0.806434
	6.02%
	9
	0.780589
	2.79%
	13
	0.76952
	9.56%



	2
	0.794519
	2.79%
	6
	0.783632
	6.02%
	10
	0.790182
	9.56%
	14
	0.72973
	9.56%



	3
	0.787381
	2.79%
	7
	0.76988
	2.79%
	11
	0.776316
	9.56%
	15
	0.788104
	9.56%



	4
	0.770095
	4.31%
	8
	0.805704
	2.79%
	12
	0.745085
	9.56%
	16
	0.787481
	9.56%










[image: Table] 





Table 6. Res of pipes under different PGAs.
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	No.
	0.1 g
	0.15 g
	0.2 g
	0.25 g
	0.3 g





	1
	0.81139
	0.75473
	0.64158
	0.49428
	0.49408



	2
	0.82216
	0.77325
	0.66705
	0.49582
	0.49526



	3
	0.80357
	0.77498
	0.70975
	0.51769
	0.50328



	4
	0.80990
	0.74551
	0.62229
	0.49408
	0.49208



	5
	0.82713
	0.79233
	0.71302
	0.51209
	0.50029



	6
	0.82830
	0.75583
	0.61971
	0.49443
	0.49224



	7
	0.80625
	0.74525
	0.62818
	0.49422
	0.49390



	8
	0.82551
	0.79102
	0.71835
	0.51501
	0.50192



	9
	0.81050
	0.76036
	0.66273
	0.49643
	0.49545



	10
	0.82652
	0.76354
	0.64146
	0.49418
	0.49283



	11
	0.80420
	0.75360
	0.64881
	0.49505
	0.49127



	12
	0.80447
	0.70533
	0.55841
	0.49607
	0.49374



	13
	0.82425
	0.73227
	0.58168
	0.49523
	0.49134



	14
	0.79470
	0.68539
	0.53969
	0.49662
	0.49108



	15
	0.82324
	0.76485
	0.64499
	0.49413
	0.49225



	16
	0.82730
	0.76041
	0.63031
	0.49413
	0.49203
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