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Abstract

:

Long-term outage of drinking water supply after earthquakes has large adverse impacts on the lives of residents and cities’ water supply systems. Priority assessment is required to determine the effective order of preparing the measures against these hazards. Previous studies have insufficiently focused on the effects of seismic resistance of core pipelines, thereby affecting all the other branched pipelines that supply the water to each residential area. In our research, we aimed to propose the appropriate order of core pipelines derived from the center of the water treatment plants in Osaka, Japan against the Nankai Trough earthquake. Solutions that cause less damage have been needed because natural disaster prediction has had a lot of uncertainty. We proposed indices that can evaluate an appropriate renewal plan that considers the damage of core pipelines of water and the renewal cost for core pipeline networks based on the scenario analysis and the Monte Carlo simulation. The amount of water distribution of core pipelines in each area is the top priority when renewing them in terms of cost-effectiveness and expected rate of water outage under the disaster.
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1. Introduction


Concerns related to the occurrence of large-scale earthquakes have highlighted the necessity of strengthening countermeasures against natural disasters. For example, the Nankai Trough earthquake is a large-scale earthquake that reoccurs in Japan approximately every 100–150 years. The epicenter of this earthquake is the plate boundary beneath the southern seas of the Japanese islands [1]. The Headquarters for Earthquake Research Promotion [2] predicted that the probability of the Nankai Trough earthquake occurring within the next 30 years is 70–80%; this earthquake is expected to have a maximum magnitude of 9, which means prompt countermeasures to prevent potential damages must be implemented. The Basic Law for Strengthening the National Land of the Cabinet Secretariat in Japan [3] has evaluated the vulnerability of the country to large-scale natural disasters and proposed a number of priorities to advance countermeasures related to disaster prevention and reduction. Local governments and businesses must quickly determine priorities based on vulnerability assessments and promote efficient countermeasures under budget and time constraints. Constructing an updated plan by disaster simulation is necessary to improve the earthquake resistance of a target area effectively.



Concerns that the water supply and sewage system in Japan may be shut down for a long period of time after the Nankai Trough earthquake have grown under the Basic Law for Strengthening the National Land of the Cabinet Secretariat [3]. Maintaining a steady supply of drinking water is vital to Japan’s residents. Following the Great East Japan Earthquake in 2011 and the Kumamoto earthquake in 2016, water outages occurred over wide areas because of the disconnection of water pipeline joints [4,5]. The water supply was restored only after some time had passed, and many residents suffered from a shortage of domestic water [4,5]. Thus, the National Resilience Promotion Headquarters of Cabinet Secretariat [6] used the earthquake-resistance compliance rate of core pipeline networks as a performance indicator to address future similar instances. In 2018, the Ministry of Health, Labor, and Welfare [7] determined that the earthquake-resistance compliance rate of pipelines in Japan, that is, the percentage of pipelines that meet earthquake-resistance standards, was 40.8%; the ministry thus sought to increase this rate to 50% in 2022 [6]. Evaluating the efficiency of earthquake-resistance measures and determining the priority order of pipelines for renewal is an urgent undertaking. Indeed, planning the renewal of pipelines with high effectivity in terms of time and cost is necessary because such an endeavor requires time.



Several scholars have evaluated the vulnerability of water distribution systems to earthquakes. Tamura and Kawakami [8] evaluated the seismic resistance of an underground pipeline network system from the viewpoint of system engineering and analyzed the water supply system using a model. Adachi and Bruce [9] assessed the vulnerability of infrastructure systems to earthquakes and considered the failure of water and electrical systems. Shi and O’Rourke [10] developed a comprehensive model to simulate the seismic response of water supply systems. This model accurately accounted for vulnerable hydraulic flows and pressures in heavily damaged water supply systems [10]. However, this study did not calculate the effect of earthquake resistance or propose renewal plans based on priority analysis. American Lifelines Alliance [11] proposed methods to describe the potential damage of water transmission system components under various earthquake hazards and plotted the fragility curves of the pipeline according to the type of component in the water transmission system; unfortunately, the vulnerability of the network to earthquakes was not evaluated.



Murata and Miyajima [12] examined the estimated investment of a water distribution network and its vulnerability. Do et al. [13] proposed an economical cost-constrained optimal design of a water distribution system that maximizes seismic reliability while satisfying pressure constraints. These studies focused on a simplified model of the water distribution network and did not present analyses based on a real pipeline network. Mori et al. [14] proposed a method to evaluate the renewal advantage of water pipelines based on asset management. This study evaluated the deterioration of pipelines [14]. However, renewal plans based on earthquake resistance were not considered.



Previous studies neither calculated the effect of earthquake resistance nor proposed renewal plans based on priority analysis. Kunizane et al. [15,16] estimated the amount of water outage and its rate in a small pipeline network model of a distribution area by assuming the aging of a core pipeline network and verified that water outages could be reduced by the earthquake resistance of the pipeline. The group also targeted small-diameter water pipelines and showed that a renewal plan considering regional characteristics, such as pipeline density and demand (water supply population), as indicators are highly advantageous for reducing water outages [17]. However, the group did not present a renewal plan assuming that the core pipeline network is damaged by an earthquake. Although the probability of core pipeline network accidents is low, the water distribution of the network is large, which means damage to the network will have a large impact on the water supply. As such, considering the renewal plans of core pipelines based on the effect of earthquake resistance is important.



The earthquake resistance also has to be considered by the vulnerability of each part of pipelines. Water pipelines consist of components such as pipes, joints, valves, etc. Pipelines made of ductile iron have a strong body such that the force can be concentrated only on the joint parts [18]. Therefore, joints are vulnerable to the force caused by earthquakes [19,20]). In the Great East Japan Earthquake, many pipelines with non-seismic joints (general joints), which did not have a pull-out prevention function, were reported to be easily damaged [20]. On the other hand, the earthquake-resistant joints with this function were less damaged even if they had bodies made of the same material (i.e., ductile iron) [20].



Given the above facts, Osaka City implemented the “Promotion of Earthquake Resistance for Pipelines/Emergency 10-Year Plan” [21]. Under this plan, the old joints of ductile iron pipelines were replaced with earthquake-resistant joints to eliminate pipelines made of fragile material as well as aged pipelines [21]. In 2019, the percentage of ductile iron pipelines with earthquake-resistant joints as main pipelines was 64.4% [21]. Kunizane et al. [16] estimated an increase in the earthquake-resistant rate of up to 62.6% for Tokyo. Constructing earthquake-resistant core pipelines is essential because the water supply of many households may be cut off if these pipelines are broken in even one place by an earthquake; this scenario must be considered until 100% pipeline renewal is achieved. Furthermore, while the probability of core pipeline network accidents is low, this type of damage may have large impacts on the water supply, especially if a city with a large population, such as Osaka City, is involved. Thus, considering the renewal plan of core pipelines based on the effect of earthquake resistance is of great importance.



Osaka City Waterworks Bureau has proposed a renewal plan of water pipelines with seismic resistance. Because natural disasters are challenging to predict, whether a damage solution can successfully control the effects of one such disaster when actualized cannot be accurately known. In this paper, we examine the effects of a massive earthquake on pipeline breakage by scenario analysis.



This research has three objectives. First, we propose a practical method to evaluate the progress of a pipeline renewal plan. Second, we verify the feasibility of the proposed method by applying it to an actual water treatment plant (WTP) and its water distribution network. We focus on the renewal plan for the core pipeline network of the Kunijima WTP under the effect of the Nankai Trough earthquake. We compared different renewal plans in terms of declines in the water outage population. Finally, we examine an appropriate index through which future renewal projects may be evaluated and improved.




2. Materials and Methods


2.1. Model Framework


Figure 1 shows the framework of our model to determine the most appropriate plan for water pipeline renewal. The objective of the model is to select the most cost-effective renewal case among the three cases, which are updated in the order of (1) the breaking rate, (2) the amount of water distribution, and (3) the risk score, which is the product of 1 and 2 (see Section 3.1 for more details).



The possible water outage population is set as the endpoint to evaluate these cases. The water outage population is discussed in detail in Section 2.4.5, where it is defined as the product of the water outage rate and the population living in the area. The water outage rate is defined as the frequency at which the amount of water supplied to the area is less than 1/100 of the normal amount (see Section 2.4.4 for more details). A “break” in this study is defined as a break of such magnitude that no water reaches the subsequent nodes. Therefore, in the model, the population of the area downstream of broken pipelines has water outages.



The break of a certain pipeline can cause changes in the amounts of the water distribution network in other branches. In this study, it is assumed that the nodes after the break are supplied with the same amount of water as before the break, which would be different from the real situation under the earthquake to reduce the computational load. However, given that the endpoint of this study is the water outage population, even if the break of a certain pipeline causes a change in the flow rate in other pipelines in the network, the water outage population does not change unless it is smaller than 1/100.



For the following cases, this model has limitations: (1) The amount of water in the upstream pipelines becomes smaller than 1/100 compared with that of normal cases due to the break of downstream pipelines, which expands the water outage area and (2) the direction of water flow in the loop pipeline network is reversed as an emergency response. Subsequently, water is supplied from the pipeline of the downstream area. Under cases 1 and 2, the water outage population can be underestimated and overestimated, respectively.




2.2. Earthquake Risk


2.2.1. Background and Earthquake Type of the Selected Area


Osaka City in Japan is the center of Osaka Prefecture and has a population of approximately 2,751,613 [22]. This city was selected as the target area for this study because it had previously published its estimation of damage from a previous Nankai Trough earthquake [23]. The Nankai Trough, a trench in which plates are in contact with each other, is located south of the Japanese islands. Earthquakes stemming from the Nankai Trough are expected to cause high seismic intensity throughout Osaka Prefecture [24]. The Osaka Prefectural Government (2017) estimated the cost of building damage to be JPY 20.1 trillion; it also estimated that most of the Osaka areas covered in our study were severely liquefied [23]. The    P L   , which represents the liquefaction potential factor, exceeds 15 in most areas of Osaka City [24]. When the    P L    exceeds 15, the probability of liquefaction is high. The definition of    P L    is as follows (Equations (1)–(4)) [25,26]:


   P L  =   ∫  0  20   F × W  ( Z )  d Z  



(1)






  F =  {      1 −  F L    (  F L  < 1.0 )       0    (   F L  ≥ 1.0  )         



(2)






  W  ( Z )  = 10 − 0.5 Z  



(3)






   F L  =  R L   



(4)




where,  Z  is the depth in meters,  R  is the in situ resistance (or undrained cyclic strength) of a soil element to dynamic loads, and  L  is the dynamic load induced in the soil element by a seismic motion [25,26].



If a large earthquake occurs in the Nankai Trough, great impacts and severe damage may be expected in terms of infrastructure and people in the city. In particular, widespread water outages may occur.



Osaka City has three WTPs that take water from the Yodo River. Kunijima WTP distributes water to the northern part of Osaka City. The predicted seismic intensity in most areas covered by the water supply of Kunijima WTP is 6 [24].




2.2.2. Peak Ground Velocity and Liquefaction Risk


The peak ground velocity and liquefaction risk value were applied based on the damage assumption published by Osaka City [24] in the simulation. The peak ground velocity was calculated using the following equation, which estimates seismic intensities on the basis of strong-motion records from previous earthquakes [27]:


  I = 2.002 + 2.063 × log  (  P G V  )  − 0.213 ×    {  log  (  P G V  )   }   2  ± 0.344    (  I ≥ 4  )   



(5)




where  I  is measured seismic intensity and   P G V   is peak ground velocity (cm/s).



The liquefaction risk value was estimated using the    P L   , an index describing the possibility of liquefaction of a formation. We used the    P L    in the Nankai Trough earthquake on a 250 m square mesh map constructed by the Osaka Prefectural Government (2020) [24]. The correction coefficient    C l    to determine the breaking rate of the pipeline was derived by the    P L    [24].



The Osaka Prefectural Government (2020) estimated the map of seismic intensity ( I ) due to the Nankai Trough earthquake to be 5.5–6.0 over nearly the entire water supply area of the Kunijima WTP; therefore, we set  I  = 5.75, which is the average of this range. This value represents the largest seismic intensity range of the earthquake in the study area and is the most severe damage condition predicted by the Osaka Prefectural Government (2020) [24].





2.3. Water Pipeline


2.3.1. Required Pipeline Diameter


The pipeline diameter was calculated from the maximum water distribution per hour, which standardizes the minimum dynamic water pressure of water distribution pipelines used in Japan to the range of 0.15–0.20 MPa [28]. In this study, the pipeline diameter ( D ) was calculated from the quantity of flow ( Q ), frictional loss head ( H ), and length ( L ) using Hazen–Williams’ equation (Equation (6)) according to the method for determining pipeline diameters [28]. Because the pipeline diameter is specified every 50 mm, we increased the diameter at intervals of 50 mm from 50 mm for each pipe and then substituted the values obtained into Equation (6).  H  was converted into pressure and considered the hydrodynamic pressure, which was calculated to be 1 MPa per 100 m by setting the water density to 1.00 g/cm3. In Osaka City, the fluctuation of ground height is 5 m or less, except in some areas wherein the Uemachi Plateau is located. Thus, we assumed that pressure fluctuations due to ground height can be ignored. We used the smallest pipeline diameter with hydraulic pressure exceeded 0.15 MPa. We applied this formula to the core pipeline of the Kunijima WTP, which has a diameter of at least 75 mm.


  H = 10.666 ×  C  − 1.85   ×  D  − 4.87   ×  Q  1.85   × L  



(6)




where  H  frictional loss head (m),  C  is flow coefficient,  D  is pipeline diameter (m),  Q  is the quantity of flow (m3/s), and  L  is length (m).



In the simulation, the flow coefficient ( C ), which varies depending on the roughness of the inner surface of the pipeline and the number of bends and branches in the pipeline, was set as  C  = 110 [29]. This value was applied to the entire pipeline considering the pressure loss due to the bending of the pipelines. The maximum amount of water flowing through the pipeline   i j   per hour (m3/h) (   u  i j    ) (Equation (15)) was used as a substitute for  Q .




2.3.2. Breaking Rate of Pipelines


The number of breaking points was estimated using the damage estimation formula of the pipeline (Equation (7)) [30], which calculates the number of occurrences of water supply pipeline damage    E  i j     by taking various correction factors, such as pipeline length, into account and the standard damage rate   R  (  P G V  )    based on the damage analysis of the Southern Hyogo Prefecture Earthquake in 1995 (Equation (8)) [30]. The value of   R  (  P G V  )    was substituted from Equation (5).


   E  i j   =  C d  ×  C l  ×  C g  × L × R  (  P G V  )   



(7)






  R  (  P G V  )  = 2.03 ×   10   − 5   ×    (  P G V − 15  )    2.19    



(8)




where    E  i j     number of occurrences of water supply pipeline damage,    C d    is correction factor of pipeline diameter,    C l    is correction factor of liquefaction risk,    C g    is correction factor of topographic factor,  L  is pipeline length (km), and   R  (  P G V  )    is standard damage rate (/km). The correction factors we used in this study are shown in Table S1 in Supplementary Materials. Isoyama et al. [30] tentatively set the correction factor    C d    = 0.5 for pipelines with a diameter of 500 mm or more as a reference.



The breaking rate of the pipeline was calculated from the number of occurrences of damage using the Poisson probability [9]. The breaking rate of the pipeline (  n    =    k  b r e a k s    ) was calculated by Equation (9). Assuming that a pipe segment cannot deliver water when it has at least one break, the failure probability of the pipe segment can be expressed by an exponential distribution (Equation (10)) [9].


   P  i j    (  X =  k  b r e a k s    )  = exp  (  −  E  i j    )  ×    E  i j       k  b r e a k s        k  b r e a k s   !    



(9)






   P  i j     f  = 1 −  P  i j    (  X = 0  )  = 1 − exp  (  −  E  i j    )   



(10)




where    k  b r e a k s     number of broken pipelines,    P  i j     f    is the breaking rate of at least one point, and    P  i j    (  X =  k  b r e a k s    )    is breaking rate of    k  b r e a k s     points.





2.4. Estimation of Water Outage Risk


2.4.1. Population of Each Node


The population distributed by each node was calculated using a 500 m population mesh map [31] on the assumption that water is distributed from that node if a node exists in the mesh; if not, water is distributed from the nearest node. The population supplied by each node is defined as the water supply population of that node.




2.4.2. Pipeline Network


We assumed that ductile iron pipelines are replaced with ductile iron pipelines with earthquake-resistant joints for earthquake resistance and used the adjacency matrix obtained from Osaka City Waterworks Bureau [32] to express the connection of the pipeline network of Kunijima WTP. The adjacency matrix  A  of an  N -vertex graph (Equation (11)) is an  N  ×  N  square matrix. If water flows from node  i  to node  j ,    a  i j     is set to 1; otherwise,    a  i j     is set to 0 (Equation (12)). Water is supposed to flow from the node with the lowest number to that with the higher number.


  A =  (   a  i j    )  =  (       a  11      ⋯     a  1 j      ⋯     a  1 n        ⋮   ⋱   ⋮   ⋱   ⋮       a  i 1      ⋯     a  i j      ⋯     a  i n        ⋮   ⋱   ⋮   ⋱   ⋮       a  n 1      ⋯     a  n j      ⋯     a  n n        )   



(11)






   a  i j   =  {      1 ;    a   flow   from   node    i    to   node    j   exists         0 ;    no   flow   from   node    i    to   node    j   exists        



(12)








2.4.3. Water Volume at Each Node


We used the statistical data of the planned maximum water supply per hour, which refers to the maximum amount of water that must be supplied per person per day [26]. In Osaka, the maximum amount of water supplied per person per day is 535 L/person/day [29]. The total amount of water flowing through the pipeline ( q ) was calculated from the amount of water carried to the nodes and their connected pipelines (Equations (13) and (14)). The water supply to the area    Q i    was calculated by multiplying the maximum water supply per day by the planned population. The numerator in Equation (13) represents the sum of the amount of water supplied to the area by node  j  (   Q j   ) and the amount of water flowing through the pipeline connected to the downstream portion of node j (   q  j k    ). If multiple pipelines distributing water to a node are available, the amount of water distributed to these pipelines is assumed to be equal. Figure 2 shows an example network consisting of Nodes 1–5 and demonstrates how  q  is calculated. Nodes 4 and 5 are terminal nodes. The amount of water flowing to the terminal nodes is equal to the sum of the amounts of water supplied to the area by nodes (   Q 4   ,    Q 5   ), even for the broken pipelines, where the water flows out without reaching the next node.


   q  i j   =     ∑  k   N  n o d e      a  j k    q  j k   +  Q j      ∑  k   N  n o d e      a  k j      



(13)






   Q j  = 535 × P o  p j   



(14)




where    q  i j     amount of water flowing through the pipeline (L/day),   i j   is the pipeline between node  i  and  j  (  i , j   represent the number of the node and are applied to the number of all nodes in the network),    N  n o d e     is all nodes in the network,    Q j    is the sum of the amount of water supplied to the area by node  j  (L/day), and   P o  p j    is population distributed by node  j .



The maximum amount of water flowing through the pipeline   i j   per hour (   u  i j    ) was calculated based on the method of the Japan Water Works Association [28] to determine the pipeline diameter using Equation (15).    K  t i m e     is a correction coefficient that represents the peak time of water distribution, which is derived by regression analysis of the results of 411 water distribution areas in 46 cities in Japan in the summer of 2008 [28]. The coefficient    K  t i m e     can be obtained using Equation (16) [28].


   u  i j   =  K  t i m e   ×    q  i j     24 × 1000    



(15)






   K  t i m e   = 1.8489    (     q  i j     24 × 1000    )    − 0.0145    



(16)




where    u  i j     the maximum amount of water flowing through the pipeline   i j   per hour from node  i  to node  j  (m3/h), and    K  t i m e     is coefficient related to time fluctuations in water distribution.




2.4.4. Water Outage Rate by Area


The water outage rate was calculated using the Monte Carlo method, which calculates the frequency of not supplying water to each node. Because the core pipeline has a low breaking rate, we set the number of calculations to 10,000. Here, the water outage is defined as the event when the amount of water supplied to a node becomes less than 1/100 of the normal amount.    N D    i    is defined as the number of times the water outage occurs at node  i  out of 10,000 earthquake occurrences, whereas    P   D i      is the water outage rate calculated by dividing    N D    i    by 10,000 (Equation (17)).



In a single trial of the earthquake, whether each pipeline is broken is determined, and the amount of water supplied to each node is calculated using    b  i j     (Equation (18)). Each pipeline was assumed to be broken according to the breaking rate (Equation (10)).


   P   D i    =    N D    i     N  e a r t h q u a k e      



(17)






   b  i j   =    q  i j       ∑  k   N  n o d e      q  i k   +  Q i     



(18)




where    P   D i      water outage rate in node  i ,    N D    i    is the number of water outages occurring at node  i ,    N  e a r t h q u a k e     is the number of earthquakes expected,    b  i j     is distribution rate of water from node  i  to node  j  ( i  and  j  represent the numbers of the nodes and are applied to all nodes in the network) and    N  n o d e     is the number of nodes in the pipeline network.




2.4.5. Water Outage Population


The expected water outage population   P o  p   D i      was calculated by multiplying the water outage rate determined from 10,000 trials of earthquakes for each region using the breaking rate (Equation (10)) by the population distributed by node  i  (  P o  p i   ), whereas   P o  p D    is the sum of water outage population in the entire network as shown in Equations (19) and (20), respectively.


  P o  p   D i    =  P   D i    × P o  p i   



(19)






  P o  p D  =   ∑   i = 1    N  n o d e     P o  p   D i     



(20)




where   P o  p   D i      is expected water outage population at node  i .





2.5. Renewal Cost


The construction cost of changing the pipeline to an earthquake-resistant one by the common open-cut method was calculated using Equation (21). We assumed ductile iron pipelines with earthquake-resistant joints under the condition of daytime construction [33].



In case the pipelines cross rivers, a function for an aqueduct function was applied rather than a function for the constructions of buried pipelines [33]; the cost of this aqueduct was calculated using Equation (22) under the condition that construction is carried out at daytime [33]. For example, in Figure 3, Equation (22) was applied to pipelines crossing the Yodo River.


  C S = 51.4912 × exp  (  2.6 × D  )   



(21)






  C S = 2067.6 × D + 3,234,953  



(22)




where   C S   is construction cost (JPY 1000) per pipeline length (m) (tax included), and  D  is pipeline diameter (m).





3. Practical Application


3.1. Case Setting


We estimated the expected water outage population and renewal cost when the old water pipeline is updated to an earthquake-resistant one. An overview of the cases investigated in this study is shown in Figure S1 in Supplementary Materials. We also established three cases according to the priorities for replacement, namely, breaking rate, water distribution, and risk score, as follows:



Base Case: Non-Earthquake-Resistant Pipelines



We estimated the expected water outage population in the case where no pipelines are earthquake resistant.



Case 1: Pipeline Replacement by Order of Breaking Rate



Seismic strengthening works aiming to replace the existing pipelines with earthquake-resistant ones are carried out by choosing the pipelines with the largest breaking rates first.



Case 2: Pipeline Replacement by Order of Water Distribution



The water distribution derived from each pipeline reflects the population affected by a water outage. Therefore, in this case, seismic strengthening works are applied by selecting pipelines that distribute water to areas with the largest populations first to reduce the population experiencing the water outage. The amount of water flowing through the pipeline    q  i j     (L/day) was used as an index for this case (see Section 2.4.3).



Case 3: Pipeline Replacement by Order of Risk Score



In Case 3, the highest risk scores at the time of the earthquake (   F  i j    ) are used to determine the order of pipelines to be replaced with earthquake-resistant ones. This score is calculated by multiplying the estimated number of damaged pipelines in the block by (1) the average amount of supplied water per unit area and (2) the non-seismic rate of the block, as follows (Equation (23)) [17]:


   F v   (   k  b l o c k   i  )  =  P d   (   k  b l o c k   i  )  ×  K q   (   k  b l o c k    )  ×  (  100 −  S a   (   k  b l o c k    )   )   



(23)




where    F v   (   k  b l o c k   i  )    is risk score of pipeline  i  at block(   k  b l o c k    ),    P d   (   k  b l o c k   i  )    is estimated number of breaking points of pipeline  i  at block(   k  b l o c k    ),    K q   (   k  b l o c k    )    is the amount of water supplied per unit area of block(   k  b l o c k    ) normalized by the average value of all the target blocks, and    S a   (   k  b l o c k    )    is the earthquake-resistance rate at block(   k  b l o c k    ).



When considering the risk score    F  i j     of core pipelines (Equation (24)), we multiplied the breaking rate of pipelines by    q  i j     of each core pipeline   i j   (Equation (10)). Because we focused on the core pipeline network, we applied the direct water demand of each pipeline into the calculations as an indicator. Kunizane et al. [17] (Equation (23)) used a normalized value of water demand per unit area of blocks, which was the average value of the target block area. They also multiplied the number of damaged parts by the actual non-seismic resistance rate. In contrast to this approach, we adopted the concept of damage rate in the simulations to calculate the ideal priority of pipeline renewal.


   F  i j   =  P  i j     f  ×  q  i j    



(24)




where    F  i j     is risk score of core pipeline   i j  , and    P  i j     f    is the breaking rate of core pipeline   i j  .




3.2. Comparison of the Current Earthquake Resistance Status and Update Scenarios in Osaka City


On the basis of our interview with Osaka City Waterworks Bureau, we estimated the current seismic resistance rate of the core pipeline in the water supply area of the Kunijima WTP to be 75%. We simulated the effects of 10,000 earthquakes in Osaka City and then compared the simulation results of the current status with those of Cases 1–3. Finally, we verified the validity of the current renewal plan of Osaka City by calculating and comparing the cost-effectiveness of all scenarios. Cost-effectiveness refers to the reduction in the expected water outage population divided by the renewal cost. Equation (25) shows the cost-effectiveness of a plan when  n  pipelines are made earthquake resistant.


   E n  =    B 0  −  B n     Y n     



(25)




where    E n    cost-effectiveness when  n  pipelines are made earthquake resistant,    B n    is expected water outage population when  n  pipelines are made earthquake resistant, and    Y n    is the cost when  n  pipelines are made earthquake resistant (million yen).





4. Results and Discussion


4.1. Pipeline Network


Figure 3 shows the core pipeline network of the Kunijima WTP that we created according to the 100-year history of Osaka City Waterworks Bureau [32]. Nodes 1 and 2 directly connect to the Kunijima WTP. This network distributes water to the northern parts of Osaka City, where the population is concentrated, through multiple routes (Figure 3). The distance between each node represents the total pipeline length used to distribute water from the Kunijima WTP to the nodes.



In the water supply area of the Kunijima WTP, the    P L    is greater than 15 when liquefaction is severe [23]; thus, the    C l    related to liquefaction is assumed to be constant at 2.4 ([30]; Table S1 in Supplementary Materials). The measurement of seismic intensity ( I  = 5.75) was calculated from the seismic intensity class indicated in the damage assumption [34].   P G V   (=46.5) was calculated using Equation (5).




4.2. Base Case: Water Outage Rate and Expected Water Outage Population


Node 32 is located in a dense area of nodes. Because no meshes and populations in these meshes were assigned to Node 32, we excluded this node from Table S2 in Supplementary Materials. The populations assigned to each node range from 8332 to 99,985. The most populous node, Node 40, is located in a densely populated area with a few nodes nearby. The population belonging to the mesh of each node and the total amount of water supplied to the area Table S2 in Supplementary Materials.



Figure 4a shows the relationship between the probability of a water outage occurring out of 10,000 trials and the distance from the Kunijima WTP. The values for Node 32 were excluded from the calculations, as mentioned above. The distance to each node represents the total pipeline length used to distribute water from the Kunijima WTP to the nodes. If multiple routes to a node are available, we take the average of all distances for each route and consider this value as the distance from the Kunijima WTP. Node 7 had the smallest water outage rate and population and was connected to the Kunijima WTP by a short pipeline. By contrast, Node 22 had the highest water outage rate and was located the farthest from the Kunijima WTP among the nodes distributed by one route. Node 40, which had the largest population, had the largest water outage rate and a high water outage population of 22,157.



Figure 4b shows the relationship between the expected water outage population and the distance from the Kunijima WTP. The origin is Nodes 1 and 2, which are directly connected to the Kunijima WTP. The expected water outage population is calculated from the product of the water outage rate and the population, as shown in Equation (19). Therefore, nodes with a large water outage rate and population, such as Nodes 40,21, and 22, have large water outage populations. The water outage rate increased in proportion to the distance from the Kunijima WTP, but the expected water outage population did not have a clear correlation with the distance from the WTP. The expected water outage population tended to decrease at nodes that were close to the WTP. When the water outage rate was between 0 and 0.3, the population differed by 8000–10,000; thus, the influence of the population is considered to be large. On the other hand, at nodes far from the WTP, there was a large difference between the node where the expected water outage population was high and the node where the expected value was low. This finding may be attributed to the fact that the expected water outage population depends on the population of the water supply area. Thus, even if the distance from the WTP is large and the breakage rate is small, the expected water outage population is small in areas with a small population.




4.3. Case 1: Pipeline Replacement by Order of Breaking Rate


Figure 5a shows the relationship between pipeline length and breaking rate. Figure 5b shows the relationship between pipeline diameter and breaking rate. Pipeline 1–7 is a pipeline that connects Nodes 1 and 7. The length of the pipelines in the water supply area of the Kunijima WTP ranges from 335 m to 2950 m, and the diameter of the pipelines ranges from 300 mm to 1350 mm. Because all of the pipelines have diameters larger than 200 mm,    C d    may be 0.8 or 0.5 from Table S1 in Supplementary Materials. Pipelines 5–6, 14–15, 15–23, 22–23, 23–24, 27–30, 29–30, and 33–34 have diameters of 450 mm or less (   C d    = 0.8). In Equation (6),  H  and flow velocity coefficient are constant, which means the pipeline diameter is proportional to the water distribution and length of the pipe. Therefore, the diameters of pipelines at the end of the network tend to be small because the amount of water distributed by these pipelines is small. Because the   P G V  , liquefaction risk, and topography are identical in each pipeline, the diameter and length of a pipeline affect its breaking rate.



The relationship between breaking rate and pipeline length was divided into two straight lines. Pipelines 5–6, 14–15, 15–23, 22–23, 23–24, 27–30, 29–30, and 33–34 showed a straight line with a large slope. These pipelines had diameters of less than 500 mm and small breaking rates. Compared with the relationship between pipeline diameter and breaking rate, they had no correlation. Pipeline length had a great effect on the breaking rate. The breaking rate was between approximately 2% and 20%. Pipeline 1–7, which had the smallest breaking rate, is connected to the Kunijima WTP; this pipeline is short but wide and carries a large amount of water. Pipeline 23–24 is a terminal pipeline and had a very high breaking rate. The results showed that this pipeline is long but its water volume and diameter are relatively small. The pipeline length had a stronger effect on the breaking rate than the pipeline diameter. This finding may be due to the fact that the number of occurrences of water supply pipeline damage is proportional to the pipeline length (Equation (7)). Interestingly, all of the pipelines with a breaking rate of over 10% had lengths exceeding 2000 m and, thus, large numbers of breaking points. Pipelines 12–13 and 30–31 are over 2000 m long but their breaking rate was less than 0.1 because they have large diameters.



Pipeline 23–24, which has the highest priority of renewal, was at the end of the pipeline network. This pipeline has a small water distribution and diameter and a long length, resulting in a large breaking rate. The breaking rates of pipelines 15–23, 17–18, and 18–23 were over 10%. These pipelines are also relatively long. Because the diameter of pipeline 15–23 is 450 mm or less (   C d    = 0.8), the breaking rate of this pipeline was especially large. Pipelines 25–26, 28–32, 1–7, and 7–8 are short, and their breaking rates, at less than 3%, are small. The ideal order of pipeline renewal in Case 1 is shown in Table S3 in Supplementary Materials.




4.4. Case 2: Pipeline Replacement by Order of Water Distribution


In pipelines 1–19, 1–7, 7–8, and 2–36, the amount of water is the largest in pipelines near the Kunijima WTP and the smallest in pipelines located at the ends of the network. Pipeline 23–24 is the smallest pipeline, Node 24 is the terminal node, and the population of this area is 10,023. The amount of water is small in end pipelines and large in pipelines close to the WTP. The water distribution volume of each pipeline Table S4 in Supplementary Materials. Here, the pipelines at the end of the network are not given a high priority for renewal owing to their small water distribution volume. However, in case these pipelines do not have a loop structure, they should be given high priority (see Section 3.1 for details). For future studies, an evaluation index that reflects the network structure such as loops should be considered.




4.5. Case 3: Pipeline Replacement by Order of Risk Score


Among the risk scores obtained, the risk score of pipeline 1–19, which has the largest water distribution and is the longest among the pipelines studied, was the highest. Pipeline 27–30, which is located near the end of the network, is short and has a small water distribution amount and breaking rate. Therefore, the risk score of pipe 27–30 was low. The risk score of each pipeline is shown in Table S5 in Supplementary Materials.




4.6. Cost-Effectiveness


4.6.1. Renewal Cost


The renewal costs of pipelines 1–19, 2–36, 15–23, and 18–23, which cross the Yodo River, were calculated using Equation (22). These pipelines have higher renewal costs than the other pipelines. In addition to these four pipelines, pipeline 19–20 had the highest renewal costs. The renewal cost of pipelines crossing the Yodo River was over twice that of pipeline 19–20. The high renewal costs for pipelines 19–20 and 12–13 are due to the fact that renewal costs depend on the length of the pipeline. Pipeline 27–30 had the lowest renewal cost. Equation (21) reveals that the construction cost per unit length of a pipeline increases exponentially as the pipeline diameter increases. Because pipeline 27–30 is short and the amount of water flowing through it is relatively low, the diameter of this pipeline is small and its construction cost per unit length is low. The renewal cost of each pipeline is shown in Figure S4 in Supplementary Materials.




4.6.2. Evaluation of Earthquake Resistance Countermeasures


Figure 6 shows the change in renewal cost and expected water outage population in Cases 1–3. In all three cases, the expected water outage population becomes 0 when the renewal rate of all pipelines reaches 100%. Among the cases investigated, Case 2 has the lowest renewal cost and expected water outage population. In other words, renewing the pipelines by selecting those with the largest water distribution first could reduce the water outage population due to future earthquakes at a lower cost. Moreover, the effects of earthquake-resistant construction may be obtained at an earlier stage. In this case, wastewater amount is the most suitable index for judging seismic resistance priority because the pipeline network and population are similarly taken into consideration.




4.6.3. Comparison with the Current Earthquake-Resistance Plan in Osaka City


In this section, we show the results of Section 3.2. We compared the case that reflects the actual seismic resistance of the core pipelines in the water supply area of the Kunijima WTP and Cases 1–3. Table 1 compares the simulation results obtained when 75% of the core pipelines are made seismic-resistant for the different cases in this study.



Among the cases studied, Case 2 has the highest cost-effectiveness. The expected water outage populations to the current earthquake-resistance plan in Osaka City and Case 2 are 29,952 and 8219, respectively. The decreases in expected water outage population from the base case to the current earthquake-resistance plan and Case 2 are 175,012 and 196,745, respectively. If the earthquake-resistance plans are implemented by Case 2, that is, approximately 20,000 people would not be affected by water outage. The renewal costs of the current plan in Osaka City and Case 2 are JPY 25,266 million and JPY 21,511 million, respectively; here, the renewal cost of the latter is approximately JPY 3500 million higher than that of the former. However, even after the pipelines are renewed in Osaka City in the current plan, the population in this city suffering from water outages does not decrease compared with that in Case 2. Thus, the cost-effectiveness of the current pipeline renewal plan in Osaka City is reduced. The cost-effectiveness of the current pipeline renewal plan in Osaka City translates to a reduction of 6.93 people per million Yen; by comparison, the cost-effectiveness of the pipeline renewal plan in Case 2 translates to a reduction of 9.15 people per million Yen, namely, our renewal plan will reduce the water outage population by 24% compared with the present one.





4.7. The Impact of the Pipe Material


For further research, the impact of the pipe materials should also be considered. Table 2 lists the correction factors regarding the pipeline materials that are set from the damage analysis of previous earthquakes based on the cast iron pipeline [30]. These factors are connected to the vulnerability of pipelines, thus suggesting that pipelines made of materials with a larger correction factor are more susceptible to physical damage by earthquakes.



The ratio of core pipelines made of ductile iron was roughly 78% in Osaka City from the data of 2018 [35], whereas that in Japan as a whole was approximately 67% from the data of 2015 [29]. Considering these data, Osaka City is an area with a high ratio of ductile iron pipelines compared with the average of Japan.



Considering ductile iron pipelines have a smaller correction factor than pipelines made of other materials and are less likely to be ruptured [30] (Table 2), the breaking rate of pipelines and subsequent water outage population are larger in the areas where the ratio of pipelines other than ductile iron or steel is high. Promoting the construction to update the pipelines and their joints into earthquake-resistant ones in these areas is advantageous.



Our model also enables us to calculate the breaking rate and water outage population with different pipeline materials in these areas by applying each correction factor.





5. Conclusions


This study evaluated the vulnerability of water supply pipelines breakage due to large-scale earthquakes and determined the priority of earthquake-resistance measures based on this vulnerability. We focused on the water supply area of the Kunijima WTP as an example of an urban area and determined the appropriate priority for renewing pipelines for earthquake resistance. Specifically, we focused on the breaking rate, the water distribution in each area, and the risk score of each pipeline under the effect of the Nankai Trough earthquake. Our conclusions based on our three research objectives are summarized below.



(1) We proposed a practical method to evaluate the progress of a pipeline renewal plan. We compared four cases and performed cost–benefit analysis by employing the scenario approach. The main evaluation indices were expected water outage population and cost-effectiveness. We showed that the expected water outage populations are quite high in densely populated areas located far from WTP. Water distribution is the most important index with which to determine the priority order of pipelines to be renewed. Compared with this index, the use of breaking rate or risk score could realize higher cost-effective renewal. Pipelines with the largest water distributions will cause the greatest damage to the population in the area when they are broken. Renewing pipelines according to their water distribution is the most effective measure to reduce the water outage population after an earthquake.



(2) We verified the feasibility of the proposed method by applying it to an actual WTP and its water distribution network. We evaluated the renewal plan for the core pipeline networks of the Kunijima WTP under the effect of the Nankai Trough earthquake and then compared the current earthquake-resistance plan of Osaka City with three other cases in terms of cost-effectiveness. The expected water outage population in Osaka City in the current plan under the earthquake was approximately three times higher than that in Case 2. Moreover, while the renewal cost for the current plan of Osaka City was as high as JPY 3500 million, the cost-effectiveness of this plan is fairly low. We concluded that the pipelines near the WTP that have not yet been made earthquake resistant in the current plan must be renewed immediately. Although the pipeline near the WTP has a low breaking rate, it distributes a large amount of water, which will lead to great numbers of water outage population. Thus, the renewal priority of the area of these pipelines is high. However, this model can underestimate or overestimate the water outage population in the following cases: (1) The amount of water in the upstream pipelines becomes smaller than 1/100 compared with that of normal cases due to the break of downstream pipelines, which expands the water outage area and (2) the direction of water flow in the loop pipeline network is reversed as an emergency response. Subsequently, water is supplied from the pipeline of the downstream area. In addition, if the pipelines at the end of the network do not have a loop structure, they are more likely to experience water outage because water cannot be supplied from other pipelines. This situation is considered to have a high priority for renewal.



This study deals only with pipelines and does not consider damage to facilities, such as WTPs and water distribution plants. However, when assessing the water outage rate in detail, considering cases in which these facilities are damaged should be necessary. In future research, it is also required to construct a more practical renewal plan considering the aging of pipelines. In this study, water demand was calculated from the maximum daily water supply though, the water demand fluctuates depending on the season and time zone in reality. However, since the water outage rate is calculated by the ratio of water demand and water supply, the water outage rate does not change.



Finally, we concluded that our approach can be applied to areas other than the water supply area of the Kunijima WTP to simulate pipeline renewal.
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Figure 1. The framework of the water outage population calculation model. The parallelogram and square boxes show the input and output data, respectively. 
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Figure 2. Sample calculation of the amount of water flow. Arrows, circles, and squares indicate the water flow, nodes, and areas where water is supplied, respectively. The lowercase “q” and uppercase “Q” indicate the amount of water that will be carried by each pipeline and that will eventually be supplied to each area, respectively. 
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Figure 3. Image of the Kunijima water treatment plant (WTP) network created according to the 100-year history of Osaka City Waterworks Bureau (1996) [32]. The color of each node and pipeline represents the population size and pipeline diameter, respectively. 
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Figure 4. The relationship between the distance to nodes from Kunijima WTP and (a) water outage rate (   P   D i     ) and (b) expected water outage population (  P o  p   D i     ) in the base case. The numbers in each graph correspond to those of nodes in Figure 3. The relationship of these three parameters is shown as a 3D graph in Figure S2 in Supplementary Materials. 






Figure 4. The relationship between the distance to nodes from Kunijima WTP and (a) water outage rate (   P   D i     ) and (b) expected water outage population (  P o  p   D i     ) in the base case. The numbers in each graph correspond to those of nodes in Figure 3. The relationship of these three parameters is shown as a 3D graph in Figure S2 in Supplementary Materials.



[image: Water 13 00572 g004]







[image: Water 13 00572 g005 550] 





Figure 5. The relationship between breaking rates of water pipelines and their (a) lengths and (b) diameters. The numbers in each graph correspond to those of pipelines in Figure 3. The relationship of these three parameters is shown as a 3D graph in Figure S3 in Supplementary Materials. 
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Figure 6. The relationship between water outage population (   P D   ) and renewal costs of water pipelines (  C S  ) that are required for the constructions for the earthquake-resistance countermeasures. 
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Table 1. Comparison of the current earthquake-resistance plan in Osaka City and the renewal cases.
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	Evaluation Index
	Osaka city
	Case 1 (75%)
	Case 2 (75%)
	Case 3 (75%)





	Expected water outage population
	29,952
	66,557
	8,219
	22,775



	Decrease in expected water outage population
	175,012
	138,407
	196,745
	182,189



	Renewal cost

(JPY 1000)
	25,265,786
	24,892,000
	21,511,202
	26,201,553



	Cost-effectiveness (/JPY 1000)
	0.00693
	0.00556
	0.00915
	0.00695
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Table 2. Correction factors of pipeline materials [30].






Table 2. Correction factors of pipeline materials [30].





	Pipeline Materials
	Correction Factor





	Ductile iron (without earthquake-resistant joints)
	0.3



	Ductile iron (with earthquake-resistant joints)
	0



	Cast iron
	1.0



	Vinyl chloride
	1.0



	Steel (with welding joints)
	0.3



	Asbestos cement
	1.2
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