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1. Introduction

Over time, underground water supply pipes which installed for 
efficiency and safety of water supply tend to deteriorate, due 
to various static, dynamic, and operational factors [1]. The static 
factors such as pipe diameter and soil characteristics are the 
conditions that do not change after the installation, the dynamic 
factors such as loadings and pipe age are the conditions that 
change after the installation. The operational factors such as 
water pressure and cathodic protection state that can be changed 
by the water pipe management method. Therefore, over a long 
period of time, all countries with buried water supply pipes 
will inevitably experience problems related to pipe deterioration. 
If an old deteriorated pipe is left as it is, the problems that can 
occur include poor water quality, increased friction/pressure loss, 
pipe breakage and leakage to mention a few. To solve these prob-
lems, it is necessary to replace, rehabilitate, or repair the aged 
pipe in a timely manner. 

Table 1 shows the methodologies used by previous studies for 
estimating the pipe renewal period. These methodologies largely 
predict the pipe useful life from a physical point of view, which 

estimates the point at which the useful life is exhausted to the 
renewal/replacement point, and predicts the pipe breakage rate 
from a statistical point of view. The method estimates the renew-
al period as the point in time when the failure rate exceeds 
the critical failure rate, or the time that minimizes the life 
cycle cost. 

If the cost of renewing the water supply pipe and the benefits 
resulting from the pipe renewal can be quantified as a monetary 
value, the renewal period can be calculated by analyzing the 
economic evaluation of the pipe renewal. Table 2 shows previous 
studies that used an economic perspective to determine the 
pipe renewal period based on a monetary benefit-cost analysis. 

In particular, when a conveyance and transmission pipe is 
composed of a single line, the damage from a pipe failure can 
be considerably large. However, as the cost of renewing a 
large-diameter pipe is substantial, it is necessary to determine 
the appropriate renewal period. As can be seen from the pre-
sented studies, there are various ways to estimate the appropriate 
pipe renewal time. Among the various methods, the physical 
approach is based on an actual diagnosis of the pipe. Therefore, 
this can be considered the most accurate way to calculate the 
renewal point. However, if insufficient data are available for analysis, 

Environ. Eng. Res. 2019; 24(1): 63-73 pISSN 1226-1025
https://doi.org/10.4491/eer.2017.188 eISSN 2005-968X

Economic-based approach for predicting optimal water pipe 
renewal period based on risk and failure rate
Kibum Kim1, Jeewon Seo1, Jinseok Hyung1, Taehyeon Kim1, Jaehag Kim2, Jayong Koo1†

1Department of Environmental Engineering, University of Seoul, Seoul 02504, Republic of Korea 
2Metropolitan Water Supply Construction Office, K-water, Yongin 16935, Republic of Korea

ABSTRACT
This study suggests a method for calculating the benefits of water pipe renewal based on an estimate of the water supply suspension risk. 
The proposed method based on five benefit items is more direct and specific than other benefit estimation methods. In addition, a methodology 
evaluating the economics of pipe renewal based on pipe failure rate is proposed for estimating the optimal renewal point from an economic 
perspective. By estimating the optimal renewal period based on a yearly benefit cost ratio per pipe in a case study area, it was possible 
to draft an optimal renewal plan for the subject region from an economic perspective. Compared with other methodologies, a reasonable 
optimal renewal period was derived from an economic point of view. The result of this study may be used to develop future water pipe 
renewal plans. Moreover, the proposed methodologies and results derived from this study can be applied to asset management plans.

Keywords: Economic evaluation, Optimal renewal period, Pipeline renewal, Water suspension

This is an Open Access article distributed under the terms 
of the Creative Commons Attribution Non-Commercial License 
(http://creativecommons.org/licenses/by-nc/3.0/) which per-

mits unrestricted non-commercial use, distribution, and reproduction in any 
medium, provided the original work is properly cited.

Copyright © 2019 Korean Society of Environmental Engineers

Received November 21, 2017  Accepted May 30, 2018

† Corresponding author
Email: jykoo@uos.ac.kr
Tel: +82-2-6490-2866   Fax: +82-2-5460-5465



Kibum Kim et al.

64

distorted analysis results may be derived. Consequently, it is appro-
priate to use statistical and economical approaches when in-
sufficient data for analysis are available. 

In order to understand the economic feasibility of renewing 
a pipe, a methodology is needed to quantitatively estimate the 
benefits that would result from the renewal. Gaewski and Blaha 
[21] and Liu et al. [22] methodologies for quantifying the renewal 
benefits are suggested. However, they only present benefit items 
that are generated according to the renewal; no specific method 
is given for calculating the benefits. In addition, as in the case 
of Kim et al. [23], the benefits derived from a consumer’s willingness 
to pay are typically based on survey results. Unfortunately, these 

results can be affected by the period and region in which the 
survey was conducted. Consequently, water pipes located in rela-
tively poorer regions may increase the benefit-cost ratio, thereby 
making the pipe renewal benefits seem uneconomic.

The benefits generated by renewing a pipe can be said to be 
the same as the damage that occurs when the pipe is not renewed. 
In addition, the benefits generated through the renewal can be defined 
by quantifying the effect of the renewal on the monetary value.

Here, the risk of pipe failure can be estimated by multiplying 
the failure frequency by the damage caused by the failure. The 
monetary value of the risk can be used to quantify the damage 
caused by the pipe failure. 

Table 1. Previous Studies on Finding the Renewal Period and Residual Life of Pipe

Method Characteristics Reference

Physical/
mechanistic 

approach

Prediction of remaining pipe thickness 
and residual structural resistance

A corrosion-depth prediction model was used to predict the residual 
life of the pipe (Two-phase model). 

[2, 3]

Prediction of pipe safety factor
The pipes useful life was determined using the SF (Safety Factor) 
between the stress acting on the pipe and the residual strength. 

[4, 5]

Prediction of pipe corrosion rate
A corrosion-depth prediction model was used to predict the residual 
life of the pipe (Non-linear regression model). 

 [6]

Prediction of pipe corrosion
The useful life expectancy of the pipe was predicted by a risk 
assessment based on the corrosion depth prediction. 

 [7]

Prediction of pipe safety factor
The useful life of the pipe was determined using the FoS (Factor 
of Safety) between the stress (hoop stress, axial stress) and the residual 
strength. 

 [8]

Statistical/
empirical 
approach

Prediction of breakage frequency
A time exponential breakage frequency prediction model was used 
to determine the optimal replacement period. 

 [9, 10]

Survival analysis by pipe failure
The useful life of the pipe was determined using the survival rate 
based on the Herz probability distribution.

[11, 12]

Genetic algorithm for minimizing the life 
cycle cost

An optimal renewal period was found that minimized the expected 
renewal and damage costs using a genetic algorithm.

[13-15]

Dynamic programming for minimizing 
life cycle cost

An optimal renewal period was found that minimized the expected 
renewal and damage costs using a dynamic programming

 [16]

Prediction of breakage frequency
The threshold breakage rake was found by using a time 
exponential-linear breakage frequency prediction model. 

 [17]

Prediction of breakage frequency
The optimal replacement period was found by using a 
non-homogeneous Poisson process for predicting the pipe breakage 
frequency. 

 [18]

Table 2. Previous Studies for Finding the Renewal Period from an Economic Perspective

Method Characteristics Reference

Benefit-
cost analysis

Calculation of benefit-cost ratio
The authors suggested that it is economically feasible to replace 
a pipe when the benefit-cost ratio exceeds a predetermined level. 

 [19]

Calculation of the allowable failure from 
a net present value

A benefit-cost analysis was conducted to derive the number of 
allowable failures, followed by replacing the pipe, if the pipe exceeded 
the number of allowable failures. 

 [20]

Method for calculating the damage cost 
from a pipe failure

Various damage items that may occur due to the pipe failure are 
suggested. 

 [21, 22]

Calculation of benefit-cost ratio
A methodology for economic evaluation (benefit-cost analysis) is 
proposed based on the contingent valuation method. 

 [23]
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Comprehensively, the purpose of this study is to develop a 
specific method for estimating the benefits of pipe renewal and 
to determine the renewal timing from an economic point of view. 
The objectives of this study are summarized as follows:

1) Develop a risk-based direct benefit measurement model for 
renewing pipes.

2) Develop a model for deriving the optimum pipe renewal 
point through annual economic evaluations.

3) Conduct a case study using the developed model. 

2. Methodology

The method proposed in this study is shown in Fig. 1. After calculat-
ing the benefits and costs, respectively, an economic analysis was 
performed. Here, a substitution cost method based on the water 
suspension risk, which can be considered a direct method, was 
used to calculate the renewal benefits. The renewal costs were 
calculated by considering the unit cost of the renewal. The next 
step was to conduct a yearly economic evaluation; finally, an 
optimal renewal period was estimated.

Fig. 1. Method proposed in this study.

2.1. Benefits of Pipeline Renewal

Damage, including pipe failure, can occur when deteriorated water 
pipes are not renewed; this means that renewing pipes can reduce 
the amount of damage that would otherwise occur. In this study, 
the expected damage from a single case of pipe failure was calculated, 
and the benefits of renewal were derived by estimating the number 
of failures that would be prevented by renewing the pipes. 

There are various benefits for renewing a deteriorated pipe, 
such as reducing the repair cost, reducing the suspension damage 
cost, reducing the energy needed to run the pump station, reducing 
the legal and labor costs, increasing the water quality, and increas-
ing the credibility of water service providers [21-23].

The benefits that result from renewing water pipes vary 
considerably. This study selects the following five specific areas 
of benefits that can be converted to monetary values to be quantita-
tively examined and evaluated using a direct methodology. Here’s 
a limitation of this study. First, Because of data limitations, this 
study didn’t consider the benefits associated with energy reduction. 

However, an energy reduction cost due to the pipe renewal is 
clearly generated. Second, too much friction/pressure loss can 
cause a pipe to be replaced, and increasing or decreasing water 
demands can also require replacing a pipe with one of the appro-
priate diameter. This study did not consider these issues, research 
related to these issues is necessary to specify the benefit more.

Each item was calculated according to the respective formula 
presented as follows: 

• Benefit from a reduction of the repair cost for a pipe failure 
(BRR)

    ×  ×  (1)

• Benefit from avoiding the damage cost of a living water suspen-
sion (BDL)

    ×  ×  ×  ×  (2)

• Benefit from avoiding the damage cost by of a commercial 
water suspension (BDC)

    ×  ×  × 

 ×  ×   (3)

• Benefit from avoiding the damage cost by of an industrial 
water suspension (BDI)

    ×  × ×  (4)

• Benefit from a reduction in social cost (BRS) _ if the pipe 
is buried under a road

    ×  ×  ×  (5)

Replacing a deteriorated pipe with a new one will result in 
a relatively low probability of failure. This will also reduce the 
cost of repairing a failure. BRR is considered a benefit in reducing 
the failure repair cost. 

If the probability of failure is reduced, the number of water 
suspensions due to pipe failure also decreases. BDL, BDC, and 
BDI show the benefits of lowering the number of living, commercial, 
and industrial water suspensions, respectively. To calculate the 
benefit for a BDL, the number of failures that could be reduced 
was multiplied by the number of people affected by the suspension, 
the suspension hours, and the substitution cost. Here, the sub-
stitution cost is derived from the cost of replacing food and beverage 
water and washing water for the suspension time. In the BDC 
case, the cost of adding purified water to the reservoir and store 
was defined as the substitution cost. In the BDI case, the marginal 
production value of the industrial water was defined as the sub-
stitution cost, and the benefits were calculated. 

The social benefit was calculated as the traffic-jam reduction 
benefit. Vehicles that pass along the road during a failure will 
have a reduced movement speed. The benefit is calculated by 
the cost of damage caused by the traffic congestion, as calculated 
in the report shown in Table 3 [27].
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To calculate and predict the benefit, as shown in Eq. (1) to 
(5), the pipeline failure rate needs to be predicted. As described 
in Eq. (6), the future failure rate was predicted, based on the 
failure function of the Cohort Survival Model [11]. This failure 
rate model utilizes statistical methodologies to estimate future 
pipe conditions over predetermined amounts of time, based on 
an analysis of the pipe’s current condition [12]. To build a stand-
ardized model of a pipe’s failure history, the failure history of 
the national multi-regional water supply of the Republic of Korea 
(Korea) during 1980-2015 was used [28]. The coefficient of the 
model function was derived by non-linear regression analysis per-
formed using the SPSS statistics software version 24.0 (IBM 
Corporation). 

 
 

 

･

(6)

The water suspension time (ts), the number of people who 
experience suspension (PS) in Eq. (2) and Eq. (3), the amount 
of commercial water usage (WUc) in Eq. (3), and the water supply 
shortage (SQ) in Eq. (4) are calculated by hydraulic analysis. 
The hydraulic analysis for a pipeline network can be classified 
as either a demand-driven analysis (DDA) or a pressure-driven 
analysis (PDA). The PDA methodology simulates the nodal out-
flow considering the hydraulic pressure of each node. When 
conducting a PDA, the head and amount of available water supply 
would be obtained [29]. In this study, the population affected 
by a water supply suspension, and the period of time over which 
it occurred, was calculated using the PDA module of the 
WaterGEMS program. This calculation took into consideration 
the relationship between available the demand and the required 

demand, and the reservoir retention volume at the point of failure 
of each pipe. The power function introduced by Wagner et al. 
[30], described in Eq. (7), was used to conduct the PDA hydraulic 
analysis. The value of n was generally set to 0.5. The threshold 
pressure was set to the normal reservoir level when no failure 
has occurred. 
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2.2. Cost for Pipeline Renewal

Kim et al.’s methodology [23] was used to calculate the renewal 
cost. The costs were divided into construction costs, which can 
be further divided into construction costs, incidental expenses, 
and land acquisition costs, and other extra costs. The investigation 
cost (1.0% of the construction cost), design cost (1.0% of the con-
struction cost), and management cost (5.0% of the construction 
cost) are composed of incidental expenses. 

This study considered the fact that the water supply might 
not be sufficient for the time required to renew a large-diameter 
pipe composed of a single line. It is assumed that a dual-line 
pipe corresponding to 70% of the supply quantity, which can 
deliver the daily average quantity, was also installed together when 
renew the pipe.

The basic per-unit construction cost was set according to the 
pipe diameter and pipe material, as this is the most widely used 
approach in Korea. To consider price increases over time, an in-

Table 3. Substitution Costs for Calculating the Benefit

Detailed cost item Applied value Reference

RC
Applied differently according to the pipe diameter 
(Table 4)

MOLIT (Korea Ministry of Land, Infrastructure and 
Transport) [24]

PS, ts, WUc, SQ Used the hydraulic analysis results

SC 74,475 KRW 
MOLIT (Korea Ministry of Land, Infrastructure and 
Transport) [24]

DC 12,200 KRW MOLIT [24]

WCt 1,216 KRW MOE (Korea Ministry of Environment) [25]

VMP 9,948 KRW/m3 KDI (Korea Development Institute) [26]

TJC 234,000 KRW/h KOTI (Korea Transport Institute) [27]

* The Korea Republic Won (KRW) is the currency unit of South Korea. One United States Dollar (USD) is equivalent to 1,075 KRW 
(27 March 2018).

Table 4. Standard Repair Cost

Diameter (mm) Road (1,000 KRW) Other (1,000 KRW) Diameter (mm) Road (1,000 KRW) Other (1,000 KRW)

Below 300 12,149 5,685 600 19,467 11,413

300 12,952 6,270 700 22,081 13,571

400 15,098 7,957 800 25,341 16,342

500 17,205 9,610 900 28,600 22,113
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flation rate of 2.0% was applied to the construction cost per pipe 
diameter. The duration of a pipe renewal is assumed to be one 
year. 

2.3. Annual Economic Evaluation for Pipeline Renewal

Much like many previous analyses, an economic evaluation in-
dicator was provided via the benefit-to-cost ratio (B/C) defined 
in Eq. (8). The time frame for analysis was 45 y, with a social 
discount rate of 5.5% being applied during the first 30 y; the 
social discount rate was reduced to 4.5% for the remaining 15 
y. The benefits were calculated as a cost per failure basis. Thus, 
although the accumulated benefit, i.e., monetary cost reduction, 
of performing pipe renewal at each point of failure differed accord-
ing to the point of analysis, the benefit of preventing a pipe failure 
did not vary, because the monetary cost was a fixed at a flat 
price for each year. All remaining factors used in the benefit-cost 
function were set as described in previous studies [23].

 ∑  




∑  





(8)

3. Results of Case Study

3.1. Failure Rate Prediction Model

In this study, the failure rate prediction model was developed 
for steel pipe (SP) and ductile cast iron pipe (DCIP) where data 
can be obtained. The proposed method can be applied to other 
pipe materials also, when the actual failure histories are obtained. 

The failure rate was estimated in advance, as shown in Fig. 2 
and Fig. 3, to calculate the total benefit of the pipe renewal. The 
failure rate for DCIP was calculated as 0.3354 failures/km/y, which 
is lower than that for SP (0.4852 failures/km/y). The correlation 
coefficient of the SP model was 0.9193, DCIP model was 0.8704 
which means the model is statistically significant. 

This result was based on an investigation of failures occurring 
over a certain length of pipe. More specifically, the failure rate 
results were calculated using data from historical failures that 

Fig. 2. Failure rate prediction model for SP.

Fig. 3. Failure rate prediction model for DCIP.

raised concerns over a potential suspension of the water supply. 
As SP tends to be used more often than DCIP in Korea for larger 
diameter pipes, a water supply suspension caused by their failure 
would have a greater impact on the corresponding region. 
Considering this, the history of DCIP failures in this region has 
shown that few failures were not sufficiently large to threaten 
a water supply suspension. This is assumed to be the reason why 
the DCIP failure rate was found to be lower than that for SP. 

In summary, the analysis results at the present time show that 
the failure rate of DCIP is lower than that of SP; however, results 
of analysis based on new data accumulated in the future may 
lead to different results from the analysis results at present.

3.2. Description of Case Study Area and PDA Analysis

The subject of this case study is the “K” multi-regional water 
supply system depicted in Fig. 4. The multi-regional water supply 
in Region K supplies 68,732 m3/d of purified tap water to K City, 
an industrial city with about 250,000 residents in 2015. K City 
has two national industrial complexes related to the shipbuilding 
industry, depicted as S industry and D industry in Fig. 4. The 
SD2, and DM water supply areas are mainly residential areas and 
the IW water supply area is a concentration of tourist complexes. 
The YJ, SW water supply areas are densely packed shopping district 
areas. The other water supply areas cover the small-scale factories. 

Since the city specializes in shipbuilding and other industries 
related to the steel industry, many residents are concerned about 
that the transmission pipe consists of a single-line. The multi-re-
gional water supply pipe of Region K was installed over 30 years 
ago and has experienced 32 failures over its period in use. The 
total pipe length is 69.967 km. 

According to the law in Korea, a large-diameter water supply 
pipe should be regularly diagnosed for safety once every five years. 
The diagnostic results are expressed in five grades, as shown in 
Table 5. A safety diagnosis was conducted on the multi-regional 
water supply pipe of Region K in 2010. The result showed a Grade 
C for the pipes, indicating that they require replacement. As a 
result, measures have been taken to increase the amount of emer-
gency storage in the industrial area. However, the fundamental 
solution, renewing the pipe, has not been done.  
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Fig. 5 depicts the region that experiences water failure when 
Pipe A2 fails, and provides an estimate of the amount of damage. 
The results show that the SD1, SH, and SD2 supply areas are 
predicted to be severely affected by a suspension. The remaining 
supply areas are not predicted to experience any damage because 
of auxiliary services by a G purification plant and/or a reservoir. 
In addition, the total damage cost resulting from the Pipe A2 failure 
is estimated at 384,713,000 KRW (approximately $380,000).

3.3. Results of Benefit and Cost Determination in Case Study 
Area

As shown in Fig. 5, the benefits of renewing the other individual 
pipes were calculated. Based on the amount of suspended water, 

the cost of a single failure per major pipe (A2, B2, D2, M2), as 
determined by PDA, is presented in Table 6. Note that the failures 
of Pipes A2 and B2, located in the upper area of the supply pipe 
would result in a wider ranging suspension of the water supply; 
this implies an increased cost. However, water passing through 
Pipes A2 and B2 partially supplies industrial areas, which have 
a relatively high average water retention volume. Consequently, 
although a water supply suspension in industrial areas can result 
in moderate damage, suspension does not occur when Pipe A2 
or B2 fails. Thus, the BDI was set as 0. 

Because the failure rate and the extent of damage resulting 
from a water supply suspension are dependent on the individual 
pipe location within the pipeline network, the benefit cost ratio 
differed for each pipe. Pipes A2 and B2 showed higher benefits 

Fig. 4. Case study area (K multi-regional water supply).

Table 5. Grades for Diagnostic Results in Korea

Grade Pipe condition and safety measures

A No defects appeared. The possibility of durability degradation is low.

B
Some parts showed minor detects. The possibility of degradation and the performance level should be examined continuously, 
considering the external environmental conditions.

C
A wide range of parts were examined for minor defects. The safety performance of the entire pipe is not affected, and 
there is no inconvenience. However, the possibility of degradation and the performance level should be examined 
continuously, as some parts may require reinforcement, repair, rehabilitation or replacement.

D The performance level requires urgent renewal and might not be safe to use. 

E
Serious defects were found in a wide range of parts and the safety performance level will soon be threatened. Use 
should be discontinued immediately.
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than pipes D2 and M2. The D2 and M2 pipes are located at the 
end of the network, relative to the A2 and B2 pipes; thus, their 
costs are small because the absolute amount of suspension damage 
due to a water supply suspension is small. 

Fig. 6 and Fig. 7 show the total benefit and cost, respectively. 
Fig. 6 shows that the benefits of renewing Pipes A2 and B2 cease 
to increase after a certain period of time. Conversely, the costs 
associated with these pipes continue to increase over time as a 
result of inflation, as shown in Fig. 7. In terms of the benefit 
cost ratio for Pipes A2 and B2, as can be seen in Fig. 8, this 
ratio initially increases before reaching a peak and decreasing 
as the renewal period is delayed. 

Shamir and Howard [9], Shin et al [15], and Park and Loganathan 
[17] have used predictions that show infinite increases in future 
failure rates. The point at which the resulting benefits are greater 
than the cost is called the appropriate renewal period from an 
economic point of view. However, since this study utilizes the 
prediction result in which the future failure rate converges to 

Fig. 6. Annual forecasting of benefit results (Examples of Pipe A2, B2, 
D2, M2).

a certain value, the benefit increase converges from a certain 
point of time, while the cost increase continuously increased, 
and the benefit cost ratio is decreases after reaching the peak 
point. 

Fig. 5. Result of PDA (Example of A2 pipe failure).

Table 6. Damage Cost for One Failure (Examples of Pipe A2, B2, D2, M2)

Pipe Pipe material
Damage cost per one failure (1,000 KRW/1 failure) Total

(1,000 KRW / 1 failure)BRR BDL BDC BDI BRS

A2 SP 28,600 261,455 85,886 0 8,772 384,713

B2 SP 28,600 239,163 79,858 0 8,772 356,393

D2 DCIP 8,794 15,035 7,188 0 0 31,017

M2 DCIP 8,794 30,696 23,150 0 0 62,640
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Fig. 7. Annual forecasting of cost results (Examples of Pipe A2, B2, 
D2, M2).

Fig. 8. Annual forecasting of benefit cost ratio results (Examples of Pipe 
A2, B2, D2, M2).

3.4. Optimal Renewal Period of the Case Study Area 

This observation suggests that, from a purely economic perspective, 
it would be optimal to renew Pipe A2 in 2045, and Pipe B2 in 
2046. In addition, in the case of A2, it is reasonable from an economic 
point of view to implement renewals after 2033, because at that 
point, the benefit cost ratio of renewing A2 is more than 1.0.  

It should be noted that the decrease in the benefit cost ratio 
is because the failure rate estimation model used in this study 
shows the benefits associated with each pipe converging to some 
value after a certain period of time following the renewal. 

Fig. 8 shows that there is no economically feasible period to 
renew Pipes D2 and M2. Therefore, their optimal renewal time 
can be determined based on their service life. In this study, the 
service life of SP and DCIP was set to 40 y. To consider the optimal 
renewal period, Fig. 9 illustrates the optimal time for pipe renewal 
and an economically feasible renewal period for the individual 
pipelines of the multi-regional water supply of Region K. The 
results obtained from yearly benefit cost analyses indicated that, 
from an economics perspective, Systems D, H, M, and N required 
immediate renewal to maintain a sustainable water supply.

The A2 pipe is located at the upper part of the water supply, 
therefore it can be said that the damage range due to the pipe 
failure is relatively larger than others. The A2 pipe was installed 
in 2001, and the optimum renewal period derived from the sug-
gested method is 2045. At this time, the benefit cost ratio is 1.43. 

In Korea, the service life of water pipe is set to 30 y according 
to the law. If the A2 pipe is replaced in 2031, 30 y after the 

Fig. 9. Optimal time for renewal and economically feasible period (case study area).
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Fig. 10. Safety factor prediction of A2 pipe.

installation, the benefit cost ratio is 0.91 which is smaller than 
1.0. That is, the cost of renewal is larger than the benefit. 

The follwing is the prediction result of renewal period of A2 
pipe using the safety factor proposed by Deb et al. [4]. Depending 
on the method by Deb et al. [4], which considering the stress 
acting on pipe and residual strength, Fig. 10 shows the change 
in safety factor of A2 pipe over time. Here, the stress was obtained 
based on the results of the safety diagnosis conducted in 2010. 
And the remaining strength of pipe was calculated using the rela-
tional equation between the corrosion rate of pipe and residual 
strength as shown in Eq. (9) proposed by Bae et al. [6]. The corrosion 
rate of pipe was calculated by the expected results of the corrosion 
depth by pipe age and pipe thichness. Kim [31] developed a 
corrosion depth prediction model using the results of the safety 
diagnosis of the large-diameter pipes in Korea. This study used 
a corrosion depth prediction model developed by Kim [31] as 
shown in Eq. (10). 

  ×   (9)

    ･ ･ ･ ･
･ (10)

In general, if the safety factor is less than 1.0, then the proper 
renewal period of the A2 pipe is 2050. The benefit cost ratio 
for replacing the A2 pipe in 2050 is 1.35. 

Table 7 shows the result of finding renewal period by three 
methods (using service life, using physical method, using proposed 
method). From the economic perspective, the proposed method 
in this study showed the most reasonable results. 

3.5. Optimal Renewal Period of the Case Study Area under 
Water Demand Changes

As described in Methodology, this case study did not consider 
changes in the water demand. However, as can be seen from Balogun 

et al.’ study [32], an increase or decrease in the water demand 
may require a pipe renewal, irrespective of the economic efficiency. 
Changes in water demand should be considered when establishing 
a renewal plan. 

The followings are the results of estimating the optimal renewal 
period when the water demand in the case study area from 80% 
to 120% of the current water demand. The current capacity of 
each reservoir is assumed to be unchanged. The results for the 
major pipe A2 and M2 are shown in Fig. 11 and Fig. 12. 

As can be seen in Fig. 11, the optimal renewal period of water 
pipe was not related to the water demand changes. That is, the 
point at which the benefit cost ratio is maximum is fixed. This 
can be attributed to the convergence of the pipe failure prediction 
model used in this study. 

However, the reasonable renewal period, the benefit cost ratio 
is larger than 1.0, was changed by water demand. If the amount 
of water demand is large, the damage range due to pipe failure 
is large. Therefore, as water demand increase, the benefit become 
larger. Since the size of the benefit changes in fixed costs, it can 
be understood that the appropriate renewal period also changes. 

Fig. 11. Optimal renewal period of A2 pipe by water demand.

Fig. 12. Optimal renewal period of M2 pipe by water demand.

Table 7. Comparison of Results of Finding Renewal Period (Example of pipe A2)

Method
Optimal renewal 

period
Renewal cost in renewal period 

(1,000 KRW)
Total benefits after renewal from 

renewal period (1,000 KRW)
Benefit cost 

ratio

Using service life 2031 193,371 212,994 0.91

Using physical method 2050 418,617 310,293 1.35

Using proposed method 2045 401,448 281,042 1.43
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Fig. 13. Optimal renewal period of A2 pipe considering future demand 
increase by development project.

Fig. 13 compares increasing water demand according to an actual 
development plans in case study area and not considering the 
development plans. From 2020 to 2030, there will be 21 develop-
ment projects in case study area and amount of 36,000 people 
will expected to increase. As shown in Fig. 11, the optimal renewal 
period of the A2 pipe is independent of water usage. However, 
the reasonable period to make renewal was advanced from 2033 
to 2029. 

4. Conclusions

In this study, to determine an optimal pipe renewal period from 
an economic perspective, a methodology for calculating the benefit 
of pipe renewal and an economic evaluation was suggested. 

The key results and findings from this study were as follows:
1) Five risk-based benefit items for direct and specific benefit 

measurement model for renewing pipes were developed. The bene-
fits of water pipe renewal were determined by estimating the failure 
rate of individual pipes, and then using the results to evaluate 
the risk of water supply suspension by a PDA. The proposed meth-
odology was meaningful in that it embodied the benefits of pipe 
renewal.

2) Regarding the failure rate prediction, the correlation co-
efficient for the estimated and actual failure rates exceeded 0.85; 
this result indicates that the failure prediction model developed 
in this study yields results that are comparable to actual pipe 
failure trends. 

3) A model for deriving the optimum pipe renewal point through 
an annual economic evaluation was developed to determine an 
optimal pipe renewal period. Applying the developed model to 
the case study area confirmed the applicability of the model. 

By estimating the optimal renewal period based on a per-pipe 
yearly benefit cost ratio, it was possible to draft an economic-based 
optimal pipeline renewal plan for a particular region. Although 
the case study was conducted for the K region in Korea, it is 
believed that the methodology proposed in this study can be applied 
in all regions where the data used in this study can be obtained. 

Meanwhile, this study has the limitations, as described in meth-
odology related to data acquisition, additional research considered 
necessary for the relevant parts. 

Finding the optimum renewal period of water pipes can be 

said to be the core of water pipes asset management. Consequently, 
the methodology and results from this study can be applied to 
supplement and complement the development and maintenance 
of an asset management plan for pipeline maintenance.
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Nomenclature

FRWO pipeline failure rate without renewal (failure/km/y)
FRWI pipeline failure rate with renewal (failure/km/y)
L pipeline length (km),
RC repair cost per pipeline failure (KRW/failure)
PS people who experienced suspension (people)
ts water suspension time (h/failure)
SC substitution cost of living water per 1person (KRW/per-

son/d)
WUc amount of commercial water use (m3/d)
DC operation cost of water appendix vehicle (KRW/m3/fai-

lure)
WCt cost of tap water (KRW/m3)
SQ water supply shortage (m3/failure)
VMP value of marginal product (KRW/m3)
trr repair time (h)
TJC cost of traffic jam (KRW/h/failure)
FRi pipeline failure rate of pipe material i (failure/km/y)

(i=1 : SP,  i=2 : DCIP)
ai aging factor of pipe material i (y-1)
bi aging factor of pipe material i (y-1)
ci Retention time of pipe material i (y)
t Pipe age (y)
qj

avi available demand at node j (m3/d)
qj

req required demand at node j (m3/d)
Hj

avi head at node j (m)
Hj

min minimum head at node j (m)
Hj

des threshold head at node j (m)
Bt benefit at t year (KRW/y)
Ct cost at t year (KRW/y)
r social discount rate (%)
strength residual strength (N/m2)
Pc corrosion rate (%)
d coefficient
e coefficient
DSE corrosion depth (mm)
f1 pipe-soil potential difference(-mV)
f2 water contents (%)
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