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Application and performance evaluation of mass balance
method for real-time pipe burst detection in supply pipeline
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ABSTRACT

Water utilities are making various efforts to reduce water losses from water networks, and an essential part of them
is to recognize the moment when a pipe burst occurs during operation quickly. Several physics-based methods and data-driven
analysis are applied using real-time flow and pressure data measured through a SCADA system or smart meters, and
methodologies based on machining learning are currently widely studied. Water utilities should apply various approaches
together to increase pipe burst detection. The most intuitive and explainable water balance method and its procedure
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were presented in this study, and the applicability and detection performance were evaluated by applying this approach
to water supply pipelines. Based on these results, water utilities can establish a mass balance-based pipe burst detection
system, give a guideline for installing new flow meters, and set the detection parameters with expected performance.
The performance of the water balance analysis method is affected by the water network operation conditions, the
characteristics of the installed flow meter, and event data, so there is a limit to the general use of the results in all
sites. Therefore, water utilities should accumulate experience by applying the water balance method in more fields.

Key words: Pipe burst detection, Physics-based method, Mass balance method, Supply pipeline, Performance evaluation
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Fig. 1. Classification of leakage detection methods.
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Table 1. Advantage and disadvantage of operations-based methods

Category Method Advantage Disadvantage
- Steady state assumption
- Intuitive and simple - Long detection period
M 1
ass balance | Very sensitive - Unable to locate leaks
- Requiring all input and output flow data
Physics . - .
- Applicable with small data - Requiring accurate model
-based . . .
method Hydraulic model |- Low sampling frequency - Uncertainty of demand
- Leakage localization - Requiring continuous update
. - Requiring accurate model
. - High accuracy . .
Transient model . - High sampling frequency
- Leakage localization . :
- Computationally expensive
Statistical - Simple - High false alarm
analysis - Widely adopted - Requiring low autocorrelation
Data - - No deep understanding of network
. Prediction & . . e
driven e and operation - Requiring large historical data
. classification . .
analysis - Applicable to complicated network
Clustering - Unsupervised method - Requiring large data

Unable to consider trend
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Table 2. The application process of mass balance method

No Stage Detail

Determining analysis area considering closed system, real-time monitoring,
simplicity, and event simulation

1 Identifying analysis scope

2 Data Collection - Data collection through SCADA and smart meter

3 Data pre-processing - Missing and fault data treatment

Establishing mass balance model structure
Building mass balance |- Model accuracy assessment with MAE, MaxAE, MAPE, and RMSE

model - Residual analysis (stationary, auto correlation, normality) through visualization
and hypothesis test
- Event(historical, engineered test or synthetic) dataset generation
5 Evaluating model - Setting event detection parameter (thresholding value)
performance - Performance evaluation with FNR, FPR, minimum detectable pipe burst size,
completely detected pipe burst size, detection time
6 Implementation - Implementing the process into field
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Table 3. Data characteristics of applied pipe burst detection test

Type of dataset Pipe burst size [L/s] or [%)] Reference
9~32% Mounce et al. (2010)
Historical dataset 5% Palau et al. (2012)
4~83% Bakker et al. (2014)
5~7 L/s Mounce et al. (2007)
5~16% Romano et al. (2011, 2014)
. 10~50% Ye & Fenner (2014)
Engineered test dataset
13.3~23.1% Wu et al. (2016, 2018)
10~20% Huang et al. (2018)
2.79~13.51% Wang et al. (2020)
Synthetic dataset 5~10 L/s Misiunas et al. (2006)
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Fig. 2. Schematic diagram of selected supply pipeline.
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Table 4. Confusion matrix

Predicted class
Positive Negative
Positive True Positive (TP) False Negative (FN)
Actual class - — -
Negative False Positive (FP) True Negative (TN)

Table 5. Performance metrics for pipe burst detection methods

Category Metric Definition or equation
TP+ TN
Accuracy TP+ FN+ FP + TN
. TP
Precision TP+ FP
Recall or sensitivity TP
(true positive rate, TPR) TP+ FN
Specificity TN
(true negative rate, TNR) IN + FP
CorTfuswn False negative rate FN
matrix-based (type 1 error) TP+ FN
False positive rate FP
(type 11 error) FP+ IN
27P

F1-score

27TP+ FN+ FP

Receiver operating characteristic
(ROC) curve

- Plot of the true positive rate against the false positive rate

Area under the curve (AUC)

- Area under the ROC curve

Minimum detectable pipe burst size

- Smallest pipe burst flow rate that can be detected by the

(MDBS) proposed method
Non-confusion | Completely detected pipe burst size |- Biggest pipe burst flow rate that can be completely
matrix-based (CDBS) detected by the proposed method

Detection time
(or average detection time)

- Elapsed time between the beginning of a pipe burst and
its detection

23ttt g EFdqES B8kl A e = (accuracy),
AW &= (precision), Q17T &= (sensitivity), E-©] X (specificity)
¢} o] melo] AlA AMSyt sl HEsE A E
el = A 72} ¢S4 E(false negative rate), £
E(false positive rate)¥} Zro] gl ¢ 7FE YEME= A
o] AlgEh Adutrog Tuldziz] B2 A A
o] Arglo|| Hla|| WabEat| 7l Aol A I
AEEL HE Art wEE 247 Ack of
osl7] SJa) AU=e} wiztEol x3hE el Fl
scores 2517 ol 1|l AAAHQ A5

ERNZ] $J3] ROC(Receiver Operating Characteristic)
curve®} AUC(Area Under the Curve)S #-& 4~ Qlth

}
A
=

3=
A
S

(it ﬁi m]
Ho

r

ol

=

H| & 718k IE% AAE o] ZHA|gk o= Sl
o g gFe euels AauAgSTtE
(minimum detectable pipe burst size), T 7t ©]A9]
Ase 100% AT S b LAAFERL

L

s3E
}

(completely detected pipe burst size), “12] 3l }g=of A
DA 7A A= A7kl ZFA| A 7Hdetection time)©] Q)Th

AFAEL Tl = (Bakker et al, 2014; Jung et al.,
2015; Loureiro et al., 2016; Wu et al.,, 2016; Huang et
al., 2018; Ahn and Jung, 2019; Wang et al., 2020; Wu
and Liu, 2020) 994 E(Bakker et al., 2014; Loureiro
et al.,, 2016; Wu et al., 2016; Huang et al., 2018; Ahn
and Jung, 2019; Wang et al., 2020; Wu and Liu, 2020)
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Table 6. Performance metric values of mass balance models with different sampling interval

Metric ot 10 min 20 min 30 min 40 min 60 min 120 min
MAE [m®/hr] 5,817 3,912 2,461 1,558 1,274 856
MaxAE [m*/hr] 22,783 14,883 7,626 6,231 4,542 2,778
MAPE [%] 7.35 4.93 3.09 1.96 1.60 1.08
RMSE [m%/hr] 7,525 4,904 3,069 1,945 1,559 1,070
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(b) auto correlation

. 3. Residual plot and auto correlation function of 30 minute time interval model.

o
Theorscal quanies

(a) Residual histogram (b) P-P plot
Fig. 4. Residual histogram and P-P plot of 30 minute time interval model.
Table 7. P-value and statistics of mass balance model with different time interval
Category Test 10 min 20 min 30 min 40 min 60 min 120 min
. ADF 0.00 0.01 0.01 0.02 0.02 0.04
Stationary
KPSS 0.01 0.01 0.01 0.01 0.02 0.04
Auto correlation Durbin-Watson 2.34 3.37 2.95 2.11 2.07 1.62
Normality Sapiro-Wilk 0.00 0.00 0.00 0.60 0.11 0.14
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Table 8. Normal and burst cases according to thresholding value
Normal case Burst case
( %LZT];/] z | Totl TN FP FPR TP FN FNR | ;&D 71:‘S><l ( %Engﬂ
AN | () | GIE) | R | o) | s | .

) | T
1,000 1,488 408 1,080 72.6 1,349 139 9.3 592 10,528
2,000 1,488 630 858 57.7 1,206 282 19.0 592 10,528
3,000 1,488 943 545 36.6 1,060 428 28.8 592 10,528
4,000 1,488 1,199 289 19.4 877 611 41.1 592 11,216
5,000 1,488 1,319 169 11.4 719 769 51.7 592 11,776
6,000 1,488 1,399 89 6.0 535 953 64.0 1,408 11,776
7,000 1,488 1,459 29 1.9 398 1,090 73.3 1,904 11,776
8,000 1,488 1,478 10 0.7 278 1,210 81.3 2,608 11,840
9,000 1,488 1,483 5 0.3 192 1,296 87.1 3,504 11,840
10,000 1,488 1,487 1 0.1 110 1,378 92.6 4,336 11,840
11,000 1,488 1,488 0 0.0 60 1,428 96.0 5,008 11,840
12,000 1,488 1,488 0 0.0 28 1,460 98.1 6,624 12,224
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