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1. Introduction (brief summary of background of study, why the study, value addition, theoretical basis of the study) (0.5 page)
Water distribution networks are a major component of a water utility’s asset, and they account for up to 80% of the total expenditure involved in water supply systems.  However, they face a challenge of deterioration, an ongoing process as the system ages and the main cause of pipe failures caused by a combination of physical, environmental, and operational factors. This can cause social, environmental, and economic impacts. Currently, Non-Revenue Water in Uganda is at 30.73% and 33% in large and small towns, respectively which is higher than the 25% threshold accepted by WHO in developing economies. Therefore, the need for proactive approaches for management to ensure the systems operate satisfactorily, function efficiently, and continuously at low costs is highly recommended. To deal with these challenges, models are required to help (i) identify the most significant factors associated with pipe failures and (ii) predict pipe failure occurrences all of which can inform prioritization of rehabilitation schemes amidst limited budgets. Whereas some models have been recently developed, these have been done elsewhere and few have been undertaken in data scarce areas. This type of information is important in projecting budgetary requirements for system maintenance and rehabilitation, and the success of proactive pipe maintenance strategies. Also, identification of critical influence factors that affect the deterioration of water pipes is very vital to reduce the cost of data collection and risk of pipe failure by bearing in mind their importance during design and construction phases. Therefore, in this research, two deterioration and a rehabilitation model(s) were developed using the statistical binary and multinomial logistic regression methods based on the acquired historical data and risk assessment model, respectively. 

2. Methodology (approach used in the study) (0.5 page)
This study was conducted in Kampala, the capital city of Uganda. Historical pipe information spanning from the period of 1964 to 2017 was obtained from the National Water and Sewerage Corporation (NWSC) database. 55 pipelines with a nominal diameter of 150 – 300 mm and 84 pipe sections were selected.  Physical, environmental, and operational pipe attributes considered to affect pipe breakage were captured and included pipe material, installation year, number of failures, replacement costs, pipe location, soil type, distance from the road, depth, traffic impact, population density, number of customers, pressure rating, average system pressure, size of pipe, length, and its location.
[bookmark: _Hlk76636398]The pipe attributes were grouped into categorical (qualitative) and non-categorical (quantitative) variables. Anova was used to compare the significance for each of the qualitative variables to pipe failure by determining the difference between means. The relationship between the quantitative variables and pipe failure was measured using spearman’s correlation coefficient ( ρ ). The level of significance was defined at 0.05.
The useful life period, defined by a constant failure rate was determined and different ranges of break rates were developed based on the condition rating scale for water mains developed by (Al-Barqawi and Zayed, 2006). The condition of no failure was considered the reference variable in the binary and multinomial logistic regression methods to develop the models.
Model validation was done using holdout cross validation method. The data was randomly split into training set (60%) and testing set (40%). The model was fit to the training set and the actual and predicted values were compared to determine the accuracy of the model.
A rehabilitation model was developed using risk assessment. The assessment combined the identification of the degree of impact of critical factors (cost of repair, number of customers being served, population of the area, and traffic impact) and the probability of failure regarding risk of failure. The overall risk of failure (RSF) for each pipe in the water distribution system was determined and represents the likelihood of a pipe’s failure and it also signifies the precedence of the pipe over other water mains that require rehabilitation/replacement.
3. Results (>0.5 page)
Significance of variables in the dataset
A statistically significant difference in pipe failure according to soil type (F (2,122) = 8.237373, p < 0.001) was found while there was no statistically significant difference in pipe failure according to traffic impact (F (2, 80) = 0.33, p > 0.05). Soil type can predict pipe failure. Low, medium, or high traffic conditions would still cause failure hence traffic was not used to predict failure in pipes. 
Table 1. A summary of Anova results 
	Variables 
	'F'
	'Prob > F'

	Soil Type
	8.237373
	0.000441

	Traffic Impact
	0.33
	0.7172


Table 2. A summary of Spearman correlation coefficients and p-values
	Variables
	Pipe failure

	
	r
	p value

	Age (yrs.)
	-0.0651
	0.5563

	Average pressure (bars)
	0.1205
	0.2748

	Pipe size (mm)
	0.001
	0.994

	Depth (m)
	-0.0438
	0.6925

	Distance (m)
	0.1224
	0.2672


Pipe failure had a high negative correlation with pipe age, implying that pipe failure was more likely to happen during the initial installation age which decreased over time. However, this was not significant (p > 0.05). Similarly, the correlation between pipe failure and depth was negative (p = -0.043). Pipes buried deeper were less likely to fail than pipes buried closer to the soil surface. This was also not significant (p > 0.05). The correlation between pipe failure and average pressure, distance from the road and pipe size was positive, implying that pipe failure increased with increasing pressure, pipe size and distance from the road. However, this was not significant (p > 0.05). These findings are similar to Debón et al., (2010) that generally linked pipe failure to average pressure, pipe size, pipe depth and distance from the road.
Logistic deterioration models and validation
The binary logistic regression deterioration model developed is shown in Equation 1. 
In(p/(1-p)) = 2.76 + 0.09Average pressure - 2.56Depth - 0.39Distance + 0.01Pipe Size - 0.06Age………  (1)
An increase in the average system pressure and pipe diameter increases the chances of pipe failure. Pipe failure is 1.10 and 1.01 times likely to happen with an increase in average pressure and pipe diameter, respectively. 
An increase in pipe depth, distance from the road and pipe age reduces the chances of pipe failure. Pipe failure is 0.08, 0.67 and 0.94 times likely to happen with increasing pipe depth, distance from the road and pipe age, respectively. The finding on pipe age is similar since a negative coefficient was obtained (Vladeanu and Koo, 2015).
The multinomial logistic regression deterioration model developed is shown in Equation 2.
In(p/(1-p)) = 2.041 + 0.238 pressure - 2.934Depth - 0.348Distance + 0.013Pipe Size - 0.079Age ………………  (2)
An increase in the average system pressure and pipe diameter increases the chances of pipe failure. Pipe failure is 1.27 and 1.01 times likely to happen with an increase in average pressure and pipe diameter, respectively.
An increase in pipe depth, distance from the road and pipe age reduces the chances of pipe failure. Pipe failure is 0.05, 0.71 and 0.92 times likely to happen with increasing pipe depth, distance from the road and pipe age, respectively. 
According to the validation, the accuracy of the logistic models based on 84 data points is shown in Table 3 & 4. The training and test data set consisted of 50 and 34 data points respectively. Train and test accuracy represent the percentage difference between the actual field labels and the model label prediction for the train and test data sets respectively.
Table 3. Validation of binary logistic regression model 
	Parameter
	Values

	Train accuracy (%)
	86

	Test accuracy (%)
	76.5

	Predicted failure
	30

	True positive
	24

	True failure
	26

	Precision
	0.8

	Recall
	0.92

	F1 score
	0.86


Table 4. Validation of multinomial logistic regression model
	Parameter
	Values

	Train accuracy (%)
	44

	Test accuracy (%)
	46

	Predicted failure
	22

	True positive
	15

	True failure
	18

	Precision
	0.68

	Recall
	0.83

	F1 score
	0.75




Based on information from Table 3 and Table 4, the binary logistic regression deterioration model had an accuracy of 86% while the multinomial Logistic regression deterioration model had an accuracy of 75%, implying that the binary logistic regression deterioration model was better at predicting pipe failure. Pipe age is the most significant parameter for both the binary and multinominal logistic regression deterioration models with 10.33 and 11.05 as the greatest wald values. The two wald values are significant at α =0.05.

Rehabilitation model results
The rehabilitation model consisted of pipe sections of two different pipe sizes. Section A had a 250 mm pipe size and section B had a 300 mm pipe size. Table 5 shows the risk assessment model results. The impact criteria and assigned scores are defined in Table 2. 
Table5. Risk Assessment Model results
	Pipe section 
	Point
	Cost of repair
	Population
	No. Of customers
	Traffic impact
	IS score
	Probability of failure 
	Probability of failure x 10
	Risk of Failure Score

	Section A
	1
	5
	4
	2
	1
	12
	0.543
	5.43
	65

	
	2
	1
	4
	2
	4
	11
	0.615
	6.15
	68

	
	3
	5
	4
	2
	4
	15
	0.670
	6.70
	101

	
	4
	2
	4
	2
	4
	12
	0.670
	6.70
	80

	
	5
	5
	4
	2
	4
	15
	0.783
	7.83
	117

	
	6
	5
	4
	2
	3
	14
	0.843
	8.43
	118

	
	7
	5
	1
	1
	3
	10
	0.930
	9.30
	93

	Section B
	1
	5
	4
	3
	1
	13
	0.370
	3.70
	48

	
	2
	3
	4
	3
	3
	13
	0.206
	2.06
	27

	
	3
	5
	4
	3
	3
	15
	0.552
	5.52
	83

	
	4
	3
	4
	3
	1
	11
	0.742
	7.42
	82

	
	5
	5
	4
	3
	1
	13
	0.732
	7.32
	95


1Low Traffic Impact (1), Medium Traffic Impact (2 and 3), High Traffic Impact (4 and 5)
2Low Population (1), Medium Population (2 and 3), High Population (4 and 5)
Table 6. Risk of failure and risk level for rehabilitation 
	RFS VALUE
	RISK LEVEL

	<20
	Very Low

	20 to 70
	Low

	71 to 150
	Medium

	>151
	High


Based on Table 5, Section A6 will have highest priority because of the highest risk of failure score (118). The traffic impact for this section is medium and cost of repair is high. While section A7 has the highest probability of failure, the risk of failure is not greater than for section A6 because the number of customers are low and population level is low compared to section A6. Section A5 and A6 have approximately the same risk of failure. The difference is that the traffic impact and IS score is higher for section A5. This implies that regardless of the traffic impact and cost of repair, the population and number of customers are important factors in determining the risk of failure from which the priority of rehabilitation work is defined (see Table 6). The priority of rehabilitation depends on the risk of failure value, a high risk of failure value corresponds to high risk level hence high chances of prioritization of that pipe section during rehabilitation work (Table 6). Low risk of failure value corresponds to low risk level hence low chances of prioritization of that pipe section during rehabilitation works.
Section B2 will have the lowest priority because of the least risk of failure score (27). The traffic impact for this section is medium and cost of repair low. This section has the lowest probability of failure (see Table 5). Section B3 and B4 have approximately the same risk of failure. However, the difference is that section B4 has a lower cost of repair and IS score. Surprisingly, section B3 has a lower probability of failure than section B4 despite the higher traffic impact and IS score. It is likely that the cost of repair influences the risk of failure more than any other factors for these two sections.
4. Conclusion and recommendations (0.5 page)
The focus of this study was to develop a statistical prediction to pipe failure for a water utility in the developing world. The prediction of pipe failure was determined by both binary and multinomial logistic regression models. Further, the priority of rehabilitation for two pipe sections was defined hence a proactive approach where rehabilitation is assessed and scheduled is possible following the minimization of the reliance on a reactive approach to rehabilitate pipes that have failed. 
To achieve the research objectives (failure prediction of the urban water distribution pipes, provision of a rehabilitation strategy, identification of the factors that affect deterioration of pipes and their significance and assessment of the failure prediction models), two deterioration models, that is, binary and multinomial logistic regression models were developed using the available historical data for Kampala Water distribution network. The models were assessed/validated for predicting pipe failure using hold-out cross validation method, the significance of the factors/variables was also assessed using Anova, spearman’s ranking and, the P test and Wald test methods. A rehabilitation strategy was developed using a risk assessment model using four factors that affect the economics of rehabilitation (cost of impact, number of customers served, population and traffic impact). This type of information is important in projecting budgetary requirements for system maintenance and rehabilitation, and the success of proactive pipe maintenance strategies. 
Results showed that traffic could not be used in prediction of pipe failure because whether the traffic is low, medium or high, the pipes would still fail, however the failure rate is higher at junctions and intersections. Results also showed that pipe age is the most significant factor in the deterioration of water distribution pipes. 
The Hold out cross validation method showed that the Binary logistic regression deterioration model had a higher overall prediction efficiency (86%) that its counterpart with a percentage of 75%. From the rehabilitation strategy, it concluded that the pipe section Albert Kook-Muteesa 1 road junction to Lungunja had the highest risk of failure and therefore should be considered first during maintenance or rehabilitation. 
Recommendations
Categorical variables like soil type and pipe material should be investigated and gathered to understand further WDS deterioration mechanism and, consequently, to develop a more effective model. Also, another method of data clustering using different percentages for training and test data to confirm the difference in the effect of pressure on pipe failure is needed.
I also recommend that more training and workshops should be held on how to write research papers for the next CAWESDEA Internship Programme. 

5. Experience/lessons learnt in the CAWESDEA internship programme (>0.5 page)
I learnt how statistical modeling using the logistic regression methods is done. At undergraduate level, modelling is not taught however this internship programme has given me a chance to learn. This has also improved my CV greatly with an added skill and experience. 
I have learnt how to write research papers. It wasn’t an easy process given the fact that my paper was bounced more than twice with tedious corrections and adjustments to be made to it. However, this helped me learnt how the writing and publishing is done and the minimum requirements to be met. 
The programme took longer than expected as the contract period was six months due to unavoidable circumstances majorly the Covid -19 pandemic which came with lockdowns being implemented. This affected the research process as we were home not knowing what next. At some point, I thought the project would be stopped, fortunately it wasn’t. 
I made new friends from this internship programme not only from Uganda but also from Kenya and Tanzania. This has enabled us to keep tract of the project progress and to also share knowledge especially during the project zoom meetings that were being held by the coordinators. 
Balancing the workplace load and the CAWESDEA research project was not an easy process. I had to priotize and ensure that I delivered on both sides. This has taught me how to multi task and meet deadlines.  
The CAWESDEA internship programme has generally been a great experience for me and I hope to be part of the next programme that shall be organized. I thank Global Water Partnership Tanzania and Makerere University for having given me such a great opportunity to be part of this project, and the coordinators for having guided and supported me during this period.  
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