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Abstract

:

This study aims to model the performance of sewage networks under diverse blockage situations in terms of overflow occurrence using internet-of-things-based technologies in Hong Kong. To this end, a multi-stage methodological approach is employed, starting from collecting required data using smart sensors, utilizing novel data mining techniques, and using a case study simulation. From the results obtained, the following conclusions are drawn: (1) several sites under investigation are imbued with partial blockages, (2) the overall performance of the sewer network has a nonlinear relationship with the blockages in terms of the remaining time to overflow, (3) in cases of complete blockages, the sewer only takes few minutes to reach the manhole cover level that causes the system to experience overflow, and (4) cleaning work significantly improve the performance of the sewage network by 86%. The outcomes of this study provide a solid foundation for the concerned environmental engineers and decision-makers towards reducing the magnitude of sewer overflow and improving different aspects of our environment.
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1. Introduction


1.1. Background


Sewer networks are infrastructure that transport sewage and/or storm runoff to wastewater treatment plants (WWTP) and prevent flooding in urban areas. In general, there are two types of sewer networks: separated and combined. Regardless of the type of sewer network systems employed in a municipality, there is a need for continuous monitoring of the performance of such systems as part of urban infrastructure sustainability. The performance of a sewer network system is affected by defects, such as broken pipes and pipe blockage, rainwater runoff, lack of power or failure of pumps, corrosion, and deterioration of sewer materials [1,2,3,4]. In this regard, blockage situations are the most frequent form of operational failure in sewer systems [5], which can generally cause a major system problem ranging from sewer breakdown and plant failure, resulting in flooding, which will lead to other infrastructure failures, traffic disruption, and issues in health and safety [6]. Furthermore, the complex nature of randomly occurring sewage failures resulting from blockages significantly adds to the operation and maintenance cost [7]. Generally, there are two cases of blockage within sewer networks, partial and complete blockage; these two cases can differ in their effect based on the flow of wastewater within the network. In the worst case, it can lead to an overflow in a very short time. Therefore, sewage network management and continuous performance evaluation have become necessary to ensure the required service levels at an acceptable cost [7].



Much of the previous research focused on finding the causes of blockages in the sewage system. The result of Arthur et al.’s [6] research was the general factors that indicate that a single pipe is increasingly prone to blocking. The most important signs suggested indicating blockage situations include: (i) the case of extra charge, which occurs when the sewage inside the pipe becomes pressurized, often when the sewage depth is greater than the level of the outlet pipe. In most cases, this means that an overflow situation will occur here; (ii) if the sewage velocities in the pipes fail to meet the requirements for self-cleaning; (iii) if the pipe is placed with a slope less than 1: the tube diameter (mm) for self-cleaning purposes or not; (iv) if the output pipe receives a disproportionately large direct input; and (v) if the pipe size is less than 225 mm, as this will increase the possibility of a blockage in this pipe. It has been suggested that significant factors closely related to the increased incidence of sewer blockage include pipe age, diameter, material, length, gradient/slope, sag, intrusion of tree roots, human behavioral patterns, and construction quality [8]. It has also been found that increased amounts of fats, oils, and greases discharged into sewage systems can trap and accumulate sediment on sewer beds, leading to fatberg formations [9,10]. Additionally, Rodríguez et al. [11] demonstrate that hydraulic deterioration of sewage systems, among other factors, arises from sediment build-up. An indicator of this process is the presence of sediment-related blockages in sewage pipelines. Others concluded that many sewage pipes designed without self-cleaning (recleaning criteria) were observed to suffer more clogs compared to sewage pipes designed with minimum self-cleaning velocity requirements [12,13,14,15].



In another direction, some researchers focused on developing a blockages prediction model, such as using a Poisson process modeling framework modified by Markov chain to predict blockages in terms of pipe physical features and sewer condition [5], and using a polynomial regression model with six major pipe features (i.e., diameter, age, length, slope, material, and function) which would find the number of blockages per kilometer and per year [16].




1.2. The Internet of Things Applications in Drainage Systems


The Internet of Things (IoT) concept is mainly a network of devices connected or enabled with high-definition techs, software, sensors, or electronic chips connected directly to the internet network as a flow process of sending and collecting data Pingle et al. [17]. There is a minority of papers that focus on the implementation of the IoT concept for sewage network management specifically. Priyanka et al. [18] introduced a platform for controlling flow and pressure in fluid pipelines based on Integrated IoT holds SCADA with LQR-PID controller as a local control unit. Bhaskaran et al. [19] proposed a detailed methodology combining the previous system with IoT as monitoring using this concept is highly desirable regarding the emergence of internet applications and the new era of information digitalization, and by default, the IoT concepts generally apply to pipeline inspection by connecting the detecting sensors. Generally, the application of the IoT concept regarding pipeline inspection is by linking the readable data from the sensors with cloud storage scans that facilitate the process of transmitting and receiving data. In Ramadhin et al. [20], ultrasonic sensors were used to measure leakage levels and other sensors that measure gas leakage, pressure, and others. Direct indications are given by linking the results to a web page and performing the necessary data analysis. If there is any danger or impact on human health, the goal was to use the concept of the IoT to examine factors that affect the health of individuals. Still, they are not apparent to the bare eye, so the Internet of Things platform comes to facilitate this part and make the impact on public health clear, in addition to saving that effort and time. Chen and Dong [21] discussed a clear and practical application of the link between pipeline monitoring and the IoT, so they proposed a line monitoring system that is directly linked with the cloud, using the network transport layer, short-range communication technology, including Wi-Fi, NFC, Bluetooth, and others. They have implemented cloud computing to connect and control data. In our paper, all the data from the sensors was sent to cloud servers, which facilitated the process of receiving and analyzing the data as proposed by the others.




1.3. Point of Departure and Objectives of the Study


Despite the importance of predicting and preventing sewer failure due to blockages, few studies have focused on the effect of these blockages on the overall performance of the sewage network and the efficiency of cleaning work in solving this problem. Although sewage pipe blockages have been used as indicators at the strategic level to assess the performance of sewage pipe networks [7], the impact of these blockages on the overall performance of the network has not been investigated. Furthermore, as the impact of blockage is not shortlisted on making issues of pipeline streaming only, it leads after that for an overflow that accrued regarding the accumulating for blockages inside the pipeline, which increase the level inside the manhole then overflow will occur. Hence, it does not stop at this stage; as afterward, the negative impact of sewer overflow in the environment starts from this point. Therefore, starting with blockages in pipelines, we ended up with damages for construction, pollution for air and soil, pollution for water resources if a leakage for sewer overflow accrued to reach the surface or underground water supply resources, and even being a threat to public health who pass near to overflow location or just feeling uncomfortable for the passenger regarding the bad odor smell. With this in mind, this study aims to tackle the following research questions:




	-

	
What is the impact of the blockage on the sewer network, and how could it be detected?




	-

	
How will the sewage network performance vary and be affected in case of blockage occurrence?




	-

	
What is the impact on the network performance occurring in the case of periodic cleaning?









To prudently find answers to the above-mentioned questions, the primary objectives of this paper are set out to be as follows:




	
To investigate the impact of blockage on the sewer network in terms of the residual time to overflow.



	
To compare the performance of the sewage network before and after the occurrence of the blockage.



	
To investigate the efficiency of cleaning works on solving different blockage situations by comparing the performance before and after cleaning.








To achieve these objectives, various cases of the sewer network in Hong Kong have been studied in-depth, and various integrated methodological approaches using IoT-based technologies, big data analysis, and simulation have been adopted. This study is part of a general research project to develop an integrated and intelligent monitoring system for the sewage network. In addition to all of this, we emphasize the importance of this study regarding public health who interact directly or indirectly with sewer overflow, which leads to different diseases, as well as the impact on the environment, which is considered the most affected factor regarding direct interaction. The rest of this paper is organized as follows. Section 2 presents the basic materials and methods for our experiments, including data collection, data analysis, and case simulation. In Section 3, we present and discuss results focused on the performance of the Hong Kong sewage system in terms of residual time to flow in three cases, including normal (i.e., before blockage), blockage, and after-cleaning situations. Section 4 is concerned with the implications derived from this study. Finally, in turn, the limitations and conclusions are provided in Section 5 and Section 6.





2. Methodology


The research methodology process utilized in this research is displayed in Figure 1. As can be seen, the adopted methodology is comprised of three phases.



2.1. Phase I: Data Collection


This study is a part of a general research project that aims to develop a smart sewer monitoring system. This monitoring system will depend on the data collected from the sensing system connected to a cloud server. To do so, 58 smart ultrasonic level sensors and data loggers were installed in 58 manholes within four neighborhoods. These sensors are self-contained, contactless ultrasonic level sensors, and feature a choice of HART or Profibus PA communication protocols. They have set new communications and convenience standards to reliably measure the level of sewage in the field. They are low-power devices featuring Pulsar’s world-leading DATEM echo processing capability for robust, reliable measurement from 125 mm to 15 m (5 in to 49 ft), depending on the unit selected (Figure 2). The study areas were located in various locations within Kowloon, Hong Kong. All of the targeted manholes are shown in Figure 3a. These sites faced overflow complaints, so they were chosen as a preliminary sample for developing the monitoring system. The data collection process can be divided into two main stages. The first is to collect all design criteria for target manholes. The second stage was to collect the data from the sensors and combine it with the first stage’s data to comprehensively understand the performance of the network’s sewage system. Therefore, it was necessary to conduct a deep study of the sewage network in Hong Kong and find all the relevant parameters that may affect the performance of the network, which include manhole cover level, manhole invert level, output pipes diameter, invert level for output pipes, and the number of input and output sewer pipes. Some of these parameters are shown in Figure 3c, which displays an example of a sewer manhole with some important parameters that helped understand the network’s overall situation.



The second stage was the collection of level readings from the sensing system. This system provided us with a massive amount of readings from 58 sites, which include 56 sewage manholes and two stormwater manholes. It also provided us with data over the course of days, weeks, and months, which gave us an overall indication of the performance of the sewage network. The data collection process was done via HMW intelligent data logger, which has the ability to save all the collected data and send it to the server via the internet, then all the data is downloaded from there. The data was collected for one year between June 2019 and June 2020, although this varies from one sensor to another. The total number of collected readings was about three million readings from 58 manholes. However, only eight locations showed a potential partial blockage, and these locations are displayed in Figure 3b. In addition, a strong connection was ensured for each sensor, and the record data was monitored by randomly checking the connection stability at different stages of the monitoring process. Finally, based on the records that have been received from the sensors, accurate, and consistent streaming has been achieved, as all of the expected reading has been delivered by the sensors. Therefore, by having a record every 5 min for the whole duration, the IoT accuracy has been fulfilled for our sensor streaming.




2.2. Phase II: Knowledge Discovery Process


Big data analytics is a methodology that has been enabled by recent advances in technologies that support high-speed data capture, storage, and analysis. Data sources extend beyond the traditional corporate database to include mobile device outputs, data generated by sensors, and emails as the data are no longer restricted to structured database records but rather unstructured data that does not have a standard format [22]. There is no standard definition of big data and analytics, as it is a relatively new and developing term; various researchers have provided different, sometimes contradictory, definitions. One of the first widely quoted definitions of big data resulted from the 2001 Gartner report. In this report, Gartner defined Big Data by three “v’s”, including variety, velocity, and volume. Gartner expanded his definition in 2012 to include veracity.



With a large number of data from 58 sites and 58 files, it was necessary to perform big data methods. The methods used and the knowledge discovery process are shown in Figure 4. A concise description of the main components of the flowchart is given below.



2.2.1. Data Cleaning and Integration


About 3 million wastewater level readings were collected from 58 sites. Many of these readings were inaccurate, having zero or the same value over the days. Thus, the first method applied is data cleaning, which is the process of discovering and modifying (or removing) inaccurate or irrelevant data portions from a data set [23]. The data sets we started with had nine columns; only five were found relevant to our research: water level, manhole number, manhole cover level, manhole invert level, and reading time. Excluding: sensor ID, type of sensor, flow, and water depth. Therefore, the data cleaning method was applied using both Python programming language and Structured Query Language (SQL) to remove all irrelevant columns and all rows containing missing data, zero values, and inaccurate data. The python code and the output cleaned data in the SQL database are shown in Figure 5a,b, respectively. Then, all of these readings from all level sensors were combined into one file, which would make analysis much easier. The implementation of this method significantly reduced the file size and gave us an indication of the accuracy of the data. The final number of readings after removing all inaccurate data was about 2 million. Notably, the SQL database for the cleaned data is shown in Figure A1.




2.2.2. Data Selection and Transformation


The second method applied to data sets was data selection and transformation. Data selection can be defined as the process in which data related to the analysis task are retrieved from the database for use as separate data. For example, to understand the performance of the sewage network based on hours, days, and months, algorithms must be applied to the data to extract specific data and investigate possible blockages; another algorithm will be applied to highlight the problem. On the other hand, data transformation means changing the type of data from one format to another; for instance, the times of each reading were given as a string and were not clear, which makes the analysis more difficult. Hence, a python algorithm was implemented to transform all these times to be expressed in the Unix time system. This method made the analysis faster and more accurate by allowing us to find the exact time of the problem.




2.2.3. Data Mining and Pattern Evaluation


Data mining has different definitions; some researchers argue that data mining includes all of the previously mentioned steps, while others will define it as a pattern extraction process. However, the most widely used definition of data mining is the process used to convert raw data into useful information using software to look for patterns in large data sets [24,25,26]. Getting more than two million readings can be problematic without the proper mechanism to extract all the relevant information and unique patterns. Therefore, various data mining techniques were used in our research after selecting the relevant data and converting it to other tables and formats. Such techniques included unsupervised anomaly detection to identify any unique pattern and observe any significant sewage level changes over time throughout all targeted manholes. Both Python and SQL algorithms were used to identify any unusual data records. In addition, a supervised clustering algorithm was used to determine two main groups: manholes with potential blockages and manholes without any blockage risks. The manholes included in the first group (i.e., manholes with potential blockage situations) were also categorized into two subgroups, including manholes with and without potential cleaning works. These supervised algorithms were mainly based on the change in sewage level over time for each manhole. Additionally, SQL algorithms have been applied to transform the resulted data into useful information, graphs have been developed to understand the level of sewage inside the targeted manholes during 2019/2020, and the data patterns were studied to find out the sites that encountered potential blockages in addition to studying these sites in-depth to understand the performance and risks of these cases on the sewage network.





2.3. Phase III: Cases Simulation


Initially, it is necessary to look at the overall performance to understand the general condition of all targeted manholes and find the locations with a blockage problem to focus on in this study. To do so, the selection and transformation method was implemented using both Python and SQL programming languages. The developed algorithms aim to convert the collected wastewater level readings of each manhole into ratios representing specific classes, where each class denotes the number of readings having a particular value compared to the outlet pipe or the manhole depth. The targeted class in this study refers to readings with a value greater than or equal to 100% of the diameter of the upper output pipe. The equation used to find these values is shown in Equation (1).


  The   percentages   of   readings   that   had   ( specific   class ) =   No .    of   readings   in   this   class     Total   number   of   reading   for   a   specific   sensor     



(1)







After analyzing the data, determining the locations with potential blockages, and studying these cases in-depth, it was time to study the impact of these blockages on the performance of the sewage network to determine the risks of blockages. In addition to clarifying the improvement of the network’s performance after cleaning work. Thus, to study the impact of these blockages in terms of residual time to overflow, Equation (2) was developed based on various factors such as the level of sewage inside the manhole, the cross-sectional area of the sewage manhole, the input flow, the space available in the outlet pipe and the flow velocity. Using all of these factors, the discharge of sewage inside the manhole will be calculated and based on that, the rising sewage rate will be determined; hence, the time to overflow will be calculated (Equation (2)). To cover all of the existing cases and then compare them in the three situations (i.e., normal, partial blockage, and after cleaning situations), ten inflow states were used depending on the percentage of the inflow cross-sectional area starting at 10% of the inlet pipe and ending with 100% usage. In addition, this simulation used ten cases of blockage, starting from 10% of the output pipe and ending with a complete blockage (i.e., 100% of the output pipe). Moreover, five flow velocity cases were used where we did not have the real values, and these values were estimated based on readings from the flow sensors used in the monitoring system. These five flow velocities include 0.5, 1, 2, 3, and 5 m/s. Thus, 500 cases were studied in the three situations for multiple locations.


  T =    (  h − B  )       ∗   A   m     (   A i  −  A o   )     ∗   v   ∗    60    



(2)




where:



T is the time remaining to overflow.



h is the sewage manhole depth.



B is the initial sewage depth is the reading from which the calculation will begin.



   A m    is the cross-section area of the manhole (in our case 0.675 m2).



   A i    is the cross-section area of the input flow (   A i  =    percentage ∗ π r   2   ).



   A o    is the available cross-section area for the output pipe (   A o  =  (  1 −  Blockage   percentage   )     ∗ π r   2   ).



v is the flow velocity.





3. Results and Discussion


3.1. General Performance Assessment


The overall results show that most manholes have a good performance record without needing an immediate operation. However, based on Figure 6, more than 99% of the readings recorded were greater than the cover level of the outlet pipes in eight manholes. These results indicated where to begin our research and which manholes encountered clogging problems during the year studied. With a collaboration with the Drainage Service Department of Hong Kong (DSD), the manholes with a partial blockage were detected. This process was performed by comparing readings before and after cleaning work. Therefore, various cases have been studied in depth to compare the performance in different blockage situations.




3.2. Performance Assessment before and after Blockages Occurrence


After obtaining general information from the previous section about manholes that may have a problem or blockage, more analytical procedures were performed to understand how the level of sewage changed before and after blockages occurred compared to the manhole invert level, cover level, and output pipe cover level. It was observed that over 99% of the readings in eight manholes were greater than 100% of the outlet pipe level. However, the readings were within the same range (i.e., no overflow). An example of this situation is shown in Figure 7a for all data collected during a year from manhole No.17. This manhole contains an inlet and outlet pipes with a diameter of 150 mm. This figure reveals that the readings prior to 31 July 2019 showed normal variation within the pipe diameter without any excessive level increase. On the other hand, all readings between 2 August 2019 and 30 June 2020 were significantly greater than the cover level of the output pipe. The same situations were also observed for manholes No. 50, 45, 30, and 17, as shown in Figure 7b–d. Most of the collected readings from these manholes showed a sewage level greater than the outlet pipe cover level, yet with a normal fluctuation range over the study period and without any overflow situation (Figure 7c). Thus, further study on this topic was needed in two directions. First, a logical assumption and simulation will be developed based on the analysis results. Second, this assumption is validated by the cleaning work.



Our reasoning is based on the reading difference over the period of data collection. It can be seen from Figure 7a that there is a gap in the level of sewage that occurred on 1 August 2019, and then, the difference between one reading and another returned to the previous variance. This clearly shows that something happened that day, we hypothesized that, on this day, a partial blockage occurred here, and as shown in the study period, the partial blockage remained within the pipe. Additionally, the same change between readings means that the volume of the input flow was relatively equal to the output flow. Hence, this clearly means that in manhole No. 17 the inlet flow was less than 100% of the inlet pipe because with assuming a partial blockage inside the outlet tube, this manhole has one inlet and outlet pipe, and both pipes have the same diameter. The input and output flow have the same velocity; therefore, if the inflow is 100% of the inlet pipe, it means that the sewage level will continue to rise inside the manhole, and overflow will occur. However, we can notice that the variance remained the same, meaning that the inputs were relatively equal to the outputs.



The significant risks involved in these situations are when the inflow increases more than the available outlet pipe cross-sectional area (i.e., the output pipe cross-sectional area minus the blockage cross-sectional area). In this case, a flood will occur, and the level of sewage will gradually increase. However, the overflow time can vary based on the area covered by the blockage. To better understand these risks, a simulation of the time it would take for sewage to reach the cover level for manhole No. 17 was performed. This simulation started from two reading points: the first was chosen as the average of readings prior to 31 July 2019 (i.e., the sewage network is in the normal situation) and another point after 2 August 2019 (i.e., after the partial blockage has occurred). In addition, 10 blockages cases and 10 inflow cases ranging from 10% to 100% were implemented, and 5 cases were used for flow velocity. The simulation led to many situations and a comparison was made between the different cases. The general equation used to find the remaining flood time is shown in Equation (2), and Figure 7c presents the general parameters for manhole No. 17. The simulation results are presented in Table A1 in the Appendix A.



The simulation results show the differences between the normal situation (i.e., before 31 July 2019) and the partial blockage situation (i.e., after 2 August 2019) when the inflow is increased. It can be noticed from Table A1 that, in 50% of the blockage cases, there were no overflow situations with a −1 value, which means that Equation (2) did not work, as no overflow was expected. This can be clearly seen from the data collected, because most of the data had the same variation between one reading to another. On the other hand, various cases resulted in an overflow in a very short time, depending on the initial sewer condition (i.e., normal and partial lockage situations), the inflow volume and velocity, and the blockage-occupied area. For instance, in a normal situation at an inflow velocity of 0.5 m/s, sewage takes 18.65 min to overflow when the inflow is 100% of the inlet pipe area and the blockage covers 10% of the outlet pipe area. As well, in the case of partial blockage, the sewage takes 12.2 min to reach the cover level in the same situations. This observation and other situations showed that the network performance at this site was reduced by 35%, which will increase the risk of flooding, whether the sewage flow is increased or the available cross-sectional area is reduced. However, the risks of complete blockage are much higher, as shown in the simulated cases. For example, if there is a complete blockage within the outlet pipe in manhole No. 17 and the inlet flow is 100% of the pipe cross-sectional area, the sewage will reach the manhole cover level within 0.19 min if the velocity is 5 m/s. This clearly indicates the significant impact of the blockage on the sewage network. To illustrate these risks, cases of complete blockage with different flow velocities are depicted in Figure 8, as the inflow covers the inlet pipe cross-sectional area totally and the percentage reflects the blocked cross-sectional area of the outlet pipe. The results show a very fast overflow situation when the inflow velocity is high, the entire process between the 10% blockage situation and the overflow occurrence will take 1.8 min when the inflow velocity is 5 m/s. Figure 8b also shows the variance between the complete blockage case when it occurs within the normal situation and the partial blockage situation and with a different inflow when the flow velocity is 1 m/s. Based on these cases, it was clarified that the overall performance of the sewer network at this site was reduced by 35% due to partial blockage.




3.3. Performance Assessment before and after Cleaning Works


As mentioned earlier, pipe blockage has been studied in two directions. The first was to study the data and develop an assumption and simulation to understand all the expected situations. However, to confirm these assumptions and that Figure 7 presents a partial blockage situation, a collaboration was done with the DSD to understand these issues and how they resolved them. Hence, it was asserted that these cases were resolved by the cleaning works in these manholes and pipes, illustrating our assumptions. They also provided us with more data collected before and after these issues were resolved.



Drainage cleaning methods can vary from one place to another. Different methods can be used to clean sewer pipes, which include hydraulic methods (e.g., hydro jetting, flushing); mechanical methods (e.g., Rodding, Pigs, and Bucket machines); and chemical methods (e.g., chemicals and biological products). However, the method most used in our cases was the sewer rodding method. In this method, a flexible metal rod is inserted into the tube, and the motor rotates ahead with a blade, which allows it to break up grease deposits, cut roots and loosen debris. Drilling is generally used to clean lines 305 mm (12 inches) in diameter or smaller. It is a specialized method used by professional and skilled plumbers. Sometimes this is the only way to ensure that you loosen that pipe. Generally, if any cleaning method is carried out efficiently, it will achieve its purpose. Thus, we will focus more on the performance changes before and after the cleaning process.



To understand the importance of cleaning as a solution to partial blockages, two cases were studied in-depth based on data collected before and after cleaning works. The first case study was for manhole No. 17; it was observed that the sewage level readings before 31 July 2019 were within the outlet pipe diameter and were completely changed after 2 August 2019, with a 35% decrease in network performance (Figure 7a and Figure 8b). In addition, a general simulation was performed to understand the risks of leaving the outlet pipe with partial blockage. Now, to understand how cleaning works to enhance the overall performance of the sewer network, Figure 9 was developed to display the level of sewage before and after cleaning. The cleaning work by rodding was done in this manhole on 30 July 2020. A large discrepancy was found between the readings before and after the cleaning process, which proves our assumption that when the sewage level is greater than the diameter of the outlet pipe and remains within the same range without increasing, this indicates a partial blockage within the manholes and often the flow rate is the same as the outflow. A 32% increase in network performance was also observed. In addition, based on the simulated model shown in Table A1, if the inlet flow is 100% of the pipe cross-sectional area and the observed blockage is only 10% of the outlet pipe, the sewage will overflow within 12.5 min. However, nothing will happen after the cleaning is complete.



The second case study was conducted for manhole No. 54. Based on the specified threshold, this manhole encountered a lot of overflow situations. The data before and after cleaning work is displayed in Figure 9b. In this case, the difference between the blockage state (i.e., before 16 July 2019) and the normal state (i.e., after 18 July 2019) is clearly illustrated in Figure 9b. The results showed that most of the readings from this site were of a value greater than 80% of the manhole depth, and the average readings before cleaning work were 85% of the manhole depth. On the flip side, most level readings were within the output pipe diameter after cleaning. The percentage change was 93.5%, with average sewage depths (1.068 m, 0.07 m) before and after cleaning works, respectively (Figure 9b). Overall, the network performance was enhanced by 86%, which was calculated based on the time required for sewage overflow in the event of a complete blockage in both cases, indicating that the blockage was more than 80% of the cross-sectional area of the outlet sewage pipe. In addition, using Equation (2) and the simulation model, it was found that if a complete blockage occurs before cleaning work, an overflow will occur within 2 min even if the inflow is less than 10% of the inlet pipe. In the opposite direction, the sewage reaches the manhole cover level within 15 min, which means three readings to detect this increase. This increase may also create pressure that may help open the blocked pipe. These scenarios for all percentages of inflow with complete blockage of the outlet pipe are shown in Figure 10.



Nevertheless, other things besides cleaning work can be considered to enhance the general performance of the sewer network. It was observed from the collected data that sometimes self-cleaning can improve performance like manual cleaning. Effective self-cleaning sewers have sufficient sediment transfer capacity to maintain a balance between sedimentation and erosion amounts, with a time-averaged depth of sediment that reduces the combined costs of construction, operation, and maintenance. Generally, this cleaning will occur based on the flow velocity. A case of this self-cleaning was observed in manhole No. 30, where the normal flow velocity removed the partial blockage. The performance improvement was noticed based on the readings collected from this manhole; as shown in Figure 11, this change occurred within 5 min on 10 July 2020, clearly showing that this partial blockage was removed naturally by the sewage flow. After this change, the sensor readings showed that the sewage depth remained within the outlet pipe diameter, with the same variance between one reading and another (Figure 11). This can prove that a sewer network with an effective self-cleaning design can reduce the risk of partial blockage problems and thus improve the overall performance of the network.





4. Implications


4.1. Research Implications


This study offers several different theoretical and managerial implications. Concerning theoretical implications, this study sheds light on the collection of data required for recording water levels inside the manholes using IoT-based technologies. This will not only guide future researchers working on the concerned topic towards working with smart sensors but also on how to collect and process the data obtained from IoT-based technologies. In addition, a solid foundation for researchers interested in using data mining and pattern evaluation techniques is provided. Furthermore, several case study-based simulation scenarios are undertaken under diverse blockage situations, paving the way for researchers to analyze the records for either the same sensor type or newly updated ones.




4.2. Managerial Implications


The outcomes attained from this study are manifolds for the decision-makers concerned with sewer network management. First, the updated and real-time status quo of constructed sewer systems in terms of the blockage phenomenon are provided for the concerned engineers and decision-makers. This will give them a solid picture of the sewer networks under investigation, which will pave the way toward controlling the possible sewer overflow in the system.



Next, the impact of pipeline cleaning on the system’s blockage rate is elaborated for the concerned professionals, which will significantly curb the magnitude of potential sewer overflow.





5. Limitations and Future Works


Although this study provides unique findings on the sewer overflow situation for HK drainage network, the followings are the limitations and the corresponding future works:




	
There was a lack of the number of sensors coverage and distribution around HK, so one of our recommendations for concerned authorities was the need for sensors network expansion to reflect a more accurate situation for the drainage network there.



	
Although the finding of the impact of blockages on the sewer overflow occurrence was an identical point for this research, we emphasize the need to build a monitor system connected between the pipelines blockage situations and sewer overflow occurrence for our future work. Such a developed system should predict blockage occurrence by real-time analysis of streamed data provided by the sensor so that sewer overflow would be predicted and proactive decisions could be made.



	
Another limitation was the paucity of data on blockage locations inside the pipe, sewage level from different manholes around the blockage problem (i.e., readings from manholes in the same line), and physical properties such as age and materials that may provide more critical insights into blockage risks and occurrence percentage. Thus, it is recommended to collect the needed data from the different resources in future research to improve the proposed equation for estimating the remaining time to flood using other critical factors such as pipe inclination, roughness coefficient, and self-cleaning velocity.



	
While the sensors provide the decision-makers with raw data that can give an initial indication of the situation of the drainage network, the lack of connection between the sensors and an effective system depends on IoT and AI techniques to ensure accurate, smooth, and fast streaming of the network make the process less advanced, which will be the start point for our next system we intend to build. Hence, finding a stable and strong technic connection between the system and the sensors through clouding would be a foundation for that system.









6. Conclusions


This study aims to model the performance of sewage networks under diverse blockage situations in terms of overflow occurrence using IoT-based technologies. To this end, a multistage methodological approach is employed, using smart sensors installed in Hong Kong drainage networks, the utilization of novel data mining techniques, and case study simulation. Based on the results obtained, the following major conclusions are drawn:




	
Through comparisons between sewer performance and blockage situations in different cases, it was found that the general performance of the sewer was reduced by 35% due to the partial blockage situation.



	
According to the simulated cases, the risks of complete blockage are seen to be much higher, because the inside of the outlet pipe is completely blocked, causing the inlet flow to reach 100% of the pipe’s cross-sectional area. Accordingly, if the flow velocity is 0.5 m/s and 5 m/s, the sewer only takes 1.82 and 0.19 min to reach the manhole cover level.



	
It was found that the overall performance of the sewers that went through cleaning procedures was improved by 85%. In addition, different situations were simulated to study the impact of cleaning work, and it was found that if a complete blockage occurs before cleaning work, an overflow occurs within 2 min, even if the inflow is less than 10% of the inlet pipe. In the opposite direction, the sewage reaches the manhole cover level within 15 min, which means three readings to detect this increase.








Apart from the conclusions drawn from the investigation into the case study selected for this research, the following general conclusions can be drawn:




	
Sewer blockages significantly reduce the performance of the sewer pipelines, and accordingly, this will lead to the occurrence of overflow.



	
There is a strong relationship and correlation between the increased velocity and the occurrence of overflow.



	
The appropriate and prudent strategies for the cleaning of sewer pipelines lead to significant improvements in the sewer pipeline’s performance.
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Table A1. In this table, considering various blockage and inflow situations, the predictions of overflow are provided.






Table A1. In this table, considering various blockage and inflow situations, the predictions of overflow are provided.





	

	
Blockage Percentage In Output Pipe (SLPBC = 4.982m, SD = 0.582 m)

	
Blockage Percentage In Output Pipe (SLPBC = 4.476 m, SD = 0.08 m)






	
I: Flow Velocity = 0.5 m/s




	
Input Flow Percentage

	
0.1

	
0.2

	
0.3

	
0.4

	
0.5

	
0.6

	
0.7

	
0.8

	
0.9

	
1

	
0.1

	
0.2

	
0.3

	
0.4

	
0.5

	
0.6

	
0.7

	
0.8

	
0.9

	
1




	
0.1

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
12.20

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
18.65




	
0.2

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
12.20

	
6.10

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
18.65

	
9.32




	
0.3

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
12.20

	
6.10

	
4.07

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
18.65

	
9.32

	
6.22




	
0.4

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
12.20

	
6.10

	
4.07

	
3.05

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
18.65

	
9.32

	
6.22

	
4.66




	
0.5

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
12.20

	
6.10

	
4.07

	
3.05

	
2.44

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
18.65

	
9.32

	
6.22

	
4.66

	
3.73




	
0.6

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
12.20

	
6.10

	
4.07

	
3.05

	
2.44

	
2.03

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
18.65

	
9.32

	
6.22

	
4.66

	
3.73

	
3.11




	
0.7

	
−1.00

	
−1.00

	
−1.00

	
12.20

	
6.10

	
4.07

	
3.05

	
2.44

	
2.03

	
1.74

	
−1.00

	
−1.00

	
−1.00

	
18.65

	
9.32

	
6.22

	
4.66

	
3.73

	
3.11

	
2.66




	
0.8

	
−1.00

	
−1.00

	
12.20

	
6.10

	
4.07

	
3.05

	
2.44

	
2.03

	
1.74

	
1.53

	
−1.00

	
−1.00

	
18.65

	
9.32

	
6.22

	
4.66

	
3.73

	
3.11

	
2.66

	
2.33




	
0.9

	
−1.00

	
12.20

	
6.10

	
4.07

	
3.05

	
2.44

	
2.03

	
1.74

	
1.53

	
1.36

	
−1.00

	
18.65

	
9.32

	
6.22

	
4.66

	
3.73

	
3.11

	
2.66

	
2.33

	
2.07




	
1

	
12.20

	
6.10

	
4.07

	
3.05

	
2.44

	
2.03

	
1.74

	
1.53

	
1.36

	
1.22

	
18.65

	
9.32

	
6.22

	
4.66

	
3.73

	
3.11

	
2.66

	
2.33

	
2.07

	
1.86




	
II: Flow Velocity = 1.0 m/s




	
Input Flow Percentage

	
0.1

	
0.2

	
0.3

	
0.4

	
0.5

	
0.6

	
0.7

	
0.8

	
0.9

	
1

	
0.1

	
0.2

	
0.3

	
0.4

	
0.5

	
0.6

	
0.7

	
0.8

	
0.9

	
1




	
0.1

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
6.10

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
9.32




	
0.2

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
6.10

	
3.05

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
9.32

	
4.66




	
0.3

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
6.10

	
3.05

	
2.03

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
9.32

	
4.66

	
3.11




	
0.4

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
6.10

	
3.05

	
2.03

	
1.53

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
9.32

	
4.66

	
3.11

	
2.33




	
0.5

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
6.10

	
3.05

	
2.03

	
1.53

	
1.22

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
9.32

	
4.66

	
3.11

	
2.33

	
1.86




	
0.6

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
6.10

	
3.05

	
2.03

	
1.53

	
1.22

	
1.02

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
9.32

	
4.66

	
3.11

	
2.33

	
1.86

	
1.55




	
0.7

	
−1.00

	
−1.00

	
−1.00

	
6.10

	
3.05

	
2.03

	
1.53

	
1.22

	
1.02

	
0.87

	
−1.00

	
−1.00

	
−1.00

	
9.32

	
4.66

	
3.11

	
2.33

	
1.86

	
1.55

	
1.33




	
0.8

	
−1.00

	
−1.00

	
6.10

	
3.05

	
2.03

	
1.53

	
1.22

	
1.02

	
0.87

	
0.76

	
−1.00

	
−1.00

	
9.32

	
4.66

	
3.11

	
2.33

	
1.86

	
1.55

	
1.33

	
1.17




	
0.9

	
−1.00

	
6.10

	
3.05

	
2.03

	
1.53

	
1.22

	
1.02

	
0.87

	
0.76

	
0.68

	
−1.00

	
9.32

	
4.66

	
3.11

	
2.33

	
1.86

	
1.55

	
1.33

	
1.17

	
1.04




	
1

	
6.10

	
3.05

	
2.03

	
1.53

	
1.22

	
1.02

	
0.87

	
0.76

	
0.68

	
0.61

	
9.32

	
4.66

	
3.11

	
2.33

	
1.86

	
1.55

	
1.33

	
1.17

	
1.04

	
0.93




	
III: Flow Velocity = 2.0 m/s




	
Input Flow Percentage

	
0.1

	
0.2

	
0.3

	
0.4

	
0.5

	
0.6

	
0.7

	
0.8

	
0.9

	
1

	
0.1

	
0.2

	
0.3

	
0.4

	
0.5

	
0.6

	
0.7

	
0.8

	
0.9

	
1




	
0.1

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
3.05

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
4.66




	
0.2

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
3.05

	
1.53

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
4.66

	
2.33




	
0.3

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
3.05

	
1.53

	
1.02

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
4.66

	
2.33

	
1.55




	
0.4

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
3.05

	
1.53

	
1.02

	
0.76

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
4.66

	
2.33

	
1.55

	
1.17




	
0.5

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
3.05

	
1.53

	
1.02

	
0.76

	
0.61

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
4.66

	
2.33

	
1.55

	
1.17

	
0.93




	
0.6

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
3.05

	
1.53

	
1.02

	
0.76

	
0.61

	
0.51

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
4.66

	
2.33

	
1.55

	
1.17

	
0.93

	
0.78




	
0.7

	
−1.00

	
−1.00

	
−1.00

	
3.05

	
1.53

	
1.02

	
0.76

	
0.61

	
0.51

	
0.44

	
−1.00

	
−1.00

	
−1.00

	
4.66

	
2.33

	
1.55

	
1.17

	
0.93

	
0.78

	
0.67




	
0.8

	
−1.00

	
−1.00

	
3.05

	
1.53

	
1.02

	
0.76

	
0.61

	
0.51

	
0.44

	
0.38

	
−1.00

	
−1.00

	
4.66

	
2.33

	
1.55

	
1.17

	
0.93

	
0.78

	
0.67

	
0.58




	
0.9

	
−1.00

	
3.05

	
1.53

	
1.02

	
0.76

	
0.61

	
0.51

	
0.44

	
0.38

	
0.34

	
−1.00

	
4.66

	
2.33

	
1.55

	
1.17

	
0.93

	
0.78

	
0.67

	
0.58

	
0.52




	
1

	
3.05

	
1.53

	
1.02

	
0.76

	
0.61

	
0.51

	
0.44

	
0.38

	
0.34

	
0.31

	
4.66

	
2.33

	
1.55

	
1.17

	
0.93

	
0.78

	
0.67

	
0.58

	
0.52

	
0.47




	
IV: Flow Velocity = 3.0 m/s




	
Input Flow Percentage

	
0.1

	
0.2

	
0.3

	
0.4

	
0.5

	
0.6

	
0.7

	
0.8

	
0.9

	
1

	
0.1

	
0.2

	
0.3

	
0.4

	
0.5

	
0.6

	
0.7

	
0.8

	
0.9

	
1




	
0.1

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
2.03

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
3.11




	
0.2

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
2.03

	
1.02

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
3.11

	
1.55




	
0.3

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
2.03

	
1.02

	
0.68

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
2.03

	
1.02

	
1.04




	
0.4

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
2.03

	
1.02

	
0.68

	
0.51

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
3.11

	
1.55

	
1.04

	
0.78




	
0.5

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
2.03

	
1.02

	
0.68

	
0.51

	
0.41

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
3.11

	
1.55

	
1.04

	
0.78

	
0.62




	
0.6

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
2.03

	
1.02

	
0.68

	
0.51

	
0.41

	
0.34

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
3.11

	
1.55

	
1.04

	
0.78

	
0.62

	
0.52




	
0.7

	
−1.00

	
−1.00

	
−1.00

	
2.03

	
1.02

	
0.68

	
0.51

	
0.41

	
0.34

	
0.29

	
−1.00

	
−1.00

	
−1.00

	
3.11

	
1.55

	
1.04

	
0.78

	
0.62

	
0.52

	
0.44




	
0.8

	
−1.00

	
−1.00

	
2.03

	
1.02

	
0.68

	
0.51

	
0.41

	
0.34

	
0.29

	
0.25

	
−1.00

	
−1.00

	
3.11

	
1.55

	
1.04

	
0.78

	
0.62

	
0.52

	
0.44

	
0.39




	
0.9

	
−1.00

	
2.03

	
1.02

	
0.68

	
0.51

	
0.41

	
0.34

	
0.29

	
0.25

	
0.23

	
−1.00

	
3.11

	
1.55

	
1.04

	
0.78

	
0.62

	
0.52

	
0.44

	
0.39

	
0.35




	
1

	
2.03

	
1.02

	
0.68

	
0.51

	
0.41

	
0.34

	
0.29

	
0.25

	
0.23

	
0.20

	
3.11

	
1.55

	
1.04

	
0.78

	
0.62

	
0.52

	
0.44

	
0.39

	
0.35

	
0.20




	
V: Flow Velocity = 5.0 m/s




	
Input Flow Percentage

	
0.1

	
0.2

	
0.3

	
0.4

	
0.5

	
0.6

	
0.7

	
0.8

	
0.9

	
1

	
0.1

	
0.2

	
0.3

	
0.4

	
0.5

	
0.6

	
0.7

	
0.8

	
0.9

	
1




	
0.1

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
1.22

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
1.86




	
0.2

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
1.22

	
0.61

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
1.86

	
0.93




	
0.3

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
2.03

	
1.02

	
0.68

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
3.11

	
1.55

	
1.04




	
0.4

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
1.22

	
0.61

	
0.41

	
0.31

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
1.86

	
0.93

	
0.62

	
0.47




	
0.5

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
1.22

	
0.61

	
0.41

	
0.31

	
0.24

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
1.86

	
0.93

	
0.62

	
0.47

	
0.37




	
0.6

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
1.22

	
0.61

	
0.41

	
0.31

	
0.24

	
0.20

	
−1.00

	
−1.00

	
−1.00

	
−1.00

	
1.86

	
0.93

	
0.62

	
0.47

	
0.37

	
0.31




	
0.7

	
−1.00

	
−1.00

	
−1.00

	
1.22

	
0.61

	
0.41

	
0.31

	
0.24

	
0.20

	
0.17

	
−1.00

	
−1.00

	
−1.00

	
1.86

	
0.93

	
0.62

	
0.47

	
0.37

	
0.31

	
0.27




	
0.8

	
−1.00

	
−1.00

	
1.22

	
0.61

	
0.41

	
0.31

	
0.24

	
0.20

	
0.17

	
0.15

	
−1.00

	
−1.00

	
1.86

	
0.93

	
0.62

	
0.47

	
0.37

	
0.31

	
0.27

	
0.23




	
0.9

	
−1.00

	
1.22

	
0.61

	
0.41

	
0.31

	
0.24

	
0.20

	
0.17

	
0.15

	
0.14

	
−1.00

	
1.86

	
0.93

	
0.62

	
0.47

	
0.37

	
0.31

	
0.27

	
0.23

	
0.21




	
1

	
1.22

	
0.61

	
0.41

	
0.31

	
0.24

	
0.20

	
0.17

	
0.15

	
0.14

	
0.12

	
1.86

	
0.93

	
0.62

	
0.47

	
0.37

	
0.31

	
0.27

	
0.23

	
0.21

	
0.19








Note: In the Tables, {−1.00} indicates that there is no overflow predicted in this situation, where the output pipe has an available cross-section that can cover the input flow.
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Figure A1. SQL database for the cleaned data. 






Figure A1. SQL database for the cleaned data.
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Figure 1. Methodological approach. 
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Figure 2. The dBi ultrasonic water level sensor. 
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Figure 3. (a) The distribution of all targeted manholes. (b) The distribution of manholes with blockage situations. (c) the general parameters of manhole no. 17. 
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Figure 4. A flow chart of the knowledge discovery process used in this research. 
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Figure 5. (a) Defining the 5 relevant columns. (b) Cleaning code. 
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Figure 6. The percentages of readings with values greater than or equal to 100% of the diameter of the sewage pipe. 
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Figure 7. All sewage level readings for manholes that had a potential partial blockage: (a) manhole no. 17, (b) manhole no. 50, (c) manhole no. 45, and (d) manhole no. 30. 
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Figure 8. The time (in minutes) to overflow based on different inflow situations: (a) different flow velocity (normal situation) and (b) in manhole no. 17. 
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Figure 9. The sewage level before and after the cleaning work in (a) manhole No. 17 and (b) manhole No. 54. 
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Figure 10. The time (in minutes) to overflow based on different inflow situations and based on the before and after cleaning cases for manhole no. 54. 
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Figure 11. The sewage level before and after self-cleaning in manhole No. 30. 






Figure 11. The sewage level before and after self-cleaning in manhole No. 30.



[image: Sustainability 14 14036 g011]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file26.jpg





media/file8.jpg
(a)





media/file21.jpg





media/file13.png
Pattern
Evaluation

Selection & Python + SQL

Transformation

[ Data Mining ]

Datawarehouse
sQL

Data Cleaning and
integration

Databases

~—— Python + SQL

58 Files containing 4
million Data






media/file31.png
18

16

14

12

10

Time left to overflow {in minutes)

Partial Blockage Situation

Normal situation(After Cleaning work)

—&— Partial Blockage Situation

—&—Normal situation{After Cleaning work)

15.038

2206 2.148 1.88
1.637 ‘ 1671 1.504
0.818 ¢ o o
‘\"0.5146 0.409 0.327 0.273 0.234 0.205 0.182 0.164
10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
1.637 0.818 0.546 0.409 0.327 0.273 0.234 0.205 0.182 0.164
15.038 7.519 5.013 3.76 3.008 2.506 2.148 1.88 1.671 1.504

Inflow Percentages






media/file27.jpg





media/file12.jpg
sau






media/file18.jpg





media/file22.png
Water Level {m)

Water Level {m)

3.5

25

01/06/2019

02/08/2019

I

31/07/2018

il
.\:" -
e

it i a T SERIETRI S
| 1'SiE 1A

¢ . fIRLH
o

Ui

F——————————————

: Water Level

: Cover_Level_manhole
| Invert_Level_manhole
Output_pipe_Cover

I
I
£

—————— 1

X |

|

b4 |

|

b4 |

|

X |

______ J
30/06/2020

Pipe diameter 0.15m

A
10000

A
20000

Record

(a)

A
30000

A
40000

A
50000

14/07/2019

Water_Level
: Cover_Level_manhole
| Invert_Level manhole
Output_pipe_Cover

|
|
B e o ot s s

[ —————— e ——
|
|

31/07/2019

Pipe diameter 0.15m I

200

(b)

Record





media/file14.jpg
2 start = datetime.now()

Water_Level = []
Manhole_No = []
Cover_Level_manhole = []
Invert_Level_nanhole = []
Output_pipe_diameter = []
invert_level_output_pipe = []
Flow = []
Manhole_Nol = []
Manhole_shape = []
2 Manhole_Diameter = []
Manhole_width = []
Manhole_length = []
Time = []

conn = sqlite3.connect("Analyses_Database.sqlite')
cur = conn.cursor()

newpath = r'Archive’
if not os.path.exists(newpath):
os.makedirs(newpath)

(@)





media/file20.jpg
®





media/file28.png
Water Level {m)

SIS

Cleansing work by rodding was done on

30-Jul-2020

B S A o e o e
: Water_Level —%-
| Cover_Level manhole X
| Invert_Level _manhole X
| Output_pipe_Cover X
R o i i i S i s i G . b e . G
28/07/2020

8/08/2020

Pipe diameter 0.15m I

Record

(a)

8000





media/file23.png
Water Level {m)

Water Level {m)

T —— N |
: Water_Level

X
I Cover_Level_manhole X
| Invert_Level_manhole X
| Output_pipe_Cover X

18/07/2019 31/10/2019 =
|' i
I I
i Pipe diameter 0.225m
(.'ID 25|00 50.00 75100 10(.)00 125100
Record
(c)
BRpeinedoa e e o pas i ms U s i L L N E B E £ |
:Water_Level —— :
:Cover_Level_manhole — % :
i Invert_Level manhole X |
| Output_pipe_Cover % :
O o O O AR, G N s s Sy ey s J
19/08/2019
4 12/08/2019 |
AN $ O M 3
y 3
Pipe diameter 0.225m
v
(; 2(;0 4(;0 64;0 8(;0

Record

(d)





media/file10.png
Observatory Hill

(a)





media/file5.png
Collect design criteria 58 smart ultrasonic
for target manholes level sensors

data loggers j

H

Collect data

Data collection

I
I
I
Phase I :
I
I
I

Data Cleaning and integration

Y

Data Selection and Transformation

IF
N
|| &
Phase I1 I 2 I
I
L5
||z
=
|M

Data Mining & Pattern evaluation

| —
Phase III | Cases Simulation






media/file19.png
120.00%

TO0.O0%,

HOLO00%

G0.00%

A40.00%

20.00%

Percentage of the output pipe 100% usage readings

L
12 3 4 5 6 7 8 9 101112 13 14 15 16

" L J L
17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56

manhole MNo.





media/file15.jpg
PRI T e






media/file2.jpg
Ovbwetvire  BerOvs  Eogws  Beatesd

o 8 V8% s B8 8548 % semem
S bl Recrd cse Wi iovd_Comrleml i
PR ———— am e s
PR e—— wr am 05
5 bomertton desocc am e 205
E am am 05
PR — e s
LR e— e 205
PR — wn e 25
[ —— e s
[ — m e i
e — w e 28
FRe——— o e s
RS — wm e s
e wm aa 05
[r—pe— e aw 205
[e—— am am 205
e T I T e
R e P T 2
R e P T e
2 w0l b GO0 65 4@ 45






media/file32.jpg





nav.xhtml


  sustainability-14-14036


  
    		
      sustainability-14-14036
    


  




  





media/file11.png
(b)

» Cover Level (5.94 m)

l — 90% of the manhole depth (5.78 m)

Data Logger _,_ Flow Sensor
Sensor Cable —l_ t]

Sensor Support <
Frame

— 70% of the manhole depth (5.48 m)

— 50% of the manhole depth (5.17 m)

1.54 m

Level Sensor <

IO.IS m
I 0.15m

l—' Invert Level (4.4 m)
(c)





media/file6.jpg





media/file24.jpg





media/file29.png
Water Level {m)

45+
R AR TRV i o v
{0 A T
o 1 | GLL RN (O I — |
aash !ii“.|~ l"” (LY ‘ ’ e | ‘ | v | Water_Level X |
ML T | A bl ¥ J°¥ . 4 . PRI A el 16/07/2016 I Cover_Level_manhole X :
- &  § | Invert_Level_manhole X |
| Output_pipe_Cover X :
B St s i s s s s Yy Sy ey s i -l
Fys
35F
”-
18/07/2019
Pipe diameter 0.15m I
3254
0 500 1000 1500

Record

(b)





media/file16.png
start = datetime.now()

Water_Level = []
Manhole_No = []
Cover_Level_manhole = []
Invert_Level_manhole = []
Output_pipe_diameter = []
invert_level_output_pipe = []
Flow = []

Manhole_Nol = []
Manhole_Shape = []
Manhole_Diameter = []
Manhole_width = []
Manhole_length = []

Time = []

conn = sqlite3.connect('Analyses_Database.sqglite')
cur = conn.cursor()

newpath = r'Archive’
if not os.path.exists(newpath):
0s.makedirs(newpath)

(a)





media/file7.png





media/file33.png
Water Level {m)

(r o ————
|
|

|
|
S

Water_Level b3
Cover_Level_manhole X
Invert_Level _manhole X
Output_pipe_Cover X

23/09/2020
07/10/2020 7:00 am
-y
07/10/2020 7:05 am
Pipe diameter
0.225m

S000

Record

10000

15000





media/file3.png
Database Structure Browse Data Edit Pragmas Execute SQL

Table: [=] Al w @ B = E—- @ @v ) | ‘h Filter in any column

Sensor_ID Manhole_MNo Record_date Water_Level  Cover_Level  Invert_Level

| Filter | Filter | Filter I Filter | Filter | Filter |
1 Docoooooo-10-01 Dooococcdooe 09/07/2019 00:00 3.791 4.62 3.45
2 1xoooooooo-10-01 Lxocooorsooe 09/07/2019 00:05 3.857 4.62 3.45
3 1xoooooooo-10-01 Lsocooocsooe 09/07/2019 00:10 3.731 4.62 3.45
4 1xoocooooo-10-01 Liococoorsooe 09/07/2019 00:15 3.799 4.62 3.45
3 lxoooooooo-10-01 Loooooocooc 09/07/2019 00:20 3.758 4.62 3.45
6 Docoooooo-10-01 Dococoocsox  09/07/2019 00:25 3.761 4.62 3.45
7 1xoooooooo-10-01 Lsocooocsooc 09/07/2019 00:30 3.704 4.62 3.45
8 1xoooooooo-10-01 Lsocooorsooe 09/07/2019 00:35 3.758 4.62 3.45
] 1xoooooooo-10-01 Liococoocdooe 09/07/2019 00:40 3.609 4.62 3.45
10 lxoooooooo-10-01 Loooooocxook 09/07/2019 00:45 3.737 4.62 3.45
11 lxoooooooo-10-01 Loooooocooe 09/07/2019 00:50 3.792 4.62 3.45
12 1xoooooooo-10-01 Lxocooorsooe 09/07/2019 00:55 3.7 4.62 3.45
13 1xoooooooo-10-01 Lsocooocsooc 09/07/2019 01:00 3.653 4.62 3.45
14 1xoocooooo-10-01 Liococoorsooe 09/07/2019 01:05 3.591 4.62 3.45
15 1xoocooooo-10-01 Daococoocdooe 09/07/2019 01:10 3.622 4.62 3.45
16 lxoooooooo-10-01 Looooootzooe 09/07/2019 01:15 3.662 4.62 3.45
17 Docoooooo-10-01 1xooooccdooe 09/07/2019 01:20 3.611 4.62 3.45
18 1xoooooooo-10-01 Lsocooorsooe 09/07/2019 01:25 3.713 4.62 3.45
19 1xoooooooo-10-01 Liocooocdooe 09/07/2019 01:30 3.635 4.62 3.45
20 1xoocooooo-10-01 Drococoorsooe 09/07/2019 01:35 3.621 4.62 3.45
21 lxoooooooo-10-01 Loooooocooe 09/07/2019 01:40 3.594 4.62 3.45
22 Docoooooo-10-01 Dococoocsoxx  09/07/2019 01:45 3.659 4.62 3.45
23 1xoooooooo-10-01 Lsocooocsooc 09/07/2019 01:50 3.605 4.62 3.45

24 lxoooooooo-10-01 1xooocoocooe 09/07/2019 01:55 3.643 4.62 3.45






media/file9.jpg
E——ry

©





media/file0.png





media/file17.png
101

def Cleaning_Data():

7=
for

zZ=
for

2=
for

z=
for

Z=
for

z =
for

Cleaning all inputs dota by removing

any spoces or other things

to make it eosy for calcvlotion

:return:

]

i1 in Water_Level:

il = re.M('\!?', ”' il)
11 = i1.steip('\"")

Water_Levellz] = i1

F &

]

12 in Manhole_No:

i2 = re.sub('\s+', '*, i2)
i2 = i2.steip('\"")
Manhole_Nolz] = 12

zZ+=1

0

13 in Cover_Level_manhole:
i3 = re.sub('\s+', '', 13)
i3 = i3.strip('\"")
Cover_Level_manhole(z] = 13
Z+=1

i)

i4 in Invert_Level_manhole:
14 = re.sub('\s+', **, 14)
i4 = i4.steip('\"')
Invert_Level_manhole[z] = i4
Z+=1

0

i in Output_pipe_diameter:
1 = re.sub('\s+', **, 1)

i = i.steip('\"")
Output_pipe_diameter[z] = 1
Z+=1

]

i5 in Time:

i5 = re.sub('\s+', ', i5)
i5 = 15.steip('\"")

Time[z] = i5

z+=1

for i5 in Flow:
15 = re.sub(’\s+', ', 15)
i5 = i5.strip('\"")
Flow[z] = iS5
Z24+=1

z2=280

for i5 in Manhole_Shape:
i5 = re.sub('\s+', '', i5)
15 = 15.steipC’'\"")
Manhole_Shape[z] = i5
T4m X

z2=8

for i5 in Manhole_Diameter:
i5 = re.sub('\s+', '', i5)
15 = 15.steip(*\"")
Manhole_Diameter[z] = i5
Z+=1

z2=8

for 15 in Manhole_width:
i5 = re.sub('\s+', '', i5)
i5 = iS.strip(’\"')
Manhole_wiatn[z] = 15
Z+=1

gef

def

def

agef

def

2=0

for 15 in Manhole_length:
i5 = re.sun('\s+', '', 1%)
15 = i5.strip('\"")
Manhole_lengthfz] = i5
2+=1

except:
pass

sql_Insert_Data_ALL_percentages(conn, ¢, manhole_number):

Insert one reoding from eoch sensor

:param conn: Connection to the SQLite daotabase

ireturn:

sql = ‘INSERT INTO ALL_percentages_{} (Manhole_No , Water_Level, Water_Level_percentage_in_Manhole, * \
‘Output _Pipe_Usage_Percentage, Time) VALUES (?, ?, ?, ? ?)'.format(manhole_numnber)

cur.executemany(sgl, c)

sql_Insert_Data_Daily_percentages(conn, c, manhole_number):

insert reodings for ¢ month from each sensor
:porgm conn: Connectien to the SQLite dataobose
creturn:

sql = "INSERT INTD Daily_percentages_{} (Manhole_No , Water_Level, Water_Level_percentage_in_Manhole, ' \
‘Output_Pipe_usage_Percentage, Time) VALUES (?, ?, ?, 7, ?)'.format(manhole_number)
cur.executemany(sql, c)

sql_Insert_Data_Weekly_percentages(conn, ¢, manhole_number):

insert one rending from each sensor

paran conn: Connection to the SQLite dotabose

ireturn:

sql = 'INSERT INTO Weekly_percentages_{} (Manhole_No , Water_Level, Water_Level_percentage_in_Manhole, *
'Output_Pipe_Usage_Percentage, Time) VALUES (2, 2, ?, ? 7)', format(manhole_nunber)

cur.executemany(sql, c)

sql_Insert_Data_Monthly_percentage(conn, ¢, manhole_number):

insert one recding from each sensor

param conn: Connection to the SQLite aatobase

return:

sqlL = 'INSERT INTD Monthly_percentage_{} (Manhole_No , Water_Level, Water_Level_percentage_in_Manhole,
‘Output_Pipe_Usage_Percentage, Time) VALUES (?, ?, ?, ?,  ?)'.format(manhole_number)

cur.executemany(sql, c)

sql_Insert_Data_Overflow_sitvation(conn, c):

insert one reoding from eoch sensor

poran conn: Connection te the SQLite datobose

zreturn:

sql = "INSERT INTO Overflow_situation (Manhole_No , Water_Level, Overflow_Situation, Blockage_situation,
‘Predicted_time_left_for_overflow_min, Predicted_time_for_overflow ) VALUES (?, 7, 2, 7, 7, 7, )’

cur.executemany(sql, c)
sgl_oelete_all_datal(conn, table):

Detete all rows in the tosks table

:poram conn: Connectlon to the SQLite dotobose
ireturn:

sql = 'OELETE FROM {}'.format(table)

cur = conn.cursor()

cur.execute(sql)

conn.commit()

(b)

\

A\

Time, '\





media/file4.jpg
:
| Collet desig criteria |
| for target manholes |
I |

Phase I : § :
Il I
| |
| |
(- = el
r— - -1
17 P Chctaq i agiatia |
12 I
IH N e I

Phasell |2 T !
|l |
B -
[l -

Phase 111 : }
(A I [P 2]






media/file30.jpg
rr—






media/file25.png
i\ =

0.5m/s e==@==y=1m/s

=\ = 2 m/[s

=\ =3 m/[s

=\ = 5 m/s

20
18
w
3 16
=3
L
= 14
=
- 12
2
i)
= 10
]
>
ot 8
]
"1-_, 6
(]
£ 4
=
2
0
10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
o=y = 0.5 m/s 18.65 9.325 6.217 4.662 3.73 3.108 2.664 2.331 2.072 1.865
=y = 1 m/s 9.325 4.662 3.108 2.331 1.865 1.554 1.332 1.166 1.036 0.932
=y = 2 M/s 4.662 2.331 1.554 1.166 0.932 0.777 0.666 0.583 0.518 0.466
===y =3 m/s 3.108 1.554 1.036 0.777 0.622 0.518 0.444 0.3389 0.345 0.203
=y = 5 M/s 1.865 0.932 0.622 0.466 0.373 0.311 0.266 0.233 0.207 0.122
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Partial Blockage Situation

Normal situation(Before Blokage)
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