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Abstract: Sewer blockages delay sewage discharge or cause it to overflow, which pollutes the
environment and is a public health hazard. This necessitates the quick and accurate identification and
positioning of sewer blockages. Following a sewer blockage, the sewage is intercepted and the liquid
level at the upstream and downstream of the blocking point changes. This study established a method
for identifying sewer blockages by analyzing the range and rate of the liquid level change at the
upstream and downstream of the blocking point. Through pilot-scale and full-scale experiments, this
study summarized the threshold values of the liquid level change rate and the liquid level fluctuation
range of the drainage pipeline in normal operation, as well as the threshold values of the liquid level
change rate and the liquid level fluctuation range of the upstream and downstream of the sewer
blocking point. Moreover, the sewer blockage identification matrix was completed. Sewer blockage in
rural areas can be identified and positioned using mathematical tools such as the data-driven model.
This research method allows for real-time monitoring and timely warning of the sewer status, thereby
reducing the labor and material consumption and unnecessary earthwork excavation to ensure the
stable operation of the drainage pipeline.
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1. Introduction

The stable operation of sewers, which serve as the main tool for transporting domestic
sewage, is very important, and both developing and developed countries pay considerable
attention to the sewer network. In 2016, the lengths of China’s urban sewer and drainage
pipes increased by 5.7% and 2.4% from 577,000 km and 172,000 km in the previous year,
respectively [1]. In addition, drainage pipes in cities and rural areas will be increasingly
optimized owing to societal development [2-4]. Sewer operation exhibits challenges such as
blocking, siltation and leakage, and hidden dangers such as sewage overflow, poor drainage,
and soil and groundwater pollution. Owing to the different social functions of cities and
rural areas, the characteristics of sewage discharge vary. Sewage from various urban areas
is collected by sewer and transported to the wastewater treatment plant for collective
treatment. However, rural areas report low sewage collection rate and water volume. In
addition, sediment, domestic garbage, crop straw, and other substances are easy to deposit
owing to the lack of water flow power in the sewer, thereby clogging of the sewer [5]. The
small diameter of the sewers (DN100-DN300), and inferior operation and maintenance
management in rural areas limit the stable operation of sewers. Studies show that sewer
blockage is related to pipe diameter, slope, and pipeline aging degree [6]. Efficient and
accurate identification and positioning of sewer blockage can reduce the need for earthwork
excavation and are conducive to environmental protection and waterlogging mitigation.
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Most sewer detection technologies use video, sonar, radar, and ultrasonic sensors
among others to detect the internal conditions of pipelines via in-pipe robots [7-10]. Each
of these sewer detection methods has unique advantages and application conditions.
Closed circuit television video (CCTV) analysis and laser detection are used to determine
the pipeline status by moving the traction tool fitted with CCTV or a laser transmitter to
obtain the video picture data inside the pipeline or the three-dimensional model of the
pipeline based on the laser processing software. Real-time monitoring of the sewer using
this detection method is difficult and has requirements on the diameter of the sewer [11].
Following the development of electric control and computer technologies, in-pipe robots
have advanced over time. In-pipe robots can perform different functions for sewer status
detection [9,12] and pipeline repair [8] among other operations; however, the complex
situation in the drainage pipeline continues to be a challenge for pipeline robots [13,14].
Following the development of research, in-pipe robots have stronger adaptability and
trafficability to drainage pipelines. The robot acquires the internal information of the sewer
by carrying different sensors such as vision, laser, and sonar and completes the pipeline
state evaluation and abnormality diagnosis through machine learning methods. At present,
the in-pipe robots can replace manual repair of pipeline leakage, root intrusion, pipeline
deformation, and pipeline dredging. The acoustic detection method has outstanding
advantages; for example, the complex pipeline information can be provided through the
acoustic signal, and the detection method is simple and low-cost. However, it is limited
by the fault extraction method of the acoustic signal and low discrimination between
fault features [15-17]. Various machine learning methods play an important role in sewer
status detection, including the use of machine learning methods such as qualitative trend
analysis [18,19], random forest [20], and support vector machine [21], which allow for
data-driven drainage pipeline status monitoring technology [22]. However, the limitations
of each monitoring technology limit the effect of on-site use. This urgently necessitates real-
time monitoring technology that is not limited by the diameter of the sewer and internal
conditions to monitor the sewer in real time and provide warnings for fault occurrence.

After sewer blockage, the sewage interception causes abnormal fluctuation of the
upstream and downstream liquid levels at the blocking point. Therefore, monitoring the
liquid level at the upstream and downstream of the blocking point to obtain the change
rule of the upstream and downstream liquid levels at the blocking point for blocking
identification is feasible. With Internet of Things (IOT), real-time massive monitoring for
detection has become possible. This type of study has become relevant with IoT sensors, as
massive monitoring is a prerequisite. Presently, numerous products with ultrasonic sensors
are widely used in various fields, such as liquid level monitoring, which can be combined
to conduct real-time monitoring of urban rain flood conditions. Evidently, liquid level
monitoring plays an important role in urban drainage and rain flood management [23].
The drainage system in rural areas has monitoring difficulties such as low flow and pipe
diameter. The accuracy of the liquid level sensor is 1 mm [24]; therefore, multiple liquid
level sensors are required to form a liquid level monitoring network for the identification
and positioning of the blockage.

In this study, through pilot-scale and full-scale experiments, the change rule of liquid
level upstream and downstream of the sewer blockage is studied, and then the identification
and positioning matrix of sewer blockage is determined. This paper is divided into four
sections. The first section introduces the background of the identification and positioning
of sewer blockage and the feasibility of this method. The second section describes the
experimental design, pilot-scale and full-scale experiments, and data pre-processing of
sewer blockage identification and positioning. The third part introduces the experiment
conclusions of the pilot-scale and full-scale experiments of the sewer and realization process
of the blockage identification. The fourth section summarizes the study and prospects of
the proposed method.
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2. Materials and Methods
2.1. Experimental Design

The experimental design of this research method is shown in Figure 1. Sewer blockage
identification and positioning were performed as follows. The installation positions of the
liquid level sensors were determined according to the different blockage positions. The
liquid level sensors were installed upstream and downstream of and in close proximity to
the blockage point, and the relevant pilot-scale and full-scale experiments were performed.
The experimental data were uploaded to the cloud in real time. The experimental data were
obtained, and the moving average method was used to pre-process the data. Afterwards,
the data and derivative were analyzed to obtain the sewer blockage identification matrix
for on-site application.
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Figure 1. Experimental design for the identification and positioning of sewer blockage.

2.2. Pilot-Scale Experimental Setup for Sewer Blockage Identification

The pilot-scale experimental system of this study was built in a wastewater treatment
plant in Qingdao. It was designed and constructed according to the design specifications.
As shown in Figure 2a, the total length of the sewer was 81.6 m, and the pipe diameters
of DN100, DN150, DN200, and DN300 increased from upstream to downstream, and the
pipe is made of polyvinyl chloride. The corresponding diameters, slopes, lengths, and the
spacing between manholes of each pipe section are shown in Table 1. In the pilot-scale
experiment, the water inlet of the wastewater treatment plant was used. During the test,
the pump transported water into the storage tank. The flow in the sewer was controlled by
adjusting the opening and closing degree of the valve on the outlet side of the water tank;
flow rates range from 0.5 m?/h to 5 m®/h, with each experiment increasing by 0.5 m3/h.
Only one experiment was performed per set, and there were no replicates. A total of seven
manholes were organized at each node of the sewer at the reducers and bends, and the
liquid level of each manhole of the drainage pipeline was monitored in real time using
three movable liquid level sensors. The dash lines between the level sensor PL and the
manhole PW indicate the manhole that the level sensor PL can be installed. During the
experiment, a mixture of toilet paper, leaves, and plastic bags with dry weights of 0.2 kg,
0.15 kg, and 0.1 kg, respectively, were used as the blockage of the drainage pipe. In normal
circumstances, sewers only contain household waste such as toilet paper, but through on-
site investigation in many villages and towns in Shandong Province of China, it was found
that sewers contain leaves, plastic bags, bottles, and other household waste. Therefore, a
mixture of plastic bags, toilet paper and leaves was used as a blockage in this experiment.
Each set of experiments was performed at a fixed flow rate, and then three different levels
of blockage were generated at the PW2 and PW5 manholes of the sewer. Level sensors
were installed upstream and downstream of the blockage point. The sampling time of the
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level sensor was 15 s, and the duration of each group of experiments was 13 min. Before the
start of the experiment, the flow rate was adjusted by adjusting the opening and closing of
the outlet valve, and the flow rate was adjusted from 0.5 m?/h to 5 m3/h. The flow range
was selected according to the daily water consumption of 40 L per inhabitant, and the
population range was 130-1300 people. Figure 2b shows the specific experimental process.
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Figure 2. Pilot-scale experimental system for sewer blockage identification. (a) Pilot-scale experimen-
tal device of sewer blockage identification. (b) Experimental process of sewer blockage identification.
Table 1. Parameters of the sewer and spacings between manholes.
Serial of Pipe Pipe Diameter o Length of Pipe Serial of .
Section (mm) Install Slope (%) Section (m) Manbholes Distance (m)
Starting end to
P1 100 12 14.3  — PW1: 14.65
P2 100 12 1.2 PW1 PW1—PW2: 1
PW2—PW3: 8.7
P3 150 7 9 PW2, PW3 PW3—PW4: 20.85
P4 150 7 20.5 PW4 PW4—PWS5: 4
P5 200 5 3.6 — E—
P6 200 5 27 PW5 PW5—PWé: 26.85
pP7 200 5 1 PW6 PW6—PW?7: 0.85
P8 300 3 5 PW7 PW? to the pipe
end: 4.7

2.3. Full-Scale Experimental Setup for Sewer Blockage Identification

Based on the pilot-scale experiment of sewer blockage identification, the full-scale
experimental of sewer blockage identification was carried out in a certain area of Weihai
City. According to the survey, there are 220 households in the natural village, and the
main source of sewage is kitchen and toilet flushing water. The domestic sewage of each
household is collected by the sewer and transmitted to the sewage treatment station for
collective treatment. The design scale of the sewage treatment station is 100 m>/d. The
annual maximum daily sewage volume in this area is 94.50 m*®/d, and the annual average
daily sewage volume is 51.86 m*/d. To influence the use function of the sewer in this area,
this study conducted full-scale experiments based on the high and low peak consumption
periods through investigation, as well as the residents” water use habits. The distribution
of high and low peak water consumption periods and the calculation results of the flow in
the sewer are shown in Table 2.
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Table 2. Peak time period and flow rate of water use in rural areas.

Water Consumption Time Period Flow Rate (m3/h)
Peak water consumption period 6:30~8:00, 11:00~13:00, 17:30~19:00 3.04
Low water consumption period The rest of the time 0.87
Hourly average 1.35

In the full-scale experiment, a total of six liquid level sensors were installed at the
wellhead of the manholes to monitor the liquid level of the sewer. The arrangement
positions of the liquid level sensors are shown in Figure 3. In the figure, FW1, FW2, FW3,
and FW4 are the four points that are selected for sewer blockage during the experiment,
and FL1, FL2, and FL3 are the three sewer liquid level monitoring points. The right sewer
could not be tested because it was blocked during operation and was therefore disregarded
in this study. The sewers on the left and right sides collected the domestic sewage of
the village, and the sewage flowed through the grid and was transported to the sewage
treatment station through the lift pump for collective treatment. The specific experimental
process was as follows. During the low water consumption period, a wooden stick with
a large number of strips of cloth wrapped around one end is prepared and placed in the
manhole to simulate the blockage of the sewer; the FW1 sewer pipe section was blocked,
and the start time, t1, was recorded. After 10 min, the blockage was removed and the end
time t2 was recorded. Then, the sewer blockage identification experiment of FW2, FW3,
and FW4 was performed in the same way. The experimental steps above were repeated
during the peak water consumption period.
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Figure 3. Full-scale experimental system diagram for sewer blockage identification.

2.4. Data Pre-Processing

To reduce the influence of the random error of the level sensor, the moving average
method was often used for level data analysis [25]. In this study, the moving average
weight of the adjacent time at the same point was 0.5, that is; the measured liquid level at
time t; was Hj; then the liquid level after the moving average was calculated as Equation (1).

H; = 0.5H;_; + 0.5H;,. (1)
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Through the analysis of liquid level curve, the liquid level change law before and after
drainage pipeline blockage is found, and then the threshold of the liquid level change rate
and liquid level change range for blockage identification is found through differential value
calculation. Based on this, a double threshold method is obtained to complete the blockage
identification of sewers. According to the program diagram shown in Figure 4, the sewer
blockage identification program was executed to identify the fault of the drainage pipe
blockage. Figure 4a,b represents the lower and upper limits of the threshold value of liquid
level change rate after blockage in the sewer, respectively. A and B represent the lower and
upper limits of the threshold value of liquid level change range in the sewer, respectively,
where a represents the lower threshold of the liquid level change rate under a certain flow
rate, which is a positive value. A is the lower threshold of the liquid level change range,
which indicates the increase in the value when the liquid level rises, when it tends to be
stable, compared with the value before the rise. If the level change rate is greater than a
and the level change range is greater than A at the same time, it can be determined that
there is a blockage downstream of the level gauge; otherwise it is judged to be normal,
where b represents the upper threshold of the liquid level change rate under a certain flow
rate, which is negative. B is the upper threshold of the liquid level change range, which
indicates the difference between the liquid level after the drop and the liquid level before
the drop when the liquid level drops. If the level change rate is less than b and the level
change range is less than B at the same time, it can be determined that there is a blockage
upstream of the level gauge; otherwise it is judged to be normal. These specific values were
derived from the conclusions of the pilot-scale and full-scale experiments.
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Output this level sensor Output the level sensor upstream Output this level sensor

downstream is blockage

and downstream is normal upstream is blockage

l

Figure 4. Diagram of the sewer blocking identification procedure.

T

3. Results and Discussion
3.1. Pilot-Scale Experiment Analysis of Sewer Blockage Identification

In the pilot-scale experiment, after the blockage occurred at PW2 of the DN150
drainage pipe, the liquid level changes at the upstream and downstream of the block-
age point in the pipe are shown in Figure 5. After blockage occurs at PW5 of the DN200
drainage pipe, the liquid level changes at the upstream and downstream of the blockage
point in the pipe are shown in Figure 6. Figures 5a and 6b show that the sewer is blocked
during operation, resulting in poor drainage. Within a minute after the blocking, abnormal
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rise in liquid levels can be monitored within 4 m upstream of the blocking point. Within
4 min, the liquid level rises to the peak level, which is 300% to 700% higher than the liquid
level before the blockage. Furthermore, the increase in liquid level before the blocking
point is positively related to the blocking degree (i.e., the quality of the blocking object)
and the flow rate. Figure 6a shows a blockage at PW5 of the sewer with a pipe diameter of
DN200, and no obvious liquid level rise is detected at 24.85 m upstream, which indicates
that the upstream liquid level rises after the blockage occurs. However, when the liquid
level monitoring point is in far proximity from the blockage point, the liquid level rise
cannot be monitored for a short time, which gives the relevant operation and maintenance
personnel time to accurately position the blockage of the sewer and remove the blocking
substances to avoid sewage overflow. Figure 5b,c and Figure 6¢ show that after the sewer
was blocked, the liquid level drop that differed from the normal liquid level fluctuation
occurred severally at the downstream of the blocking point, and the change in liquid level
drop was continually transmitted downstream. Figure 5c shows that after the sewer with
DN150 pipe diameter was blocked at PW2, the drop of liquid level that differs from the
normal fluctuation of liquid level can still be obviously monitored at 60 m downstream of
the blocking point. This indicates that the liquid level fluctuation caused by the blockage
of the sewer can spread downstream for a long distance, indicating that a single liquid
level sensor can at least complete the blockage identification of the sewer with a total of
65 m upstream and downstream. If multiple liquid level sensors are used to form a liquid
level monitoring network, the monitoring range covers longer sewer, and more accurate
identification and positioning of sewer blockage can be performed.
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Figure 5. When the flow rate in the sewer ranges from 0.5 to 5 m3/h, the liquid level change in the
upstream and downstream of the blocking point in the pipeline of DN150 at PW2: (a) The liquid level
change of the DN100 sewer at PW1, and it is 1 m upstream of the blocking point; (b) The liquid level
change of DN150 sewer at PW4, and it is 29.55 m downstream of the blocking point; (c) The liquid
level change of DN200 sewer at PW6, and it is 60.4 m downstream of the blocking point.
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Figure 6. When the flow rate in the sewer ranges from 0.5 to 5 m? /h, the liquid level change in the
upstream and downstream of the blocking point in the pipeline of DN200 at PW5: (a) The liquid
level change of DN150 sewer at PW3, and it is 24.85 m upstream of the blocking point. (b) The liquid
level change of DN200 sewer at PW4, and it is 4 m upstream of the blocking point (PW4). (c) The
liquid level change of DN200 sewer at PW6, and it is 26.85 m downstream of the blocking point.
The liquid level change rate and fluctuation range of the DN200 drainage pipeline under normal
operating conditions and after blocking are shown in Table S1 of the annex. Annex Table S1 shows
that the flow of the DN200 drainage pipe exceeds 1 m3 /h; the minimum liquid level rise rate at 4 m
upstream of the blocking point is greater than the normal liquid level fluctuation, and the liquid level
rise amplitude at 4 m upstream of the blocking point exceeds 300%. For flow that is below 1 m3/h,
the liquid level change rate upstream of the blocking point basically coincides with the range of
liquid level change rate caused by normal liquid level fluctuation. When the flow rate is 0.5 m3/h,
the liquid level at 4 m upstream of the blocking point rises from 6 mm to 17 mm, which is greater
than the liquid level rise caused by normal liquid level fluctuation. In addition, this liquid level rise
fluctuation is the minimum liquid level rise amplitude upstream of the blocking point after DN200
drainage pipe is blocked under this flow rate. That is, at a flow rate ranging from 0.5 to 5 m3/h, the
blocking identification of the downstream of the level monitoring point of DN200 drainage pipeline
can be completed through the two limiting conditions of the liquid level change rate and the liquid
level fluctuation range. Under normal conditions, the minimum liquid level change rate of DN200
drainage pipeline is included in the range of liquid level change rate downstream of the blocking
point, and the minimum liquid level drop fluctuation monitored downstream of the blocking point
exceeds the maximum liquid level drop fluctuation under normal conditions. In addition, abnormal
liquid level drop fluctuation can be monitored severally downstream of the blocking point. Based on
this, when the flow ranges from 0.5 to 5 m3/h, the blocking identification of the sewer upstream of
the liquid level monitoring point can be completed by the two conditions of the liquid level change
rate and the liquid level change range.

According to the two blocking identification criteria of liquid level change rate and
liquid level change range, the blocking condition of the DN150 and DN200 sewers were
identified in the pilot-scale experiment, and the identification results are shown in Table
S2 in the annex. The table shows that 0.5-5 m®/h among 150 groups of monitoring data
(DN150 drainage pipe was blocked, and the monitoring data at 24.85 m upstream of the
blocking point were excluded), 96% of the blocking identification can be completed by
the two limiting conditions of liquid level change rate and liquid level fluctuation range
when the sewer was blocked to different degrees. The blocking identification rate within
4 m upstream of the blocking point was 95.3%, which was attributed to the fact that the
liquid level monitoring point upstream of the blocking point was close to the blocking
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point. The identification rate at the downstream of the blocking point was 93.3%, and the
blockage with 0.2 kg dry weight can be 100% identified as blocking at 29.55 m and 60.4 m
downstream of the blocking point. The identification rate of the drainage pipe blockage
caused by 0.15 kg and 0.1 kg dry weight blockage was 93.3%. Evidently, this method
positively affects the identification and positioning of sewer blockage. However, when
the liquid level monitoring point was in far proximity from the blocking point, the liquid
level sensor has difficulty quickly monitoring the rise in the liquid level. The liquid level
monitoring point downstream of the blocking point can quickly and accurately complete
blocking identification. After the level sensor detects abnormal liquid level, the relative
position of the blocking point to the level sensor is determined according to the number of
the level sensor and the change in the liquid level to the positioning of the blocking point.

3.2. Full-Scale Experiment Analysis of Sewer Blockage Identification

The full-scale experiment was conducted on the left sewer in Figure 3 to identify and
position the blockage. The experiment was conducted in the low peak and peak water
consumption periods, respectively. The data processing method of the full-scale experiment
was the same as that of the pilot-scale experiment. The liquid level change was shown in
Figures 7 and 8.

Figures 7 and 8 show that the full-scale experiment of sewer blockage identification
and positioning was conducted in two periods of low peak and peak water consumption.
Owing to the small number of local residents and dispersed population, the liquid level in
both periods was low. After the DN300 sewer was blocked, the liquid level drop different
from the normal liquid level fluctuation can be detected at the liquid level monitoring point
downstream of the blocking point, which is marked in Figures 7 and 8. No obvious liquid
level change was detected at the upstream of the blocking point, which also proved that in
the pilot-scale experiment, the liquid level at the upstream of the blocking point rose, but it
was difficult to monitor the obvious liquid level rise when the liquid level sensor was far
away from the blocking point. For the change of liquid level downstream of the blockage
point, it is not difficult to find from Figures 7 and 8 that a significant drop in liquid level can
be detected at the downstream level monitoring point and marked with a red arrow. For
these monitored level drops, the level change rate and level change range are summarized.

3.3. Data-Driven Models for Sewer Blockage Prediction

To meet the requirements of sewer online monitoring, the use of the liquid level
sensor is indispensable, but the huge amount of data poses new challenges. Owing to the
emergence of the data driven model, this online fault monitoring mode supported by a
huge amount of data is more effective and accurate. Based on the discriminant analysis
model of double threshold, a data-driven model for the identification and position of sewer
blockage is established, and the threshold is calculated through the data processed by
pilot-scale experiments and full-scale experiments.

The discriminant analysis model was used to analyze the sewer of DN200 in pilot-scale
experiment and the sewer of DN300 in field-scale experiment. The normal operation and
blocking of sewers are defined as 0 and 1, respectively. The dependent variables are liquid
level and liquid level change rate; the level and level change rate are defined as X1 and
X2, respectively, and the results of the blocking discriminant analysis model are shown in
Table 3. The resulting blocking discriminant model re-predicts the initial data of the above
model, and the prediction results are shown in Table 4. It can be seen from Table 4 that
19.4% of the liquid level change data of DN200 sewer in normal operation in the pilot-scale
experiment will be judged to be blocked, resulting in misjudgment. In the pilot-scale
experiment, after the sewer of DN200 was blocked, 20% of the blockages were misjudged
as the normal operation, and the total blockage judgment success rate of 80% in the pilot
experiment was acceptable. In the full-scale experiment, the sewer was not misjudged as
obstruction under the normal operation of the sewer, and 83.3% of the cases after the sewer
was blocked can be successfully identified as blockage; an acceptable 16.7% of the drop in
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level after blockage could not be judged blocked. The overall success rates of pilot-scale
experiments and full-scale experiments for the normal operation and blockage of sewers

were 80.4% and 95.6%, respectively, and the discriminant model had good effects.
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Figure 7. During the low water consumption period, the liquid level change in the upstream and

downstream of the DN300 sewer blocking point. (a) The upstream and downstream liquid level
change of the blocking point when the DN300 sewer was blocked at FW1. (b) The upstream and
downstream liquid level change of the blocking point when the DN300 sewer was blocked at FW2.
(c) The upstream and downstream liquid level change of the blocking point when the DN300 sewer

was blocked at FW3. (d) The upstream and downstream liquid level change of the blocking point

when the DN300 sewer was blocked at FW4. The arrows are pointing at when blockage happened.
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Figure 8. Change in the liquid level upstream and downstream of the DN300 sewer blocking point
during the peak water consumption. (a) The upstream and downstream liquid level change of the
blocking point when the DN300 sewer was blocked at FW1. (b) The upstream and downstream liquid
level change of the blocking point when the DN300 sewer was blocked at FW2. (c) The upstream and
downstream liquid level change of the blocking point when the DN300 sewer was blocked at FW3.
(d) The upstream and downstream liquid level change of the blocking point when the DN300 sewer
was blocked at FW4. The arrows are pointing at when blockage happened.
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Table 3. Sewer blockage discriminant model coefficient.

Diameter DN200 DN300
Blockage 0 1 0 1
X1 0.306 0.218 0.049 0.032
X5 —-0.2 —0.439 —0.039 —0.250
constant 5.637 —8.444 —1.894 —12.053

Table 4. Sewer blockage identification model prediction group results.

Prediction
Group Results DN200 Sewer Blockage DN300 Sewer Blockage
Blockage 0 1 Total 0 1 Total
0 25 6 31 50 0 50
1 5 20 25 3 15 18
0 (%) 80.60%  19.40% 100% 100% 0 100%
1 (%) 20.00%  80.00% 100% 16.70% 83.30% 100%
The total prediction success rate is 80.4% The total prediction success rate is 95.60%

3.4. Blockage Identification

The pilot-scale experiment of this study can provide the liquid level change rate and
liquid level fluctuation range of DN200 sewer in normal operation and after blocking,
and the full-scale experiment can provide the liquid level change rate and liquid level
fluctuation range of DN300 sewer in normal operation and after blocking. Based on the
induction and analysis of the above results, the identification method of sewer blockage can
be represented by the matrix in Tables 5 and 6. Table 5 shows that the flow is 0.5-5 m3/h;
the threshold value of the two factors, i.e., the change rate of liquid level and the fluctuation
range of liquid level upstream of the blocking point of DN200 sewer, is related to the
flow. When flow ranges from 0.5 to 5 m?3 /h, the threshold values of the two factors, i.e.,
the change rate of liquid level and fluctuation range of liquid level downstream of the
blocking point of DN200 sewer, fluctuate within a certain range and have no obvious
relationship with the flow. The lower limit range of the threshold value of the liquid level
change rate and the liquid level fluctuation range at the upstream of the blocking point
ranges from 14 to 56 mm/min and 11 to 39 mm, respectively, and the upper limit range of
the threshold value of the liquid level change rate and the liquid level fluctuation range
at the downstream of the blocking point ranges from —12 to —30 mm/min and —5.5 to
—14 mm, respectively. If the liquid level of a liquid level sensor exceeds the threshold value
of the liquid level change rate and liquid level fluctuation range at the same time, it can be
identified as blocking and the position of the blocking point can be identified according to
its liquid level change rate and liquid level change value. For the DN300 sewer, Table 6
shows that the range of normal liquid level fluctuation and liquid level change rate ranges.
Furthermore, when the flow rate is less than 1 m3 /h, if its liquid level drop rate is below
—28 mm/min, and the liquid level drop range exceeds 10 mm, the upstream of the liquid
level monitoring point is considered to be blocked. Similarly, at a flow rate of 1 m3/h
to 5 m3/h, if its liquid level drop rate is below —50 mm/min, and the liquid level drop
range exceeds 20 mm, the upstream of the liquid level monitoring point is considered to
be blocked.
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Table 5. Sewer blockage identification matrix of DN200.
The Sewer of DN200 Is Blocked
Q (m3/h) Level Change Rate Threshold of the Blocking Point Level Fluctuation Range Threshold of the Blocking
(mm/min) Point (mm)
Upstream (Lower Limit)  Downstream (Upper Limit) Upstream (Lower Limit) = Downstream (Upper Limit)
0.5 14 —16 11 -8
1 18 —16 19 —9.5
15 30 —16 21 —55
2 36 —14 28 -9.5
2.5 46 -12 33 -8
3 42 —12 27 -11
3.5 48 —30 28 —13.5
4 56 —20 39 -9.5
4.5 48 —16 31 -11
5 46 —24 32 —14
Table 6. Sewer blockage identification matrix of DN300.
The Sewer of DN300 Is Blocked The Sewer of DN300 Is Normal
3 Level Change Rate Threshold Level Fluctuation Range Lo . Lo
Q (m*/h) of the Downstream Blocking  Threshold of the Downstream The Range of Liquid Level .~ Maximum Liquid Level
. . . : Change Rate (mm/min) Fluctuation Range (mm)
Point (mm/min) Blocking Point (mm)
0-1 —28 —-10 —26-30 -75
1-5 —50 —20 —34-38 —14.5

For the normal operation of the sewer level change rate and liquid level change range,
we are through the level sensor under the normal operating conditions of the sewer after
a long time to obtain the extreme value, through the actual monitoring found that the
probability of such extreme value is relatively low. In addition, under normal operating
conditions, the extreme value of the liquid level change rate and the liquid level change
range are calculated and summarized separately; that is, the extreme value of the liquid
level change rate and the extreme value of the liquid level change range appear at different
times, and we sort out these extreme values, and it is rare for the double threshold of the
sewer to meet the double threshold of blocking discrimination under the normal operation
of the sewer.

3.5. Discussions

In this study, the double threshold method composed of liquid level change rate and
liquid level change range was used to identify the sewer blockage, and the liquid level
change rate and liquid level change matrix after normal operation and blockage of sewer
were obtained through pilot-scale experiments and full-scale experiments. By deploying
multiple level sensors to form a monitoring network, massive level monitoring is possible.
The liquid level sensor completes the real-time acquisition of liquid level data and calculates
the real-time change rate and level change range of liquid level after data processing. If the
level change rate is negative and small, blockage may occur, and it is necessary to select
the matching flow range according to the liquid level range before the liquid level drops
or in combination with the flow meter and then select the threshold. Then, the real-time
monitoring of the liquid level drop rate and the liquid level change range are compared
with the double threshold, and if the double threshold is met at the same time, it is judged
to be blocked. According to the layout position of the level sensor, the position of the
blocked pipe section relative to the level sensor can be determined, and the sewer can
be identified and positioned. From full-scale experiments, it can be seen that after the
sewer where the upstream manhole FW1 is blocked, the downstream FL3 can still detect a
significant drop in liquid level, and it can be seen that the level sensor can detect the change
of liquid level after blockage 180 m upstream of it. Although the liquid level change can
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still be monitored at a long distance downstream after the upstream blockage, in order
to improve the effect of blocking identification, it is advisable not to exceed 100 m. The
discriminant model was used to establish the liquid level under normal conditions and
after blockage based on the double threshold method. Taking the original liquid level data
as the prediction group, the prediction group results showed that the success rate of sewer
blockage of DN200 was 80%, and the overall success rate was 80.4%. The success rate of
sewer blockage of DN300 was 83.3%, and the overall success rate was 95.6%, indicating
that this method had a good effect on identifying sewer blockage.

Hassouna et al. [22] used three different data mining methods (decision trees, logical
regression, and random forest) to establish a prediction model and used event duration
monitors (EDM) and sewer level monitors to predict the blockage of sewer. All of Hassouna
et al.’s models have an accuracy rate of more than 89% and have the potential to predict.
However, the worst is undoubtedly the Logistic regression model, with an accuracy of
89.69% in the first stage and an improvement of 0.01 in the second stage. It was followed
by the random forest model with an accuracy rate of 95.77%, and the decision tree was
the optimal model with an accuracy rate of 95.78%. In this study, a blocking prediction
model is also established based on the liquid level data of the time series. In contrast, this
study uses the double threshold method to predict the blockage from the aspects of liquid
level change rate and liquid level change range, mainly including the normal operation of
drainage pipelines and the prediction after blockage so as to test the feasibility of online
monitoring and early warning. Ugarelli et al. [26] used historical sewer blockage data in
Oslo to show that sewage pipelines are more prone to blockages than combined flow and
storm-water pipelines. The diameter and slope of sewers have an inverse relationship with
the tendency of blockages to occur, and the likelihood of blockages increases as the age
increases. Bailey et al. [27] use decision trees to study the impact of basic characteristics
of sewer (length, diameter, gradient) on the risk of blockage. Ugarelli and Bailey tend
to explain the influence of various factors on the blockage of sewers from a macroscopic
perspective, and this study distinguishes blockage from normal from the perspective of
the change law of liquid level after blockage during sewer operation so as to achieve the
purpose of blockage prediction.

4. Conclusions

The fast and accurate identification and positioning of sewer blockage allows for the
operation and maintenance of sewers and can reduce the amount of earthwork excavation
required. Therefore, performing the identification and positioning experiment of sewer
blockage is highly significant. In this study, a large number of pilot-scale experiments
with a flow rate of 0.5-5 m?/h were carried out to identify the rule of liquid level change
rate and liquid level change amplitude under DN200 normal operation conditions and
after blocking determines the threshold value of liquid level change rate and liquid level
change amplitude for blocking identification. The liquid level change rate and liquid level
change threshold of DN300 drainage pipe blockage identification in different water use
periods were determined using field experiments. Through full-scale experiments, the
threshold of liquid level change rate and the liquid level change range for DN300 sewer
blockage identification in different water use periods were determined. At the end, the
article summarizes the liquid level change rate and liquid level change amplitude threshold
for blockage identification with different pipe diameters. Using pilot-scale experiment
and full-scale experiment data to establish a model and using the discriminant model to
repredict it, the prediction accuracy rate is close to 80%, and reasonable determination of
the threshold is the key to improving the accuracy of blocking recognition.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr11010161/s1, Table S1: Summary table of liquid level change
rate and fluctuation range of DN200 drainage pipeline under normal operation and after blocking;
Table S2: Results of blockage identification through upstream and downstream liquid level monitoring
of DN150 and DN200 drainage pipes after blockage.
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