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Abstract: Blockages in sewers and drains often result in overflows and flooding that cause
significant environmental pollution and public health risks particularly in hospitals where the
consequences can be catastrophic. Due to their low “visibility”, sewers and drains are inherently
difficult to monitor and maintain, resulting in a reactive management approach whereby
maintenance or repair is carried out only after a system failure has occurred. This study investigates
the application of the reflected wave technique, a unique sonar-like monitoring system, capable of
identifying changes to the geometry of closed-pipe-conduits, as a means of active system monitoring
to enable maintenance to be conducted in a pro-active basis. An experimental setup was developed
to simulate a horizontal drain using standard pipework of 100 mm diameter and 70 m length.
Blockages representing 30% and 75% coverage of the drain’s cross-sectional area, with lengths from
30 mm to 3000 mm, were added to the drain. A sinusoidal air pressure wave of 10 Hz was applied
and the resultant system pressure response recorded. All but the two smallest blockages (30% with
30 mm length and 30% with 100 mm length) were detected and located with good accuracy. The
reflected wave technique could provide a novel and non-invasive method for blockage detection
and overall system monitoring for sewers and drains.
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1. Introduction

Approximately 300,000 sewer blockages occur in the UK each year, with an associated cost of
£100 million [1]. These blockages often lead to sewer flooding, causing distress and disruption to
homeowners and businesses, and resulting in high clean-up costs and increased insurance premiums.
In addition to public health impacts, sewer flooding also has major impacts on the environment [2].

An investigation by Water UK revealed that wipes made up around 93% of the material causing
sewer blockages, with less than 1% being products designed to be flushed, like toilet paper [1]. Most
wipes do not break down in water, and so can accumulate in sewers and drains, ultimately causing
blockages within the system. Other materials that cause blockages include: fat, oil, and food scraps;
and sanitary items such as towels and tampons [3]. The water industry acknowledges that, in order
to avoid blockages from occurring, more needs to be done to encouraging people to dispose of non-
flushable items into bins, rather than flushing them down toilets [4], however, in the meantime, sewer
blockages remain a major problem. Anecdotal evidence suggests that blockages in hospital drains are
a highly frequent and recurring issue that poses real risks to public health and imposes demands on
resources and maintenance staff.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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1.1. Methods of Blockage Detection

Early detection and location of blockages in sewers and drains is crucial in order to avoid sewer
flooding, and should be part of timely maintenance. Conventional methods for “finding” blockages
include: visual inspections to identify slow-draining water or obvious material accumulation at drain
entry points [5]; and remote-controlled camera inspections that provide internal images of the
sewer/drain pipe [6]. However, these methods of finding blockages are time consuming and rely on
the experience/expertise of the inspectors and system accessibility.

Studies have begun to explore the use of acoustic and transient wave techniques for blockage
detection in sewers and drains [7,8]. These technologies have gained significant interest in recent
years as they can potentially provide high sensitivity, flexibility, speed, and the ability to deal with
complex systems [8].

One such method is the reflected wave technique, which is widely used for fault detection in a
number of different applications: finding faults in electrical systems and power networks [9,10]; leak
detection in pipes [11]; and pipe blockage detection in the oil and gas industry [12,13]. The reflected
wave technique has also previously been developed by the authors as a means for detecting and
locating depleted water trap seals in building drainage systems to minimise cross-transmission of
disease [14-16]. In this current study, the authors apply the reflected wave technique to the
detection and location of blockages within sewers and drains.

1.2. The Reflected Wave Technique

The reflected wave technique works by transmitting a pressure wave into the system and
analysing the reflections caused by system boundaries. As the pressure wave propagates the
system, it is altered by each boundary encountered (such as junctions, trap seals, air admittance
valves, etc.) which induce a characteristic reflection onto the propagating wave [14]. Any anomalies
in the system will create reflections that alter the propagating pressure wave from the “defect free
system baseline.”

The type of anomaly, determines the form of reflection induced [16]. For example, an open-
ended pipe induces a -1 reflection (which appears as a pressure drop) and a closed-end pipe induces
a +1 reflection (which appears as a pressure rise), see Figure 1.
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Figure 1. Propagation of applied pressure wave (Ap:) along pipe and induced reflection from: (a) an
open-ended pipe and; (b) a closed-end pipe
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By measuring the time it takes for a reflection to return, the presence and location of the anomaly
can be determined using the “pipe period” concept. The pipe period is the time taken for a pressure
wave to travel to a reflecting boundary and return to source. If L is the pipe length and c is the wave
propagation speed, pipe period, T, can be determined by:
_ 2L
T

T (1)

By recording the pipe period of an induced refection, the location of the source of the reflection
can be determined. The pipe period of an induced reflection can be found by comparing a recorded
pressure trace with that of the defect free system baseline. If an anomaly exists within the system,
such as a blockage, it can be detected and located using the reflected wave technique.

The reflected wave technique has several benefits over other methods as it is non-invasive, has
the ability to locate faults from a single access point, and can be applied to various pipe
configurations, geometries, and materials. This is important when considering building drainage
system monitoring as these systems tend to be complex with a large amount of different boundaries
and, in particular, water trap seals which need to be safeguarded.

2. Materials and Methods

2.1. Apparatus

An experimental setup was developed at Heriot-Watt University to investigate the concept of
applying the reflected wave technique to blockage detection in sewers and drains. A test-rig was
constructed in the laboratory that simulated a horizontal drain of 70 m in length using 100 mm
diameter uPVC pipework, see Figure 2.
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Figure 2. Experimental setup showing test-rig constructed to simulate 70 m length of horizontal drain
pipe with acoustic wave generator, two pressure sensors (P1 and P2) located 14 m and 3.4 m,
respectively, from the blockage start position
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An acoustic wave generator was used to apply a sinusoidal air pressure wave into the simulated
horizontal drain. A sinusoidal air pressure wave of 10Hz was used as the applied pressure wave as
this form of wave has been shown to be non-destructive when applied to building drainage systems;
protecting the integrity of the water trap seals by limiting the impact of any propagating wave on the
surface of the water seal and ensuring no displacement [17,18].

Two differential pressure sensors with voltage output, P1 and P2, (both SensorTechnics, model
113LP25D-PDB, with pressure range of +250 mm water gauge) were connected to the test-rig to
record the system pressure response. P1 was located 2 m from the acoustic wave generator and 14 m
from the blockage start position. P2 was located 3.4 m from the blockage start position. The
pressure sensors were connected to a data acquisition board (Keithley, model KPCI-3116) with a
sampling rate of 2000 Hz.

2.2. Simulating a Blockage

Blockages were made from concrete and cast in moulds to depict blockages filling cross-sectional
areas of 30% and 75% of the drain pipe, simulating partial pipe blockages, see Figure 3. Blockages
were also formed in a range of lengths (0.03 m, 0.06 m, 0.1 m, 1.0 m, 2.0 m, and 3.0 m). Concrete was
chosen as the blockage material to emulate the density of the types of blockages seen in sewers and
drains, and also for practicality and ease of conducting laboratory tests.

-

35

Figure 3. Cross-section showing the 30% and 75% blockages within the 100 mm diameter pipework
of the test-rig

A full list of the range of blockages used in this study are shown in Table 1. A total of 12
blockages were tested with volumes ranging from 0.07 m3 to 17.67 m3. The cross-sectional coverage
values (30% and 75%) are in relation to the 100 mm diameter test-rig pipework with cross-sectional
area of 78.54 cm?2.

Table 1. Physical properties of the range of blockages used in this study. Cross-sectional coverage
values are in relation to the 100 mm diameter test-rig pipework (cross-sectional area of 78.54 cm?)

Cross-sectional coverage Cross-sectional area (cm?) Length Volume

(m) (m?)

0.03 0.07

0.1 0.24

o 0.3 0.71

30% 236 1.0 2.36

2.0 471

3.0 7.07

0.03 0.18

75% 58.9 0.06 0.35

0.1

0.59


https://doi.org/10.20944/preprints202407.1523.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 July 2024 d0i:10.20944/preprints202407.1523.v1

5
1.0 5.89
2.0 11.78
3.0 17.67

All blockages were positioned within the test-rig to ensure a consistent blockage start position.
This was an important factor for assessing accuracy of the reflected wave technique in detecting and
locating these blockages.

2.3. Test Procedure

The first step, when using the reflected wave technique, is to determine the pressure response
of the system to the applied pressure wave in which no anomalies exist [16]. This is referred to as
the defect free system baseline, P%, and is what all tests are subsequently compared:

1 N _ Pj_1+Pj'2 +..+

P .
PPF = — IN piDF=1Ni=1NPj,i=Pj,1+Pj,2+..+Pj,NN (2)

j T N&i=thL T

where N is the number of defect free system responses and j is the measurement point. For this

study, a total of 10 defect free system responses were recorded, in response to the applied sinusoidal

air pressure wave generated by the acoustic wave generator. These were then averaged to
determine the defect free system baseline.

The maximum absolute difference between the defect free system baseline and each of the defect
free system responses was then calculated. This provides the system threshold (h-value) which takes
account of signal noise when checking the goodness-of-fit between the tests and the defect free system
baseline.

— DF i=N
h = max|PPF — P,-,i|i=1 (3)

The goodness-of-fit is assessed using a time series change detection algorithm based on the

absolute difference, D, between the defect free system baseline, PD]—_F, and the measured test pressure

response P%:
D, =[PP — B (4)

For each data point, the change in goodness-of-fit is assessed. If the absolute difference
between the two traces exceeds the h-value, then a change is said to have occurred (indicating the
presence of an anomaly in the system), and the time of the change is recorded. This time is taken as
the pipe period, T, allowing the pipe length, L, (i.e. the anomaly location) to be calculated from
Equation 1. The wave propagation speed, ¢, is taken as 343 m/s for air in a pipe.

2.4. Adding a Blockage

Once the defect free system baseline was determined, the blockages were added to the test-rig
(one at a time) and subsequent test pressure responses were measured. Each blockage was added
at the same position within the pipe to ensure consistent start positions. Once in place, the acoustic
wave generator was used to apply the sinusoidal air pressure wave. For each blockage, a total of 5
test pressure responses were measured and an average taken, before comparing with the defect free
system baseline.

3. Results and Discussion

3.1. Determination of the System Threshold (h-Value)

The maximum absolute difference between the 10 defect free system responses recorded, and
the averaged defect free system baseline, was found to be 1.5 mm water gauge which was, therefore,
set as the h-value for the system.

For subsequent tests with blockages, the time series change detection algorithm assessed the
goodness-of-fit between the defect free system baseline and the measured test pressure response.
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When a change exceeded the h-value of 1.5 mm water gauge, the time of the change was recorded and
used to estimate the location of the blockage.

3.2. Measured Test Pressure Responses: Blockage Reflections

Each blockage was added to the test-rig in turn, positioned with the consistent start position (14
m from pressure sensor P1, and 3.4 m from pressure sensor P2). Figure 4 shows the measured test
pressure responses against the defect free system baselines.

90 90
70 30% 70 30%
50 50
2 30 30
g 10 10
£-10 ¢ 05 1 A\ 0.2 -10
8 30 -30
=
-50 -50
=70 -70
-90 . -90
Time (s) Time (s)
Defect Free 30mm 100mm 300mm 1000mm 2000mm 3000mm
(a) (b)
90 90

Pressure (mm wg)

Time (s)

3000mm

2000mm

Defect Free 30mm 60mm 100mm 1000mm
(©) (d)

Figure 4. Measured test pressure responses compared with the defect free system baseline for: (a) 30%

blockage recorded at P1; (b) 30% blockage recorded at P2; (c) 75% blockage recorded P1; and (d) 75%

blockage recorded at P2

It can be seen that the measured test pressure response changes from the defect free system
baseline when a blockage is present in the pipework. The change is depicted as a positive reflection
that increases the pressure at a specific time.

The magnitude of the reflection change is a factor of the blockage cross-sectional coverage (the
75% blockage produces a larger reflection than the 30% blockage) and the blockage length (longer
blockages produce larger reflections than shorter blockages). It can also be seen that the reflection
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change is larger and clearer when recorded by pressure sensor P2 (closest to the blockage) when
compared to that recorded at P1 (furthest from the blockage).

3.3. Applying the Time Series Change Detection Algorithm

Each of the measured test pressure responses were analysed by applying the time series change
detection algorithm. Figure 5 shows the results of the analysis for the range of lengths of the 30%
blockage. The same analysis was also conducted for the 75% blockage. The first two columns of
graphs in the figure (left-side) depict analysis of the data measured at pressure sensor P1 (14 m from
the blockage) and the second two columns of graphs (right-side) depict analysis of the data measured
at pressure sensor P2 (3.4 m from the blockage). Each row of graphs relate to each length of blockage
(from 30 mm to 3000 mm [3m]). For each pressure sensor, a graph showing the absolute difference
between the measured test pressure response and defect free system baseline (goodness-of-fit),
together with a graph showing the time series change detection (indicating if goodness-of-fit exceeds
the h-value) is depicted for each blockage length.
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Figure 5. Time series change detection algorithm applied to the data for the range of lengths of the
30% blockage. The first two columns of pressure and change graphs are for data recorded at P1, the
second two columns are for data recorded at P2.

Figure 5 shows that the time series change detection algorithm was unable to detect very short
blockages of 30 mm and 100 mm for a blockage with 30% cross-sectional coverage. All longer
blockages, from 300 mm to 3000 mm, were detected.

Table 2 displays the detection and location results for each blockage tested, for both the 30% and
75% blockages. The blockage characteristics (including the known location, pipe period, and length)
and compared with that of the detected blockage information (including detected pipe period and
detected location). Again, it can be seen that for the 30% blockage, the 30 mm and 100 mm long
blockages are not detected by either pressure sensor. However, for the 75% blockage, only the 30
mm long blockage is not detected at pressure sensor P1; all other blockages are detected, and all
blockages are detected at pressure sensor P2 for the 75% blockage.

Table 2. Results of applying the time series change detection algorithm to detect 30% and 75%

blockages of various lengths within a 100 mm diameter drain-pipe

Cross- Blockage Characteristics Detected Blockage Information
sectional Pressure SensorLocation Pipe Period Length Pipe Period Location  Variance
coverage (m) (s) (mm) (s) (m)

30 #N/A #N/A #N/A
100 #N/A #N/A #N/A
300 0.1085 18.61 33%
Pl 14 0.0816 1000 0.0875 15.01 7%
2000 0.0865 14.83 6%
30% 3000 0.0880 15.09 8%
30 #N/A #N/A #N/A
100 #N/A #N/A #N/A
300 0.0205 3.52 3%
P2 34 0.0198 1000 0.0200 3.43 1%
2000 0.0200 3.43 1%
3000 0.0205 3.52 3%
30 #N/A #N/A #N/A
o P1 60 0.1070 18.35 31%
75% 1 0.0816 100 0.0850 14.58 4%
1000 0.0855 14.66 5%
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2000 0.0845 14.49 4%

3000 0.0850 14.58 4%

30 0.0200 343 1%

60 0.0195 3.34 -2%

100 0.0195 3.34 -2%

P2 34 0.0198 1000 0.0200 343 1%
2000 0.0195 3.34 -2%

3000 0.0195 3.34 -2%

The detected location of the 300 mm long, 30% blockage (18.61 m) by pressure sensor P1 has a
high variance (33%) from the known location of the blockage (14 m). Also, there is a high variance
(31%) between the detected location of the 60 mm, 75% blockage (18.35 m) and the known location
(14 m). It appears that very short blockages are either undetectable by the time series change
detection algorithm or, if detected, can have a high variance in detected location. All other blockages
are located within 1-8% of the known location. The accuracy in locating the blockage is improved
using data from pressure sensor P2 (closest to the blockage), with just 1-3% variance. Pressure
sensor P2 was also able to locate the 30 mm, 75% blockage to within 1% of the known location,
whereas pressure sensor P1 was unable to detect it at all.

Overall, the reflected wave technique has been shown to successfully detect and locate a wide
range of blockages within the simulated horizontal drain-pipe.

4. Conclusions

This study has investigated the use of the reflected wave technique for the detection and location
of blockages within sewers and drains. As a concept, it has been shown that the technique can detect
and locate partial blockages in pipes by sending an applied sinusoidal air pressure wave into the
system and analysing the reflections generated by the blockage.

Using a time change detection algorithm to analyse the measured test pressure response against
a defect free system baseline, has been shown to be effective in detecting blockages within the
simulated horizontal drain-pipe (across the range of 30% blockages with lengths from 300 mm to 3000
mm, and 75% blockages with lengths of 30 mm to 3000 mm). Whilst the detected location of the
shortest blockages were seen to have high variance (around 31-33%) when measured from the
pressure sensor furthest from the blockage, this was improved when measured from the pressure
sensor closer to the blockage (-2-3%), and all other blockage locations were detected with good
accuracy (1-8%).

The reflected wave technique has been demonstrated as a suitable approach to blockage
detection in sewers and drains, allowing periodic or continuous monitoring of such systems and
enabling early detection of blockages (or other defects) that may occur. This will enable improved
monitoring of sewer and drains so that maintenance can be carried out on a proactive basis.
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