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The integrity of the drinking water infrastructure deteriorates with time. Monitoring the condition of the
drinking water mains can enhance the remaining operational lifetime assessment of the network. In this research
a method to translate ultrasonic signals to degradation levels from an inline inspection in a cement-based
drinking water pipeline is proposed. The data was obtained from an inspection performed in a Dutch drinking
main section. The data is processed in two major steps. Firstly, the parameters that provide the condition of the
cement are extracted. Secondly, images of the degradation within the pipes of the inspected trajectory were
generated. The main contributions in this paper are (i) the estimation of relative degradation levels of a cementbased pipeline based on the ultrasonic pulse-echo technique and (ii) the upscaling of the processing method in an
automated manner for visualization of the degraded condition. Lastly, a sensitivity study of the parameters
relevant to the determination of the degraded depth has been performed. The speed of sound in cement is the
most relevant parameter to consider. Estimating absolute degradation levels needs further study.

1. Introduction
Preventing failure of drinking water distribution systems is a current
interest in many countries around the world. Repairing a failed pipe can
cost tens of thousands of Euros. What is more, interruption of the supplied
water and third-party damages are further consequences of a failed pipe.
This raises the question of how to prevent failure in the drinking water
network. The replacement of the mains can be performed effectively if the
state of the pipe is known. In this research, a methodology that can detect
and determine the degraded thickness in a cementitious structure is applied to a real cement-based drinking water pipe.
Cementitious pipes account for nearly 30% of the Dutch drinking
water network [1]. In today’s condition assessment market, there are two
types of non-destructive inspection methods that have been used to determine the degradation levels in cement-based pipes. These are acousticbased techniques and surface penetrating radar (SPR) [2–9]. The acousticbased technique monitors the travel time of an acoustic wave, generated
from tapping an accessory within the network (e.g. a nearby valve), at
least at two different locations along the pipeline, with acoustic sensors.
These sensors have to be in direct contact with the surface of the pipeline
or in direct contact with the other type of accessories. By measuring the

⁎

speed of the propagating sound wave, the average condition of the material can be determined [5,7,9]. Another derivation of this technique is
known as the hydraulic transient analysis (HTA), where major advancements have been made in wave propagation modelling for prediction of
deterioration, sensor placement optimization, advanced signal processing
algorithms and the use of different acoustic sources [10–14]. These
acoustic-based technologies are focused on a continuous monitoring of the
wave speeds. The main disadvantages are the complex extraction of the
relevant parameters, complex signal processing algorithms and the required adequate sensor placement. Furthermore, it only gives the average
condition of the monitored length.
The SPR method consists of transmitting radio waves from the outer
surface of the pipe. These radio waves are transmitted/reflected at the
boundary between different material properties and are recorded with an
acquisition unit. The local through-thickness degradation level is contained in the reflected waves [2,4]. The main disadvantages of the SPR
technique are that the pipes must be dug out, which is costly and timeconsuming, the inspection technique is dependent on the technician skills
and the condition assessment is local, hence not representative for the
entire pipe segment and even limited to the size of the sensor. None of
these major techniques is sufficiently versatile to be used in a routine
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nonetheless, the two-sided degradation is more likely to occur due to the
contact with soil and the conveyed water [25].
The time that an acoustic wave takes to travel from the top surface
to the bottom surface (see Fig. 1a and 1b) is the sum of the time it takes
in the degraded region and in the healthy region:

fashion nor provides detailed information on the complete pipe section.
Another type of condition assessment in cement-based pipes is the
detection of leaks. Leaks are detected most commonly with acousticbased techniques (hydrophones) and pressure-based sensor data
[15–18]. Other techniques that have been subject of research are based
on the use of optical sensors, placement of wireless sensors within the
network and vibration-based measurements, amongst others [18–22].
Most of these techniques seem promising, however, fundamentally the
water loss from a cracked pipe is due to material deterioration. In this
research, the main goal is to measure the condition of a drinking water
pipeline before the crack initiates and in turn potentially reduce
maintenance costs and operational downtimes.
Naffa et al. [23] demonstrated that by measuring the speed of sound in
concrete, it is possible to detect chemical damage, however, estimating the
damage level remained a matter of research. In a different study, Demĉenko et al. [24] showed that, based on the reflection from the deteriorated layer, it is possible to detect and measure the remaining healthy
thickness of a cement degraded by acid. This approach is very effective
when the acoustic impedance between the degraded material and healthy
material is relatively high. In a more recent study, a methodology to
quantify through-thickness chemical degradation in cementitious structures based on high frequency sound waves was developed [25]. Estimating the degradation level is done by measuring the acoustic pulse
velocity through the thickness of the material. A major challenge in the
latter technique is that the pipe’s thickness and speed of sound in pristine
and fully degraded conditions have to be known [25,26].
In collaboration with Acquaint B.V., an inspection company, the inspection data from an inspected section from the Dutch drinking water
grid is used. The first objective of this research is to determine the degradation levels in the inspected pipeline [25], based on the pulse-velocity
methodology. The second objective is to provide a processing method that
enables upscaling of the parameter extraction and visualization of the
estimated degraded depth. Finally, the sensitivity of the parameters that
can influence the estimation of the degraded depth is investigated.

(1)

tD = th + td

where td = tdi + tdo , for the two-sided degradation case. For each region
of the specimen, the distance over velocity is substituted:

tD =

2h
2d
+
Vh
Vfd

(2)

where d = do + di for two-sided degradation, the subscript fd refers to
the speed of sound in fully degraded material and Vh is the speed of
sound in pristine cement. It is important to distinguish between degraded and fully degraded [25]. The term degraded refers to a cement
material that contains both a fully degraded and a healthy part. Fully
degraded refers to only the part of the specimen that is completely
(fully) degraded. The remaining healthy component is defined as

h=D

(3)

d

where D is the thickness of the specimen. The fully degraded speed of
sound is defined as a fraction of the speed of sound in healthy material
(4)

Vfd = Vh

where is the ratio of fully degraded speed of sound and healthy speed of
sound and was found to be 0.54 in an earlier research [25]. By substituting
Eq. (3) and Eq. (4) in Eq. (2), the thickness of the degraded layer is

d=

0. 5tD Vh
1

D
1

(5)

The time tD is extracted from the ultrasonic data as Δt. The degraded
depth can be determined if the speed of sound in pristine and fully
degraded condition are known. It is expected that for a field pipe test,
both quantities will be unknown and nearly unattainable, thus, in this
work these two quantities are assumed based on literature [25].

2. Estimation of degraded depth in a cementitious structure

3. Methodology

In a deteriorated cementitious structure, it is possible to determine the
thickness of the degraded layer based on the time-of-flight of the acoustic
waves. The degradation of cement-based structures generates a difference
in material properties from the external surfaces towards the inside of the
material. Extensive information on chemical deterioration of cementitious
structures is available in literature stating that the most relevant degradation mechanism for drinking water pipelines is calcium leaching
[8,27–34]. When a cement structure is in contact with an aggressive environment (low pH medium or low ion content water), calcium starts to
leach out from the surface of the cement [31,32]. Calcium leaching reduces the strength of the structure [30]. Fig. 1a and 1b depict the layers
that are generated due to calcium leaching. The degraded zone is shown as
d in both figures, h is the healthy zone and D is the total wall thickness.
Fig. 1a depicts degradation from one side only and Fig. 1b depicts degradation from the two sides (inner and outer pipe surface) of the structure. Both cases should be present in a cement-based water pipeline,

This section is divided in three main parts. In the first part, details on
the performed inspection, including the trajectory and specifications of the
inspection tool, will be given. Then, the principle of the ultrasonic tests
together with the processing of the signals from ultrasonic raw responses
to time-of-flight information is discussed. The third part, the visualization
section, focuses on handling the extracted parameters such that the degraded state can be understood qualitatively and quantitatively.
3.1. Inspection tool and inspected trajectory
A cement-based pipeline was inspected with an inspection tool
equipped with eight ultrasonic sensors. The tool is made of a cylindrical
foam (black colour in Fig. 2) that is compressible to the inner diameter
of the pipe. It is equipped with eight ultrasonic transducers as depicted

Fig. 1. Leached cementitious structure treated with phenolphthalein to determine the pH value. The colourless region (d) represents the degraded material (low pH)
and the purple region represents non-degraded material (pH still high enough). (a) one-sided degradation and (b) two-sided degradation.
2
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Fig. 2. Schematic representation of the inspection
tool in a pipe section, with front view (left) and side
view (right). The tool carries 8 ultrasonic transducers along the circumference. Each sensor transmits
acoustic waves through the water, that further propagates through the thickness of the pipe, and reflects back to the transducer resulting in measurements at locations yk,n.

surface interface is called the front wall reflection (see Fig. 3). The
transmitted acoustic waves then travel through the thickness of the
specimen. At the outside-surface-to-soil interface, most of the energy is
reflected and some energy is transmitted to the surrounding soil. The
energy that is reflected at the latter interface is called the back-wall
reflection (see Fig. 3). The front wall and back wall reflections are the
main waves of interest that are recorded by the ultrasonic transducer.
The inspection was done in 2018 and its geographical location is
shown in Fig. 4 (green line). The inspected trajectory length is 1939 m.
The tool has a location tracker, such that the inspected trajectory can be
visualized on a map as shown in Fig. 4.

Fig. 3. Reflection of sound waves at the inner surface (IS) and outer surface
(OS) of the pipe from the front-wall reflection (FWR) and from the back-wall
reflection (BWR) respectively.

3.2. Automatic processing of ultrasonic signals

in Fig. 2. Each sensor performs a measurement every 0.05 s. The tool
translates through the pipe at a speed of approximately c = 0.2 m/s.
The tool is tracked above ground which allows the accurate correlation
between the acoustic measurements and the location along the pipeline.
Rotation of the inspection tool is corrected with rotational sensors
embedded in the inspection tool. The inspection system acquires 160
measurements per second and approximately 800 measurements per
meter of inspected water main trajectory.
The face of the ultrasonic transducers is aligned parallel to the internal surface of the pipe (see Fig. 2). Each transducer is excited by an
electric pulse which in turns converts electrical energy into mechanical
energy (acoustic waves). These waves travel through the water (as
shown in Fig. 2). The transition from water-to-inner-surface and outside-surface-to-soil interfaces produce energy transmission and reflection (see Fig. 3). The energy that is reflected at the water-to-inner-

The objective of data processing is to translate the obtained raw
ultrasonic signals to a parameter related to the amount of degradation.
This is achieved by estimating the time difference t between front and
back wall time-of-arrival (see Fig. 3). The processing of the acquired
data is performed with the same scheme as presented in [25,26].
With the vast amount of data being processed, automation is necessary. The front wall and back wall reflections are automatically detected
with the following process. First, the absolute magnitude of the derivative
of the entire recorded signal is calculated (see Fig. 5b). Then, the maximum value of the data set is located (black point in Fig. 5b). Based on the
present pipe thickness, acquisition rate and central frequency of the
sensor, 6% of the total signal length is selected (vertical black lines in
Fig. 5a) avoiding overlapping with other nearby reflections. This accounts
for approximately 6.5 μs of time delay (x axis in Fig. 5). The signal within
the selected 6% is replaced by zero values to create a convenient sample
size, as shown by the horizontal line in Fig. 5b. The replacement of the
front-wall by zero values enables the detection of the back-wall maximum
peak without modifying the length of the data set. Thereafter, the derivative of the original signal, plus the section replaced by zero values, is
calculated and a second maximum is located (red point in Fig. 5b). Similarly, the back-wall reflection contained in 6% of the total signal is
extracted. At this stage, two signals have been extracted: front-wall and
back-wall reflections both with 6% (≈6.5 μm) of the total data length.
The main advantage of this procedure is that the maximum amplitude of the front-wall and back-wall reflections are located in an automatized manner. Reflections from the internal layer are present only
in a limited part of the data and are lower in amplitude than the frontwall and back-wall. As described in [25], reflections from the internal
layer (due to calcium leaching) in a cement-based structure are present
only if the difference in acoustic impedance between the healthy and
the degraded region is relatively large. The presence of such reflection
in part of the inspection data means that the degradation is not

Fig. 4. Aerial view of inspected pipeline section.
3
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Fig. 5. Signal processing scheme. (a) Time signal
with the selected limits for the extraction of the front
wall (black lines) and back wall (red lines); (b)
Absolute derivative with the section replaced by
zero values (bottom black line) and the maximum
amplitude of front wall (black point) and maximum
amplitude of back wall (red point).

homogeneous throughout the pipeline. In general, ultrasonic pulse-echo
cannot rely on such reflection for monitoring the condition of cementbased drinking water pipelines.
To further process the selected reflections (front wall and back wall)
a band-pass filter is used. An example of the band-pass filter scheme and
process is described in [25,26]. Finally, the difference between the
time-of-arrival of the FW and BW signals () is calculated and Eq. (5) is
then solved. The following assumptions are made in this analysis: (i)
throughout the trajectory the wall thickness is constant; (ii) degradation is mostly a general process, thus local changes are not expected;
(iii) and degradation is homogeneous along the pipe circumference.

one sensor and (iii) the red line represents the average of the eight
sensors, again after application of moving average to each of them. The
colour map in the lower part of Fig. 6 shows the time difference t for
each individual sensor. The blue vertical lines in the figure on the top
represent the joints between pipe sections (the joints are in between
two closely spaced lines). The x axis for both parts of the figure represents the distance along the inspected trajectory.
The time difference indicated by the red line (average over 8 sensors)
is slightly higher in comparison with the time difference indicated by the
dark blue line (single sensor) from 1365 m to 1368 m (see Fig. 6). On the
contrary, single sensor time difference is slightly higher than the averaged
sensor time difference from 1378 m to 1382 m (see Fig. 6). This effect is
due to the averaging over the eight sensors. For both cases, the colour map
reflects the real time difference at a particular location for a particular
sensor. Thus, the averaged sensor time difference in the top figure (the
averaging method) serves as a guide for detecting major changes in degradation along the longitudinal direction of the inspected trajectory.
The degraded depth is then estimated based on Eq. (5), assuming a
constant total wall thickness. With the processing scheme presented in this
research, the ultrasonic data can be visualized in a way that provides the
optimal information to evaluate the condition of the cement-based pipeline. The calculated degraded depth will be shown in an aerial view of the
trajectory (averaging method), similar to the one in Fig. 4. This facilitates
the localization of areas that appear to have higher degradation. The degradation patterns within this type of pipelines are unknown, therefore,
the data from the 8 sensors will be examined as well.

3.3. Visualization of extracted parameters
Large variations on the measurements are expected and can arise due
to several reasons: the joints between pipes, tool wobbling (resulting in low
amplitude reflections), low signal-to-noise ratio and inadequate signal filtering. These faulty and noisy signals are removed. Thereafter, a moving
average filter was used on the calculated time-of-flight difference ( t ) of
each sensor separately. Assuming a uniform degradation along the pipe
circumference, the data from all eight sensors was averaged. For each
measurement location, three values were extracted: the maximum, the
minimum and the average of the time difference t . Finally, the degraded
depth was calculated from Eq. (5). One advantage of averaging the 8
sensors is that, severe damage can be detected immediately and it is corroborated with the maximum and minimum, if these quantities increase.
On the contrary, if local degradation is present along the circumference,
the averaging method will not detect these, however, the maximum and
minimum can trigger a more detail observation on these areas.
The data processing is shown in Fig. 6. In the top figure three different lines of data are shown (i) the light blue line depicts the time
difference t for one sensor without processing, (ii) the dark blue line
depicts the time difference t after application of a moving average for

4. Results and discussion
4.1. Sensor parameters
A boxplot depicting the time-of-flight difference t per sensor over
the complete inspected trajectory from the filtered data is shown in

Fig. 6. Visualization of time of flight differences along a pipe section. Single sensor (nr.5) data (raw and moving average) and averaged data are shown as lines in the
top part, and the color map in the lower part shows the t moving average per sensor.
4
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describe the phenomena responsible for aberrant degraded depth
measurements.
(I) Sudden degraded depth change between neighbouring pipes
In Fig. 8 at 455 m, a sudden increase in degradation depth between
to the left and right neighbouring pipe sections can be seen. If the assumption that the thickness is constant throughout the inspected trajectory is true, it would mean that a 6 mm degradation difference exists
between the pipe at 455 m and the two pipes next to it. The opposite
behaviour can be seen at 460 m (the pipe contiguous to the one with the
highest degraded depth).
The significant and abrupt changes in degradation depth in these
locations can be explained in three ways. Firstly, considering the assumption that the pipe wall thickness is constant, the pipe with the
higher degradation would have to be buried in soil or convey water that
is more aggressive than at its neighbours on the right and on the left.
Thus, it would be a very special case were only that specific pipe has
severe damage. Another reason why this could happen, and still considering the assumption that the thickness is constant, is that the pipe
with the lowest degradation has already been replaced before, and thus
is actually “healthier”. For the case at 460 m (low degraded depth), the
latter seems realistic as there is only one pipe section that has low
degradation depth. However, for the case at location 455 m, the outlier
is the pipe section with the highest degraded depth. A third possibility
is that the assumption of constant pipe thickness is incorrect for those
specific pipe sections. However, since no data on actual pipe thickness,
or the thickness standard deviation as a result of the production process, is available, assuming a constant pipe thickness is the best option,
especially considering that this assumption seems to hold for most pipe
sections.

Fig. 7. Boxplot of the time of flight variation over the inspected trajectory with
the median (red line) and average (red dot) values per sensor. The black lines
represent the 75% quartiles and the boxes represent the 25% quartiles.

Fig. 7. The mean and median values are very similar in all sensors,
which indicates a normal distribution of the degradation along the pipe
circumference. This permits the use of the averaging method only for
degradation along the longitudinal direction. Larger deviation between
sensors statistics would not enable the use of the averaging method.
Two major reasons are a malfunctioning sensor and significant difference in degradation patterns mainly along the pipe circumference. For
the first case, the data from a faulty sensor could be removed. For the
second case, the averaging method could hinder the detection of degradation. The data from the eight sensors were analysed in order to
characterize difference in degradation levels along the circumference.
The use of the data distribution describes if there is high deviation
between the individual sensor values. Based on this, it possible to determine if a sensor is working properly or if the sensors are measuring
completely different quantities (e.g. degradation levels). The statistics
tell that it is possible to do an averaging, as the variation across the
sensors is rather limited.

(II) Gradual increase/decrease of degraded depth in a pipe section
In Fig. 9 at around 955 m and 985 m a considerable increase in
degradation depth along one pipe section is observed. This would mean
that the degradation progressively increases from the beginning of a
single pipe segment towards the end. The difference between the
highest and lowest degraded points is 7.34 mm. This same behaviour is
seen at 410 m in Fig. 8. A possible explanation would be a variable wall
thickness.

4.2. Results of inspected section
The average degradation depth per measurement location was used
to generate one quantitative degradation depth variation over the inspected trajectory. This is an estimate of the amount of leaching in the
pipe at that specific measured point. The leaching depth is estimated
assuming a constant pipe wall thickness. The degraded depth values are
shown for segments of 100 m. Assuming a fairly homogeneous acoustic
velocity in its pristine state, the degraded depth can only be attributed
to chemical degradation. However, throughout the trajectory, certain
pipe sections show a behaviour that is inconsistent with these assumptions. Four examples of these inconsistent events are discussed to

(III) Consistent degradation along the longitudinal direction
A third relevant behaviour that is observed throughout the inspected trajectory as a trajectory-wide behaviour. This effect can be
better seen in Fig. 10. The trend within each pipe section is not isolated
(as in the previous examples) but it is consistent with the neighbouring
pipe sections. For instance, from 1200 m to 1400 m in Fig. 10 a higher

Fig. 8. Estimated degraded depth distribution for section from 400 to 500 m. The solid line in blue represents the averaged data for the eight sensors; the line in red
represents the maximum and the line in green represents the minimum values. The colour maps show detected degraded depth at each individual sensor.
5
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Fig. 9. Estimated degradation depth distribution for section from 900 to 1000 m. The solid line in blue represents the averaged data for the eight sensors; the line in
red represents the maximum and the line in green represents the minimum values. The colour maps show degraded depth for each individual sensor.

degradation depth is seen compared to adjacent sections (from 1010 m
to 1200 m and from 1400 to 1600 m). This accounts for at least 200 m
of the inspected trajectory. Furthermore, the degradation depth
changes gradually rather than sharply. A similar, but more localized,
pattern can be seen in Fig. 10, approximately at 50 m, 250 m, 750 m
and 1000 m. In these sections, there is high degradation depth compared to adjacent sections. Leaching of calcium is expected to occur
more globally than locally, as it is caused by the surrounding environment, especially the soil. Thus, calcium leaching would be expected to be present more often in several adjacent pipes than in one
pipe only.
In Fig. 10, the outliers found by the average per pipe and by the
maximum per pipe are related to change in pipe material. An example
of this can be better seen in Fig. 9 in the travelled distance between
940 m and 950 m where the apparent degradation depth drops to zero.
In that section of the network a different type of pipe was installed.
Similarly, in the distances at approximately at 750 m, 1500 m and
1770 m, other types of pipes are detected (see Fig. 10).

(IV) Apparent difference in degradation along the circumference
The fourth and last observed behaviour in the inspected trajectory is
the apparent difference in degraded depth along the circumference of
the pipe. Considering the assumed homogeneity in pipe wall thickness
throughout the inspected trajectory, this would mean that degradation
differs along the circumference in cement-based pipes. This effect is
depicted in Fig. 11 at 1660 m, 1610 m and 1645 m, where half of the
sensors detect a higher degradation depth than the other half of the
sensors. This behaviour is observed as well in Fig. 9 at 920 m.
The detection of circumferential degradation is hindered by the use
of averaged values. Thus, the averaging method is used only to get an
overview of the degradation along the pipeline longitudinal direction.
The data analysis should be performed for the eight sensors separately.
It is recommended to further investigate the possibility to use more
advanced signal processing schemes (e.g. machine learning) for a robust detection of degradation in both the longitudinal and circumferential directions.
After considering the four main types of deviations, the increase/
Fig. 10. Estimated degradation depth distribution for the entire inspected trajectory.
The data shown is extracted from the eight
sensors for each individual pipe. The line in
blue represents the maximum degraded
depth; the line in red represents the average
degraded depth and the line in green represents the minimum degraded depth. The
line in black represents a moving average
filter per 10 pipe sections.

Fig. 11. Estimated degradation depth distribution for section from 1600 to 1700 m. The solid line in blue represents the averaged data for the eight sensors; the line
in red represents the maximum and the line in green represents the minimum values. The colour maps show degraded depth for each individual sensor.
6
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Fig. 12. Aerial view of the estimated degraded depths along the inspected trajectory.

decrease of estimated degraded depth in a single pipe section from start
to end is the most remarkable behaviour. The assumption that the
thickness is constant is potentially wrong (only for observation II) as the
absolute leaching depth suggests unrealistic wall thickness reduction or
manufacturing imperfections. If this would be the case, the maximum
apparent thickness change would be 6.25 mm (for a nominal thickness
of 23 mm). This thickness variation accounts for 25% change in
thickness. It is likely to be a combination of production flaws and different degradation levels.
In Fig. 12, the calculated degraded depth variation is shown in an
aerial view along the inspected trajectory. For this visualization, the
average degradation depth from the eight sensors is used to display the
degraded depth. However, with this visualization it is not possible to
see when there is circumferential degradation. Using the average degraded depth per eight sensors is not valid in cases with circumferential
degradation. If the maximum and minimum degradation depths shown
in Fig. 11 increase or decrease together with the average degraded
depth, then the estimated degraded depth at that location is not an
outlier. When the maximum degraded depth increases and the average
degraded depth does not change, the estimated degraded depth at that
location is considered an outlier. The outliers are due to change in
material pipe and due to low amplitude signals.
In correlating the areas with apparent higher degradation with the
surrounding environment, an increase in degradation appears to be

mostly in areas next to farms. The land usage can thus have a relevant
effect on the degradation levels and on the degradation rate for instance
a difference in soil pH or moisture. The degradation levels shown from
the aerial view in the map is a very useful way to investigate the possible causes of changes in the ultrasonic responses. In this way a better
understanding of the possible causes of degradation can lead to improved failure predictions.
4.3. Sensitivity
The parameters that could introduce deviations to the estimated
depth are: the implemented filter parameter ( fc ), wall thickness, speed
of sound in pristine state and speed of sound in fully degraded cement
( in Eq. (5)). In this section, the sensitivity of each of these parameters
is investigated. In Fig. 13, the sensitivity to the estimation of the degraded depth is shown. The used ranges for the various parameters are
shown in Table 1.
It is observed that the parameters with the highest sensitivity are the
pristine and fully degraded speed of sound in cement, followed by the
wall thickness. The filter parameters do not have a strong effect on the
estimation of the degraded depth. A 10% deviation in the filter parameter induces only 3–7% error in the estimation of the degraded depth,
depending on whether the parameter is increased or decreased.
A 5% change in the speed of sound in pristine condition already
7
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trajectory were consistent with those of neighbouring pipes, and secondly since this assumption does not induce large errors in the calculated degraded depth.
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Fig. 13. Sensitivity of the estimated degraded depth for variations in filter
coefficient, pipe wall thickness, speed of sound in fully degraded material ( in
Eq. (5)) and speed of sound in pristine condition.

Table 1
Upper and lower limits for the sensitivity analysis.
fC
Lower limit
Upper limit

(0.7

fC )

(1.3

fC )

D [mm]

Vh [m/s]

18

4500

28

5500

0.47
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induces a 20% error in the estimation of the degraded depth. An error
of 5% in the fully degraded speed of sound ( Vh ) induces an error of
10% in the calculated degraded depth. Thus, these two parameters are
fundamental. A 5% error in the wall thickness would induce a 5% error
in the estimated degraded depth. Thus, there is a higher allowable
range for errors in the thickness.
Assuming a constant thickness is an effective approach, however, in
some isolated cases, this is not valid. The actual thickness of the installed infrastructure is unknown, thus determining the absolute value
of the degraded depth remains unattainable. However, differences in
apparent degradation depth can be clearly identified with the proposed
method. These can then trigger further investigation with other techniques at only these specific locations. This selection of critical locations can already imply huge cost savings compared to a situation in
which a complete section must be analysed in detail or even replaced.
Further CT scans have validated the degradation levels along the
circumference. The latter results are not yet public and were obtained
by Acquaint B.V. in collaboration with KWR water research.

Appendix A. Supplementary material
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.engstruct.2020.110413.
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