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1 Introduction
1.1 General context
Wells are composed of cemented layers of connected steel pipes that run from the wellhead to the
reservoir, as shown in Figure 1. Each pipe section is typically 12 meters long, connected with threaded
couplings on both ends. The well has its layered characteristic due to the drilling process which occurs
in stages. The outer layer corresponds to the first section drilled (top of the wellbore), where a casing
string is introduced and the annulus between the casing and wellbore is filled with cement, then a
smaller bore is drilled below and sealed using a smaller casing contained within the first section casing.
This procedure is repeated with smaller casing strings contained within the other casings until the
smallest of them penetrates the reservoir. The main purpose of the outer casing strings is to support
the drilling operations, whilst the inner strings support the production process. (EnggCyclopedia,
2011) (Hole, 2008).

Figure 1 Casing strings and Liner for Typical (Hole, 2008)

These casings exist to contain the well fluids and preventing losses, providing support for drilling and
the final wellhead and protecting the well formation against erosion, corrosion, fracturing and
breakdown. Therefore, there is a critical importance in maintaining well casing structural health and
integrity for the safe operation, as any casing damage can introduce a risk to the operation that could
result in catastrophic outcomes.
The purpose of this deliverable is reporting on the validation of different well monitoring techniques
and their applicability for well integrity monitoring considered within the S4CE project. The main tasks
associated with this deliverable are tasks 7.6 and 7.9. Results from the validation of sensing skin
technology are also included in D7.7 Workflow for the installation of sensing skins on a field site.

1.2 Deliverable objectives
One of the objectives in this work package was the validation of the electrical imaging - based sensing
skin technique (Hallaji, 2014) in field conditions. The sensing skin is a novel technique developed
recently for Structural Health Monitoring (SHM); it has not been tested in situ before the S4CE project.
Since the previous publications have only considered tests in laboratory conditions, it was an open
question, whether this technique was tolerant to external conditions of a geothermal field site. The
field tests of this subtask were carried out in the geothermal well site of the St Gallen, partner of S4CE.
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The University of Eastern Finland (UEF) tested whether the electrical imaging tools could also provide
information on the condition of the concrete that is used for sealing metallic casings used in the
geothermal wells. Here, the aim of SHM is real time monitoring of cracking and other flaws in the
concrete injected between casings. The correspondent tests were also carried out in the St Gallen field
site.
These parts of the deliverable are closely connected with two other S4CE deliverables:



D6.2 “Proof of concept laboratory demonstration of EIT based sensing skin for well cap
structures”,
D7.7 “Workflow for the installation of sensing skins on site”

D6.2 reports the development of computational methods and laboratory testing of the sensing skin
technique, while D7.7 discusses the installation aspects of the electrical imaging based SHM tool in
field site conditions.
Within the purposes of the current deliverable, S4CE partner TWI has been assessing three different
well integrity monitoring techniques in S4CE, namely Acoustic Emission (AE), Guided Waves Ultrasonic
(GWU) and Vibration analysis. Part of the results have been carried out as part of Work Package 6 and
were previously presented in deliverable D6.3 Workflow for the Implementation of Novel Well
Integrity Monitoring Techniques, which is closely related to this deliverable D7.4.
The specific objectives of this deliverable, regarding well integrity monitoring are:





Selection of technique suitable for monitoring the well integrity based upon the development
work in Task 6.1 among the compared techniques Acoustic Emission (AE), Vibration analysis
(VA) and Guided Waves Ultrasonic (GWU).
Demonstration and validation of the well monitoring techniques.
Design of a condition monitoring system to operate with minimal user interaction to provide
effective online continuous well integrity monitoring.

2 Demonstration and Validation approach
2.1 Sensing skin
The electrical sensing skin is a SHM tool, where the surface of a solid structure is covered with a thin
layer of electrically conductive paint. The electrical conductivity of the paint layer is monitored by an
electrical imaging technique, Electrical Resistance Tomography (ERT) to identify regions of different
electrical properties. Furthermore, the reconstructed spatial distribution of the electrical conductivity
on the paint layer gives information on the physical and chemical conditions on the structure surface
– it has been developed for, e.g., monitoring cracks (Hallaji, 2014), detecting the presence of Chloride
ions (Seppänen, 2017) and imaging two-dimensional (2D) temperature distributions (Rashetnia, 2017)
and strain fields (Tallman 2017).
Reconstructing the electrical conductivity distribution based on current injections and potential
measurements (or vice versa) is mathematically and computationally an ill-posed inverse problem
(Kaipio 2006). In practice, this means that results of ERT imaging are generally very sensitive to errors
in the models describing the electrical measurements (Kolehmainen 1997). Hence, specific
computational methods (including finite element (FE) modelling of electric fields and deterministic or
Bayesian inversion methods) are needed in the image reconstruction.
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In S4CE deliverable D6.2, UEF have summarized the models, and their approximations as well as
inversion methods that are used also in the reconstructed images of the present deliverable. For more
detailed description, we refer to the associated journal publication (Jauhiainen, 2020).

2.2 Electrical imaging of concrete
The technique used for imaging the condition of the concrete between casings is practically as same
the sensing skin technique – the only difference being that instead of covering the surface of the
structure with conductive material, i.e., the sensing skin, the concrete itself is imaged using ERT
(Karhunen 2010; Smyl 2016). In other words, concrete is used as a self-sensing material (Tian 2019).
For this aim, within the scopes of the S4CE project, electrodes were placed inside concrete that was
cast in the volume between two top casings, and ERT was used for imaging the electrical conductivity
of the concrete. Computationally, the difference between the sensing skin technique and electrical
imaging of concrete is that in the latter the FE approximation used for modelling the measurements
needs to account for the fact that here, the electrical conductivity and electric fields within the
concrete structure are three-dimensionally (3D) distributed (Vauhkonen 1999).

2.3 Well integrity monitoring validation plan
TWI has been investigating the most appropriate technique, or combination of techniques, for
monitoring geothermal well casings, with the objective of identifying any failure within the casings in
advance of it happening and consequently avoiding catastrophic failure.
A selection of laboratory and field testing were performed to demonstrate the suitability of the
techniques and validate them. The three techniques studied for well integrity monitoring within the
S4CE project are the following:


Acoustic emission (AE):

AE is the release of elastic energy due to growing damage under the effect of a stimulus. It is a
commonly used Non-Destructive Technique (NDT) for monitoring structures and provides real-time
evaluation, allowing tests to be conducted at any stage of the life cycle of the assets.
The method employs mechanical stress waves that propagate along a structure while guided at its
boundaries. This allows the waves to travel a long distance with little loss in energy.
An advantage of AE is its ability to discern between developing and stagnant defects. However, data
interpretation is highly operator-dependent and a well-defined procedure is needed to correctly
interpret the data.


Guided Waves Ultrasonic (GWU):

Guided Waves Ultrasonic tests were performed using Teletest®, a long-range ultrasonic NDT
technology developed for detecting metal loss in pipes. It is a pulse-echo system aimed at testing large
volumes of material from a single test point. Its initial application was for detecting corrosion under
insulation in petrochemical plant pipe works, but it has found widespread use in other inspection
situations where pipes or tubes are not accessible, for example where they are buried, encased in a
sleeve or elevated above the ground.
Teletest® is primarily a screening tool. The aim of the inspection is to test long lengths of pipe rapidly
with 100% coverage of the pipe wall and to identify areas of corrosion or erosion for further evaluation
using other NDT techniques such as radiography or conventional ultrasonic inspection. The technique
is equally sensitive to metal loss on both the outside and inside surfaces of the pipe.
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The approach is entirely computer controlled, data acquisition and display/analysis being performed
using a personal computer.


Vibration analysis:

Vibration analysis (VA) is a technology usually applied to assess the integrity of rotating machinery;
however, it can also be used to evaluate the performance of a fixed structure. VA uses sensors placed
on the structure to assess its integrity by examining of its frequency spectrum characteristics.
The acquisition of data takes place with the use of accelerometers. The working principle of an
accelerometer is based on the spring-mass system and the calculation of the displacement that leads
to the calculation of the acceleration.
Relevant data can be collected, digitalised and visualised from sensors to obtain statistical features.

Out of these three techniques, Acoustic Emission is a passive technique that listens to the occurrence
of events. In static scenarios, when the material is not under stress, there is no wave propagation that
AE sensors can detect. In the same way, vibration analysis requires an excitation source to enable
frequency signatures to be analysed to assess the integrity of the structure. Therefore, in order to
assess the capability of each technique to detect flaws, destructive testing is needed for validation, as
site testing alone does not provide the required conditions to assess flaw detection capabilities (where
there are no defects, there is no data).
Additionally, the layered casing structure of geothermal wells only allows access from the wellhead
alone. In a drilled and constructed well, the sensors can only be placed on the outer casing. This limits
the study that can be carried out on a field site, as only the outer casing can be assessed and the only
accessible place to deploy the sensors is the wellhead.
Given this conditions and limitations encountered for testing, using both lab and field observations
conducted during the S4CE project, TWI found out that the best option to demonstrate and validate
the suitability of the techniques aforementioned is with a combination of field tests and destructive
laboratory tests. Additionally to the testing conditions, COVID-19 lockdown and restrictions prevented
TWI team to travel to a field site and conduct further testing once the techniques were validated in
the laboratory environment. Due to this unfortunate event, which occurred in the final year of S4CE
project, the techniques were demonstrated in St Gallen site and later validated in the laboratory, but
there was no further demonstration in the field towards the end of the project. While more field data
would have been welcome, the conclusions presented herein are expected to be valid.

2.3.1 Well integrity monitoring in St Gallen field site
Acoustic Emission and Guided Wave Ultrasonic were previously tested on a 6m long, concrete-covered
metal pipe. These results correspond to Task 6.1 and were reported on deliverable D6.3. The testing
team found that while the emitted waves and guided waves propagate in the structure, they suffer a
gradual decrease in amplitude, which reduces the feasible length of the well that can be inspected.
Therefore, the propagating waves were tested and analysed to identify the attenuation of each
technique.
Both techniques were tested in the field at St Gallen, along with an appropriate signal-processing
algorithm TWI has developed. The test included a set of different AE sensors to test and compare their
attenuation characteristics and a GWU sensors collar. These sensors were placed on the wellhead as
this is the only uncovered and reachable place to access the casing.
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2.3.2 Destructive laboratory testing for technique validation
During the laboratory trial, the testing team aimed to compare different techniques by monitoring a
specific flaw and assess the suitability of each method to study the structural integrity of the
geothermal well casing. The turbulent flow in the pipe inside a geothermal well can cause
reverberation of the pipe at certain frequencies, where energy is at a maximum, causing fatigue during
operation. For this study and to simulate realistic environments, well casings were tested to failure for
fatigue close to its resonance frequency, monitored with AE sensors and accelerometer sensors. The
aim was to compare the two monitoring techniques for detecting cracking in well casings: AE and VA.
The results were compared to the measurements from resistive strain gauges, which are normally
used for monitoring integrity in this type of resonance fatigue testing.
The resonance fatigue test is a very efficient method for determining the fatigue strength of tubular
structures such as pipes (and wells). The test involves the excitation of a test specimen close to its first
mode of vibration resonance by applying a rotating radial force to one end. A bending moment is
generated in the specimen, which rotates the pipe axis, and applies a fully alternating stress cycle.
Strain gauges located along the structure can detect the presence of a crack due to the fact that when
cracking occurs, stresses redistribute.

3 Summary of activities and research findings for Sensing
Skin and Electrical imaging of concrete technique
3.1 Sensing skin applied on a cellar wall
The electrical sensing skin applied on the concrete wall of the geothermal well cellar is shown in Figure
2 (left). The ERT measurement device and the operating laptop are also shown in the photograph. The
installation procedure and materials and are described in S4CE deliverable D7.7.

Figure 2 Two electrical imaging applications of UEF at the St. Gallen field site. Left: The sensing skin painted on the cellar
wall and the ERT measurement system. Right: The wellhead, before filling the space between two top casings with concrete.
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Figure 3 illustrates the results of the field site test of the painted, ERT-based sensing skin. Columns 1
and 3 show photographs of the sensing at ten stages of cracking; in these photographs, the
synthetically created crack patterns are highlighted in red. Columns 2 and 4 depict ERT reconstructions
of the electrical conductivity of the sensing skin, at respective stages of cracking.
Although the ERT reconstructions cannot trace all details of the crack patterns, the quality of
reconstructions is very good, especially considering the complexity of the crack pattern at last stages
of cracking. Overall, the reconstructions are in the same level as in the laboratory tests; here, we refer
to S4CE Deliverable 6.2 and papers (Hallaji 2014; Seppänen 2017; Smyl 2018). Based on this test, the
environmental conditions of the St. Gallen field site do not cause extra difficulties to the sensing skin
technique, which was a significant advancement for the technology towards practical applications.
For the tolerance of the sensing skin technique with respect to external moisture, we refer to evidence
provided in S4CE Deliverable 7.7. Based on the results shown in this report, wetting of the sensing skin
does not cause a major problem to the technique. The moisture changes the electrical conductivity of
the sensing skin slightly, but this change is very small compared to the change caused by cracking.
However, as noted in Deliverable 7.7, special attention is needed to secure the paint from excess
moisture right after painting.
Of course, the specific target SHM in the field site will define the external conditions, especially if the
geothermal power plant is in operation mode. For example, concrete structures, pipelines, and
pressure vessels used in power plants can be subjected to large temperature variations, and this needs
to be accounted for when applying sensing skins to SHM in such conditions (Rashetnia 2017).
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Figure 3 Sensing skin test: crack detection. The 1st and 3rd columns: Photographs of the sensing skin painted on the cellar
wall in St. Gallen, November 2019. Synthetic cracks are highlighted with red colour, showing the evolution of the crack
pattern in ten stages. The 2nd and 4th columns: Reconstructed images of the conductivity of the sensing skin, at the
respective stages of cracking.
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3.2 Electrical imaging of concrete between casing structures
The wellhead of the St Gallen field site is shown in photograph in Figure 2 (right). As described in S4CE
deliverable D7.7, the space between the two top casings was empty up to two meters below the cellar
floor level. This space was filled with concrete, and an electrode array was embedded inside this
concrete volume for ERT measurements.
Since the objective of this experiment was to quantify whether ERT based sensing could provide
information on the structural health of the concrete between the casings, we created damages to the
concrete, by drilling holes into it, and carried out the ERT measurements at different stages of damage.
Again, the details of the installation procedure, materials and initial tests are left to D7.7. Here, we
only show the validation results.
As the first test, we considered a case where concrete between the casings was damaged by drilling
five holes of diameter 1 cm in a row; the depths of these holes were 35-45 cm. In addition to these,
four smaller holes of diameter 0.5 cm and depth of about 20 cm were drilled next to the row of the
larger holes. In Figure 4 (left), the location of the damage is indicated by a red arrow.
The ERT reconstruction of the concrete volume is illustrated in Figure 4 (right); here, the 3D
distribution of the spatially varying ratio of conductivities between stages before and after the damage
(σ0 and σ1, respectively) is plotted. The reason for illustrating the ratio of conductivities σ1 / σ0 here is
that, as noted in D7.7, the background conductivity distribution of concrete is highly heterogeneous,
and hence, image of σ1 would be very difficult to interpret. The interpretation of the ratio σ1 / σ0, on
the other hand, is clear: Value 1 means that the conductivity has not changed between the times of
measurements, while value 0 means that the conductivity has dropped to zero – indicating the
(estimated) location of damage in the concrete.
The reconstructed image (Figure 4 (right)) reveals, at least approximately, the location of first damage.
Indeed, the ratio σ1 / σ0 is close to zero in the area where the holes were drilled. The depth of the
reconstructed damage, on the other hand, is smaller than the true damage depth – while the true
damage extended to 35-45 cm, the reconstruction shows damage depth of about 25 cm. Further, the
shape of the damaged area is somewhat distorted. These imaging artefacts are results of modelling
errors caused by the uncertainty of the electrode locations – as pointed out in D7.7, the electrode
array was not rigid and electrode rods were heavily misplaced during the concrete casting process.
Furthermore, our laboratory study, also reported in D7.7, demonstrates that distortions seen in Figure
5 (right) are typical in cases where electrode locations are incorrectly modelled.
Nevertheless, from a practical point of view, the ERT reconstruction can be considered adequate for
damage detection in the concrete structure – despite the artefacts, the image already reveals a
damage and points its location.
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Figure 4 Imaging of concrete between the top casings, cracking stage 1. Left: Top view of concrete between casings. The red
arrow points the first artificial crack made by drilling holes into concrete. Right: 3D reconstruction based on EIT
measurements. The location of the artificial crack is marked also in the reconstruction image as red arrow

At the second stage, six holes of diameters 0.7-1.0 cm and depths of about 25 cm were drilled in the
neighbourhood of one of the electrode rods. The new drill holes are pointed in the photograph shown
in Figure 5 (left) with blue arrow. The position of this new damage in relation to the first damage is
illustrated in Figure 5 (right).
The ERT reconstruction in Figure 5 (right) again represents the conductivity ratio. This image shows a
clear decrease of conductivity in the angular position where the second damage was caused (blue
arrow), yet it can only be distinguished in deeper below the surface (about 15-25 cm depth). The
damage of the first stage is clearly visible in the correct location (highlighted by the red arrow).

Figure 5 Imaging of concrete between the top casings, cracking stage 2. Left: Photograph showing top view of concrete
between casings, but from different side than in Figure 4 The blue arrow points the second artificial crack made by drilling
holes into concrete. Right: 3D reconstruction based on EIT measurements. The red and blue arrow indicate the locations of
cracks 1 and 2, respectively. Note that the reconstruction is rotated counter-clockwise compared to the position in Figure 4;
the location of the red arrow here corresponds to that in Figure 4.
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4 Well Integrity monitoring results
This chapter presents the results obtained from the assessment of the three well integrity monitoring
techniques: AE, GWU and VA. As mentioned above, the validation protocol includes a combination of
field site testing to assess the attenuation rate of the techniques, and a laboratory destructive testing
to validate the technique’s capability of detecting flaws.

4.1 St Gallen field site results
TWI visited St Gallen site to perform attenuation tests of AE and GWU. Sensors from both techniques
were mounted on the wellhead to assess their capabilities.

4.1.1 Acoustic Emission testing


Test setup:

The AE equipment was placed on the outermost casing of the well. Three sensors produced by Vallen
Systeme Gmbh with different frequency ranges were used to assess their attenuation rate:




VS30(25-80kHz): to cover lower frequencies.
VS150(100-450kHz): covers a wider range of frequencies.
VS900(100-900kHz): mainly sensitive for higher frequencies.

To verify the response of the AE system, a Hsu-Nielson source, also known as a pencil lead break source
(PLB), was used in accordance with ASTM E976. The technique is named after the developer and is a
standardised method of creating a representative, repeatable AE source by using the fracture of a
brittle graphite lead. This test consists of breaking a 0.5 mm diameter pencil lead approximately 3 mm
from its tip by pressing it against the surface of the piece at an angle defined by an H-N shoe which is
fitted to the end of a mechanical pencil. This generates an intense, broadband acoustic signal, similar
to a natural AE source, that the sensors detect as a strong burst. This test first ensures that the
transducers have good acoustic coupling with the pipe and secondly, it checks the accuracy of the
source location setup. (Sause, 2011). The repeatability of the test is also useful for assessing the
attenuation characteristics of a structure.
PLB tests were performed at five different distances from the sensor. The setup can be seen in
Figure 6, where each red line represents a 100mm distance where a PLB was performed.
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Figure 6 Acoustic Emission sensor located at the base of the wellhead and distances where PLB was performed for attenuation
test



Results:

The attenuation is the degree at which the acquired signal decreases in amplitude due to increased
source-sensor distances. This is the result of many factors including geometric spreading, attenuation
into adjacent media and dispersion. The results of conducting PLBs at different distances from the
sensor on the wellhead as shown in Figure 7 shows that AE suffers from considerable signal
attenuation for the sensors that are more sensitive to the higher frequencies. Figure 7 shows the peak
amplitude of the signal at each source-sensor distance. It can be observed that, as the source-sensor
distance increase, the amplitude of the AE signal recorded diminishes. However, it can be observed
that signals received by the VS30 sensor exhibited minimal attenuation over the distance tested. This
is due to this sensor being more sensitive to lower frequency wave packets which attenuate less.

Figure 7 Peak amplitude as a function of distance for VS30, VS150 and VS900 sensors

This graph shows that sensor VS150 suffers from less attenuation than VS900, being 27 dB/m for
VS150 and 33 dB/m for VS900. Despite the fact that VS30 would cover a longer distance range due to
its good performance in attenuation, as it is sensitive to lower frequencies, VS150 is more suitable as
it provides a trade-off between attenuation and that it is more sensitive to AE from damage
mechanisms that are expected (i.e., fatigue cracks). Hence, VS150 was selected as more suitable to
perform the destructive tests.
Additionally, the energy of the signal was also examined in terms of the attenuation factor k. k-factor
was calculated through fitting the Energy vs distance curves with an exponential relationship that is
typically used for AE for these types of experiments. Equation 1 shows the relationship of this factor
and the energy, where Ex and E0 the energy at distance x and at the source respectively, k the
attenuation factor and x the distance from the source. Figure 8 shows the different factors obtained
for each sensor and Figure 9 compares the factor for the three sensors in a linear fitting.
Ex =E0 e-kx Equation 1
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Figure 8 Energy as a function of distance and k-factor for the three sensors used
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Figure 9 k-factor comparison between the three sensors

It can be observed that the best k-factor was obtained from VS30 sensor. This result is in agreement
with trials performed at TWI in the cemented pipe and reported in D6.3, where the same sensors were
used; the attenuation was higher for the case of the VS150 and VS900.
As this geothermal well is healthy and not in operation, the events are simulated with the PLB on the
wellhead which was above the surface. This test alone cannot detect the growth of flaws on the casing
below surface due to the lack of flaw in the material. However, AE successfully detected the signals
over a distance of 500mm on the head of the well. Lower frequencies resulted with lower attenuation
rates than higher frequencies. For further inspection of the current status of the casing, Guided Waves
Ultrasonic test was performed.

4.1.2 Guided Waves Ultrasonic testing
The Geothermal Well site in St Gallen, Switzerland, is constructed of cased sections which are joined
via bolted connections, concrete and adhesive. Due to this construction, by conducting a guided wave
ultrasonic assessment down the length of the well, it was not expected that this inspection technique
would be able to assess deeper than the first casing as the majority of the transmitted wave would be
reflected off of the first interface.
The GWU collar was placed around the wellhead as shown by Figure 10. The pipework inspected is 18
inches and 5/8ths in diameter, which is an unusual size. To overcome the sizing issue, a modification
to the collars closure mechanism was manufactured to facilitate this inspection, shown by Figure 11.

Figure 10 Images of the GWU collar inspection location, at the base of the geothermal well head.
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Figure 11 Collar modification for GWU testing, due to uncommon pipe size



Principle of Operation and results of GWU:

Teletest employs low frequency guided waves, operating just above audible frequencies, propagated
from a ring of transducers fixed around the pipe. These low frequencies (in ultrasonic terms) are
necessary to enable the appropriate wave modes to be generated. At these frequencies a liquid
couplant between the transducers and the surface is not necessary, satisfactory ultrasonic coupling
being achieved with pneumatic pressure applied to the back of the transducers to maintain contact
with the pipe surface. The uniform spacing of the ultrasonic transducers around the pipe
circumference allows guided waves to be generated that propagate symmetrically about the pipe axis.
These may be visualised as a circular wave that sweeps along the pipe. The whole of the pipe wall
thickness is excited by the wave motion, the pipe acting as a wave-guide - hence the term guided
waves.
The propagation of these guided waves is governed principally by the frequency of the wave and the
material thickness. Where the wave encounters a change in pipe wall thickness, whether an increase
or a decrease, a proportion of the energy is reflected back to the transducers, thereby providing a
mechanism for the detection of discontinuities. In the case of a pipe feature such as a girth weld, the
increase in thickness is symmetrical around the pipe, so that the advancing circular wave front is
reflected uniformly. Thus, the reflected wave is also symmetrical, consisting predominantly of the
same wave mode as the incident wave. In the case of an area in which corrosion had occurred, the
decrease in thickness will be localised, leading to scattering of the incident wave in addition to
reflection and mode conversion will occur. The reflected wave will therefore consist of the incident
wave mode plus the mode converted components. The mode-converted waves tend to cause the pipe
to flex as they arise from a non-uniform source. The presence of these signals is a strong indicator of
discontinuities such as corrosion. Teletest® is able to detect and to distinguish between symmetrical
and flexural waves and both types are displayed.
The reflections are displayed as rectified signals in amplitude vs distance 'A-scan' display, similar to
that used in conventional ultrasonic inspections, but with a time-base range measured in tens of
metres rather than centimetres.
A major complication for guided wave systems as distinct from conventional ultrasonic inspections is
the dispersive nature of guided waves; that is to say, the velocity of most guided waves varies with
their frequency. This causes a variety of complications, one being that to calibrate the time base of
the A-scan to read distance and not time, requires a computer program to read in a velocity for the

PU

19 of 36

Version 4.0

Deliverable D7.4
selected test frequency from a calibration, or dispersion curve. There is a library of dispersion curves
built into the Teletest® software for a range of pipe diameter/wall-thickness combinations.
Indications identified on the A-scan plots are evaluated on the basis of a combination of:
a) The signal amplitude,
b) The directionality of the focused response.
In order to provide a means of identifying defects which are potentially significant in terms of the
integrity of the pipe it is also necessary to examine how localised the response is in terms of the pipe
circumference. This may be obtained from the focused tests and is plotted on a polar response chart.
Teletest® is a screening tool, so that the classification of a response with respect to Amplitude is given
as Category 1, 2 or 3 with Category 3 being the highest. A Category 2 or 3 classification of an anomaly
denotes that the amplitude of the response was such that the presence of a large flaw greater than
9% cross-sectional area (CSA) is likely. A category 1 classification denotes that a definite signal was
observed and pipe wall loss for this classification is generally between 3-9% CSA.
The collection of focussing data from suspected defects is also an integral part of the test regime. The
results from focused tests on each defect are analysed in terms of the directionality of the response.
This is also classified in terms of 1, 2, or 3 with Category 3 being the most localised and hence likely to
be the most severe.
Following the analysis of the collected data, the results indicate that Guided wave inspection can
assess up to the end of the outer section of casing, but due to the physical construction methods, the
ultrasound is unable to probe the second, or any further internal casings. Figure 12 shows the A-scan
results from the test, where it can clearly be seen the end of the casing at 13.91m from the collar. This
distance was corroborated by St Gallen site, according to their records the total length of the casing is
14 meters. With the use of the software the attenuation rate can be calculated and was found equal
to 3.4dB/m.
As mentioned earlier, GWU is an inspection technique to assess the current status of the pipework
which is in contact with the sensors. The signal travels from the sensor until it senses a discontinuity
in the structure (e.g., defect, end of the pipe) and it has proved reliable to assess the integrity of the
outer casing. However, due to the limitations of the method and the structure, it did not permit further
investigation in a destructive test.
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Figure 12 A-scan showing clearly the end of the first casing within the geothermal well

4.2 Destructive laboratory results
To test the capability of AE and VA for detecting flaws, destructive laboratory tests were conducted.
A resonance fatigue test was prepared with the aim of detecting rack initiation and growth in the
casing under fatigue.
The resonance fatigue test was performed on steel casings provided by the Cornwall geothermal site
(Geothermal Engineering Ltd). The pipes had an outer diameter of 9 5/8in (244mm) and a wall
thickness of 14mm.
TWI welded in end plugs to ‘blank’ the ends of the specimen so that they could be filled with water
and pressurised during testing. This pressurisation acted as a means of through-wall crack detection.
Single element, uniaxial strain gauges were applied to each specimen to monitor the applied stress
throughout testing. This is the conventional method employed for crack detection during this type of
tests. Additionally, AE sensors and vibration accelerometers were also deployed.
The specimens were filled with water and pressurised to 300psi for the duration of testing, which
produced a mean stress of 10MPa. A trip was set to stop the test automatically when the pressure
decreased by 250psi (indicating through wall cracking) or increased above 360psi (which was the
pressure used for the proof test of the pressurisation system).
The test was performed in TWI-designed resonance fatigue testing machines. These impose a rotating
alternating bending moment to the full circumference of the test specimens. The test frequency is
controlled by the running speed of the motor, which spins an out of balance mass in order to provide
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the force which excites the specimen into the first mode of vibration. Once the test speed has been
set (by increasing the speed gradually whilst monitoring the strain gauge readings on the specimen),
it remains constant for the duration of the test by a feedback loop in the motor control unit. Each time
the test stops (for example, due to a trip on pressure), the test speed is set manually again when the
test is restarted. The setup is shown by Figure 13.

Figure 13 Casing specimen in resonance fatigue test machine. AE sensors, accelerometers and strain gauges are located
along the specimen

The specimen was tested at 200MPa stress range (corresponding to a strain range of 966 microstrain),
corresponding to a running speed of 2015rpm (33.6Hz). The test was run for a short time to record
baseline data. It was stopped after 172,590 cycles and a notch was made at mid-length of the
specimen at 12 o’clock using a thin saw with the aim of accelerating the initiation of a fatigue crack.
The test was restarted. It tripped several times (when the internal pressure increased and reached the
upper limit due to daily temperature variations). After nine days of testing, the test stopped when the
crack became through-wall at 12,252,340 cycles.

4.2.1 Strain gauge results
To determine the crack growth during resonance fatigue test, strain gauges are normally used. The
results obtained with this method are used as reference and to assess and compare the capabilities of
AE and VA. The layout of the strain gauges around the area of maximum bending stress is shown by
Figure 14.
Redistribution of strain when a crack forms was detected as an increase in strain range from the
gauges close to the crack, and the largest change can be seen from the strain gauge located at 12
o’clock (G1), which was close to the notch position. The strain data therefore indicated that cracking
had initiated at 12,046,401 cycles.

Figure 14 Strain Gauges layout
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Figure 15 Specimen during fatigue resonance test

Figure 16 Strain range data recorded, showing the onset of cracking as measured by the strain gauges, indicated by the red
arrow.

Figure 16 shows the results recorded by strain gauges from 10.8million cycles until the end of the test,
indicating the crack started at 12,046,401 cycles which corresponds to approximately 37,800 seconds
from the start of the test, at around 3 am on 14th March 2020.

4.2.2 Acoustic Emission
AE sensors were mounted on the top of the pipe casing for resonance fatigue testing until the crack
propagated through the pipe wall resulting in internal pressure drop. Four VS-150-RIC sensors were
placed either side of the notch. The test setup for AE sensors is shown in Figure 17. A similar setup
was used for the vibration accelerometers, which were placed in the same location next to the AE
sensors. Sensors in channels 1 and 4 (CH1 and CH4) were mainly located to filter the noise from the
resonance testing machine, as guard sensors (i.e., AE originating from outside of the central section
was filtered out), and allow the data captured by CH2 and CH3 be focused on data coming from the
crack.

Guard sensors
Figure 17 AE and VA sensors setup
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AE trigger threshold was set at 60dB to reduce the amount of AE captured from the resonance
machine noise. This is high threshold which may have resulted in some low amplitude AE not being
captured.
Analysing the data after the test finished, it was noticed that sensors located on CH3 and CH4 captured
a lower number of hits than Channels 1 and 2, despite being positioned on similar (mirror) locations,
as shown by Figure 18. Additionally, high energy trends from Channels 3 and 4 were encountered
compared with Channels 1 and 2 despite low hit count, as shown by Figure 19. After a visual inspection
these sensors were found to be damaged as a result of the testing, suggesting that the data from
Channels 3 and 4 is unreliable, therefore CH1 and CH2 are only considered for this data analysis.

Figure 18 Number of hits captured by AE sensors by channel

Figure 19 Comparison of energy of events captured by each AE sensor

The typical approach for assessing crack growth with AE is to analyse the cumulative energy, hence
this parameter was used to assess the initiation and propagation of the crack growth.
Analysing the data before introducing any filtering, the raw data suggests that there is growth of the
crack due to the sharp rise in cumulative energy. This data does not consider the ‘Guard’ sensors and
is therefore a presentation of data from all sources (i.e., AE from background sources and the crack
growth).
The data from Channel 1 showed irregularities, particularly as the cumulative energy ramps up, as
shown by Figure 20. In this region, the hit duration reaches maximum length with high rise times. This
may be the result of multiple hits being included in one hit (i.e., AE from crack growth mixing with
background noise). Therefore, the data from Channel 1 can only be used as supplementary data and
not for analysis.
This leaves data from Channel 2 as the best candidate to analyse to capture the crack growth.
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Figure 20 AE raw data from Channel 1, showing irregularities

Figure 21 AE raw data from channel 2

Analysing the data obtained from Channel 2, there is still a large amount of data that was suspected
to be from background AE sources – presenting high amplitude, repetitive spikes – that may be
skewing the results, particularly as some of the data that was suspected to be from background AE
sources is high amplitude and therefore may be high energy, as shown by Figure 21. Efforts were
therefore made to isolate and remove the AE suspected to be from background sources. Examples of
this external sources are cables hitting the pipe, sensor movement, other loose sensors, machine noise
among others.
AE hits with high rise times were found. AE from crack growth should have a relatively short rise time,
therefore, a filter was applied that filtered out any AE with rise times greater 2ms. This is still a large
value. The first filters removed a large amount of the noise, but spikes of AE were still present,
however, the increasing cumulative energy trend still remained, as shown by Figure 22.
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Another analysis with relevant information is the plotting a linear Duration vs Counts cross-plot,
shown by Figure 23, revealed two distinct groups. These can be thought as of two groups of an AE
with similar frequency content. AE hits in Group 1 were found to be from the AE spikes whereas Group
2 were from background sources. There was overlap between the two groups which creates difficulty
in separating them.

Figure 22 AE data from channel 2, hits with high rise time were filtered out

Figure 23 Duration vs Counts cross-plot of AE data captured by channel 2
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Figure 24 Second filter of AE data from channel 2

A further filter was applied to Group 2 data with the aim of removing data in the ‘Dead Zone’. The
duration of the signal was established to be higher than 7.5 counts. This removed a large amount of
the spikes, particularly the high amplitude spikes, however, one of the risks of further filtering is that
some ‘useful data’ may have been filtered out in the ‘Dead Zone’. The new filtered data can be
observed in Figure 24.
When replotted, the data comparing with the cumulative energy, a ramp up of Cumulative Energy is
observed at approximately 376,000 seconds. Strain Gauge data detected damage at 3am during the
test, which is equivalent to 390,000 seconds. It is apparent that AE had detected the crack growth
before this, about 3 hours and 45 minutes earlier than traditional detection method strain gauges.
This time comparison can be observed on Figure 25 Time comparison of Strain gauge data and AE.
Left: Strain gauge and AE data. Right: Zoom in of time when AE is occurring.
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Figure 25 Time comparison of Strain gauge data and AE. Left: Strain gauge and AE data. Right: Zoom in of time when AE is
occurring.

4.2.3 Vibration Analysis
For the resonance testing, four sets of accelerometers were installed as shown in a similar setup to
the AE sensors, shown in Figure 17. The sensor sets were spaced 50 cm. As mentioned above, to
accelerate the defect’s initiation, a shallow notch with a depth less than 2 mm was inserted in the
middle of the sensor sets. In the meantime, the pipe was pressurised and multiple strain gauges
around the middle of the pipe were installed for monitoring and cross comparison with AE and
vibration results.
Two types of triaxial ICP® accelerometers were installed, namely PCB 356A33 and PCB 356A16. The
respective specifications are reported in Table 1.
Table 1 Specification of accelerometers used for fatigue resonance testing

Specification

356A33

356A16

Active axes

X/Y/Z - triaxle

X/Y/Z – triaxle

Sensitivity (±10 %)

10 mV/g

100 mV/g

Dynamic range

±500 g pk

±50 g pk

Resonance frequency

≥55 kHz

≥25 kHz

Frequency range (±5 %) X

2 to 7000 Hz

0.5 to 4500 Hz

The Data Acquisition (DAQ) System employed was the Dewesoft R8D, which is a powerful system
offering ADCs of 24-bit delta-sigma dual core with anti-aliasing filter, and capable of high sampling
rate of 200 kS/sec. The DAQ system was programmed to use an automatic trigger for storing data for
10 seconds, every 30 seconds. The sampling rate was 10 kHz.
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The test was stopped by the trip as pressure drop was detected at 14/03/2020 approximately 3am.
Post analysis of collected vibration signals was performed by investigating on the kurtosis changes
throughout the tests. Kurtosis is defined as the standardized fourth moment of the signal, as defined
below by Equation 2, where the E is expectation operator, X represents the signal elements; μ and σ
represent the mean and standard deviation of the dataset, respectively.
(𝑋 − 𝜇)4 Equation 2
𝐾𝑢𝑟𝑡𝑜𝑠𝑖𝑠 = 𝐸 [
]
𝜎4
Kurtosis is widely used in statistical analysis for describing the spikiness of a signal distribution. A
normal distribution would usually shows kurtosis around three. However, when defects such as cracks
occurred, due to the resonance vibration of the pipe, abnormal signal patterns will be induced and
captured by the accelerometers, resulting in the signal deviating from normal distribution and an
increasing in kurtosis value.
The progression of the kurtosis for the testing was processed and shown in Figure 26. It can be seen
that the kurtosis was fluctuating in the starting phase of the test, from 19:00 pm 13/03 until beginning
of 14/03. The fluctuation can be caused by the resonance-testing rig, which then stabilised after 14/03.
However, a drastic increase can be observed to appear in a relatively short time, from 2:50 am to 3:30
am in 14/03. The kurtosis increased from near 3 to about 68 peak value at 3:50 am.
A comparison to strain gauge data mentioned above shows that both vibration and strain give clear
indication of the unusual resonance patterns from the pipe under test. Vibration does show
advantages by detecting the anomaly earlier, for about 10 minutes compared to strain gauge data,
and giving more drastic indications in kurtosis amplitude. However, comparing with AE data, vibration
analysis detected the crack initiation later than AE.

Figure 26 Kurtosis progression during the fatigue resonance testing

4.3 Well integrity monitoring algorithm and software
After all the tests and analysis performed, it has been demonstrated that AE provides an advanced
and generally reliable early warning of crack initiation and impending failure over the other techniques
studied.
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The steps followed for AE data processing were built into an algorithm to detect crack growth in well
casings. TWI’s efforts in data processing and algorithm developing were implemented in a software
prototype that provides data processing, interpretation and user interface where only the relevant
information is provided. It was designed to monitor the well casing with minimal user interaction to
provide online continuous well integrity monitoring.
The workflow followed to develop the software is shown by Figure 27.

Events

Raw Data

•Acoustic
Emission
•Collected by the
Data Acquisition
units (DAQ)

Data Processing

Data
Interpretation

•Application of
algorithms.
•Use of the
appropriate
data filtering.

•Data presented by
the systems
software.
•Setup, preprocessing
filtering and
location processor
according to test
conditions.

•Show
performance of
the test, E.g.
healthy pipe,
crack initiation.

Software development

Data acquisition

Figure 27 Data processing software development workflow for crack initiation on well casing

The software automatically processes the data without the need of manual interaction and provides
the plots of Amplitude and Cumulative Energy over time, which were demonstrated to be the relevant
parameters for detecting crack initiation.
Additionally, the software has the capability of advising whether the assessed structure is either
healthy or there is potential damage occurring.
The software presents a user friendly interface for easy use, illustrated by Figure 28. Some of the
features include:







PU

Select Data: allows selection of file data to be analysed
Analysis mode: select continuous mode for streaming the analysis in real time or batch mode
to analyse a stored data and present the final outcome only.
Event log window: provides information of the events occurring
AE peak amplitude vs time plot (top plot): as previously demonstrated, peak amplitude is a
relevant parameter to consider in AE data analysis to determine anomalies.
AE cumulative energy vs time: as mentioned earlier, cumulative energy is provides indication
of flaw growth in the material.
Health indicator: announces with amber light for warning of abnormal behaviour and red for
critical data behaviour that suggests the existence of crack.
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Figure 28 User Interface of AE data processing software

According to the results previously presented, the data should be analysed according to the following
procedure:
1. Filter out any AE event with rise time greater 2ms. AE from crack growth should have a
relatively short rise time.
2. Remove data that does not comply with the condition: DUR>=12.5 x CNTS (DUR=duration,
CNTS=number of counts)
3. Evaluate the cumulative energy over time and identify trends of increasing cumulative energy,
implying crack growth and impending failure.
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Figure 29 AE data processing software showing warning sign in amber.

Figure 30AE data processing software showing health indicator high risk (red)
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An example of data analysis is shown by Figure 29 and Figure 30. The analysis was performed during
a destructive test where the specimen failed when a crack was encountered. It can be observed in
Figure 29 that the energy suddenly increased, giving an amber warning for abnormal behaviour. This
was likely the results of the test specimen ‘bedding in’. However, the cumulative energy stabilises and
does not continue increasing, therefore the warning does not progress.
As the test continues, Figure 30 shows a second sudden increase of cumulative energy with a much
steeper and prolonged slope. This time the software health indicator shows the red light, announcing
to the operator the specimen is experiencing an abnormally critical behaviour and a crack is starting
to grow. At the same time, the cumulative energy also changes colour to red from the point this spike
occurred, giving indication of the exact time the crack initiated.
The Event log window is also describing the software findings and providing explanation of the
warnings and the exact date and time that they occur.

5 Conclusions, future work and recommendations


An objective of this work package was to validate electrical sensing skins at the field site. Electrical
imaging was tested at the St Gallen field site in two contexts: damage detection in the concrete
walls of geothermal well cellar, and detection of damage in concrete between casings of the well.
Both validation tests were conducted in small scale only. The size of the sensing skin painted on
the wall was one square meter, and the depth of the concrete volume imaged between the
concrete casings was one meter. These choices were made mainly for practical reasons. The
imaging of the concrete between the casings which could only have been extended to a maximum
of two meters, because this was the depth of the new concrete layer between the casings.
Moreover, creating the damages that had been larger or deeper than those considered in this
study would have been very difficult (and even hazardous) to make.



As the results of this field site validation show, electrical sensing skin and ERT could be considered
promising methods for SHM in geo-energy facilities. They could be used as rapid damage
detection tools in concrete structures which are either accessible, or non-accessible, such as the
concrete between casings. In the latter case the electrode system needs to be installed in the
casings prior to concrete casting.



Regarding the validation of well integrity monitoring techniques, it was concluded that there was
requirement to carry out destructive tests in the laboratory, in addition to trials at the field site.
The combination of laboratory experimentation for crack growth monitoring and field tests to
study the technique’s attenuation rate demonstrated the suitability of the techniques for well
integrity monitoring.



For the case and configuration of the tests carried out at the St Gallen geothermal site, the AE
sensors could only be placed on the wellhead and the events can only be simulated in that area,
hence it was not possible to demonstrate experimentally the length of the well which could be
monitored from the well head alone. It is possible that below surface events could be detected.
However, given that the well was deemed to be healthy and the material was not experiencing
defect growth, it was not possible to monitor any damage.



By monitoring a well by placing the AE sensors on the wellhead alone, it was not possible to obtain
information for the whole depth of the well, especially considering that lengths of some wells can
be 4 km long. For this type of application, it is advised that sensors would need to be installed on
sections of the casing throughout the well to cover a wider range. Additionally, for the testing
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performed, only the outer layer of the casing was accessible, preventing the assessment of
internal casings.


GWU is a defect inspection technique but is not generally used for condition monitoring. When
implementing this technique, a signal needs to be sent and received, since it is an active not a
passive method. For that reason, data cannot be continuously shown.



GWU could be an installed inspection technique for the first/outer casing of the well. Further
investigation and analysis of permanently installed sensors in the depth of the well and inner
casing, deployed on the liners during well construction, would be required to confirm this option
as viable.



AE was demonstrated can be used for monitoring, but it covers low distance range that depends
on the conditions of the structure and on the environment. The technique proved to suffer from
attenuation, therefore an array of sensors distributed along the length of the structure is
suggested to ensure the whole longitudinal area is being probed and can be accurately assessed
for crack growth prevention.



AE proved to be capable of detecting crack initiation based on the results from fatigue resonance
testing in the laboratory. The technique successfully detected the initiation of the flaw
approximately 463,300 fatigue cycles earlier than traditional strain gauge technique and vibration
accelerometers. However, due to the limited number of test results, this prediction pattern would
benefit from further investigation in the future.



Given the successful results from AE testing, TWI developed a software prototype for early crack
detection, providing an automated data processing and a user-friendly interface for minimal user
interaction.
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