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1 LƴǘǊƻŘǳŎǘƛƻƴ 
 
The main task associated with this deliverable is Task 6.1: Comparative Assessment of Well 
Integrity Monitoring Technologies.  
 
Geothermal wells are commonly more than 2km deep [1]. The casings can prevent collapse 
of the borehole and prevent unwanted flow from/to  acquirers, it is also a conductor for the 
geothermal fluid to flow up the well. Therefore the integrity of the casings is critically 
important for the safe operation of geothermal wells. Any casing damage can introduce a risk 
to the operation of the well [2]. Hoop, radial and axial stresses build up in a casing that is 
cemented in place as the well heats up. There are different failure modes from which casings 
suffer, including casing implosion, corrosion and crack.  
 
The common technique applied to monitor the casing conditions. Mechanical integrity testing 
is concerned with leakages and the constant control of the pressure of the fluid within 
different casings according to regulatory standards [3].   
 
The aforementioned technique can only provide an assessment on the present state of the 
structural integrity rather than give early warnings of the defects before they cause 
catastrophic failures.  Therefore, more advanced integrity monitoring techniques should be 
applied to identify the defects when they are under development.   
 
In order to determine the integrity of metal tubing and the concrete casing in the sub-surface, 
three condition monitoring techniques including Acoustic Emission (AE), Guide Wave (GW), 
and Vibration Analysis (VA) are introduced. These three techniques work under different 
frequency ranges:  
 

¶ Using accelerometer-type sensors to measure the frequency and energy of pipework 
vibrations is an established method of predicting pipe failure from fatigue. Mechanical 
systems tend to have much of their vibration energy contained in the relatively narrow 
frequency range between 10 Hz to 1000 Hz but measurements are often made up to 
10 kHz, as there are vibration components characteristic of the different failure 
mechanisms at higher frequency ranges [4].  

 

¶ At a higher frequency range than VA (below 100 kHz), GW is an established non-
destructive testing technique for detecting thinning in the wall of transmission 
pipelines and process pipe-work. The thinning, which may be caused by corrosion or 
erosion, can be detected on either the internal and external surfaces.  

 

¶ AE is used to detect the crack propagation in casings and the presence of them in the 
structure of interest. The elastic waves generated by the crack propagation travels 
within the structure, then detected by the sensors on the surface. Therefore, AE can 
be used when the asset (i.e., the casing) is not assessable, for example when it is 
buried or surrounded by insulation.  Most of the released energy is within the range 
from 20 kHz to 1MHz.   
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High temperature geothermal wells are often constructed of three concentric casings: a 
surface casing, an anchor casing and a production casing where the geothermal fluid flows. 
Each casing is cemented externally all the way to the top for structural support and leak 
prevention [2]. For a complex structure like this, the challenge of applying the 
aforementioned three techniques for structural integrity monitoring is due to the attenuation 
of the signal, which relates closely to the monitoring distance. Attenuation effect is a 
phenomenon that waves lose energy as they propagate through the material, resulting the 
reduced monitoring distance.  
 
Therefore, for a successful implementation of integrity monitoring techniques, the first step 
is to evaluate the attenuation rate of these three different techniques. In this regard, a series 
of lab tests and modelling work was carried out. Results showed that the AE and GW have 
advantages over VA in terms of the detection distance. Therefore, for the field trails, only GW 
and AE techniques will be evaluated. Last but not the least, the techniques will be assessed in 
an operational environment.  
 
In conclusion, the procedure for implementing the techniques is as follows:  
 

¶ Assessment through lab tests and numerical modelling 

¶ Evaluation though field trails 

¶ Demonstration in an operational environment 
 

1.1 Deliverable objectives 

In this deliverable, a detailed introduction to each condition monitoring technique including 
VA, GW and AE is given. In the first stage, results from lab tests and numerical modelling are 
presented. In the end, the future work plan including the evaluation through field trials and 
demonstration in an operational environmental are explained.  
 
The objective is to give a clear plan of the implementation of well integrity monitoring 
techniques, as developed within the S4CE consortium.  

2 ¢ŜŎƘƴƛǉǳŜǎ ŦƻǊ ǿŜƭƭ ƛƴǘŜƎǊƛǘȅ ƳƻƴƛǘƻǊƛƴƎ  

2.1 Acoustic Emission 

 
Acoustic emissions (AE) are transient elastic waves generated by the rapid release of energy 
from localized sources within a material. The working principle of AE is presented in Figure 1. 
 
Acoustic emission is a physical phenomenon whereby transient elastic waves are generated 
within a material or by a process. The application of load, or the impact of a harsh 
environment, produces internal structural modifications such as local plastic deformation, 
crack growth, corrosion, erosion and phase transformations. All these mechanisms and 
processes are generally accompanied by the generation of elastic waves that propagate 
through the materials, in our case through the casings. In summary: 
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Å Energy source is STRESS; 

Å The detected energy comes from the FLAW, not from the Non Destructive Testing 

(NDT) equipment; 

Å Sensor detects movement, not geometric discontinuities. 

Advantages: 

Å it allows a 100 % volumetric monitoring of the test object; 

Å it is sensitive to growth of discontinuities and changes in the material structure rather 

than to the presence of static discontinuities; 

Å it can be used to detect the effects of the application of load in order to prevent 

catastrophic failure of structures; 

Å it allows for testing at any stage of life cycle; 

Å real-time evaluation of the integrity of the material; 

Å ability to discern between evolving and non-evolving defects; 

Å it is capable of locating a growing discontinuity in the structure under test with the 

use of a sufficient number of sensors. 

Disadvantages: 

Å non growing discontinuities may not generate AE; 

Å Attenuation; 

Å AE is sensitive to in-service or other extraneous noise. 

 
 

 
Figure 1: A typical AE system set up Copyright: Using Acoustic Emission in Fatigue and Fracture Materials Research, (Huang, 

1998) 

 
 



Deliverable D6.3 
 

PU Page 8 of 26 Version 3.0 

 

The main parameters used to describe the AE waveform are: 

¶ Peak Amplitude ς the greatest measured voltage in a waveform and is measured in dB; 

¶ Energy ς the measure of the area under the envelope of the rectified linear voltage time 

signal from the transducer; 

¶ Counts ς the number of pulses emitted by the measurement circuitry if the signal 

amplitude is greater than the threshold;  

¶ Rise Time ς the time interval between the first threshold crossing and the signal peak; 

¶ Duration ς the time difference between the first and last threshold crossings; 

¶ Peak Frequency ς frequency of the maximum FFT amplitude;  

¶ Frequency Centroid ς frequency of centre of gravity.  

Those parameters are described schematically in Figure 2. 

 

Figure 2: AE Waveform Parameters [5] 

 

2.2 Guided Wave 

Guided Wave (GW) testing is one of latest methods in the field of non-destructive evaluation. 
The method employs mechanical stress waves that propagate along an elongated structure 
while guided by its boundaries. This allows the waves to travel a long distance with little loss 
in energy. 

¶ In ultrasonic NDT, sound is made to travel in a material as a beam, this beam will be 

reflected by a reflector which sits in the beam. 
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¶ Discontinuities that are planar will need to be almost perpendicular to the beam if 

they are to be detected. 

¶ The piezoelectric crystal in the probe converts electrical pulses into ultrasonic sound 

waves that are transmitted into the material. 

The pulse-echo ultrasonic transmission is described in Figure 3. 

 

Figure 3: Pulse-echo ultrasonic transmission 

Pulse-echo method is based on mechanical waves (ultrasound) generated by a piezo ς 
magnetically excited element at a frequency typically in the range between 2 and 5 MHz. 
Control involves the transmission, reflection, absorption of ultrasonic propagated wave in the 
controlled part. Transmitted wave beam is reflected within the play and the flaws, the returns 
to the flaw that can be both transmitter and receiver. Positioning fault is done by 
interpretation of the signals.    
 
The principles of GW are based on the resistance to travel of sound waves within a material 
and the reflectiveness of it, as explained pictorially in Figure 4. 
 

 
Figure 4: Resistance to travel of sound waves within a material 

 

2.3 Vibration Analysis 

Vibration monitoring is a long-established technology, which is usually applied to assess the 
integrity of rotating machinery. It can also be used to evaluate the performance of a structure. 
Vibration analysis (VA) makes use of appropriate sensors, which are placed on the structure 
of interest, and its integrity is analysed by means of its frequency spectrum characteristics.  
Relevant data can be collected, digitalised and visualised from appropriate sensors with a 
view to obtain statistical features. An example of those features are the root mean square, 
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which is the effective value of a varying signal (Figure 5 ), crest factor, which shows how spiky 
a signal is (Figure 6 ) and skewness, which is a measure of a symmetry of the waveform (Figure 
7). 
 

 
Figure 5: Root mean square of a vibration signal, which can be calculated as 0.707*VPK , where VPK is the peak amplitude of 
the signal 

 

 

Figure 6: Crest factor, which is calculated as the Peak amplitude/RMS value of the signal 

 

Figure 7: Skewness 
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There are two common ways to investigate vibration data. A typical signal which is acquired 
on the time domain is shown in Figure 8 in terms of signal amplitude as a function of time. 
This is the raw data, which is collected by accelerometers. 
 
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 
according to equation 1. 
 

Ὂ ά ὥ Ὧ ὼ   Equation 1 

This leads to the calculation of the acceleration. There are different types of accelerometers 
depending on the purpose of the structure that needs to be monitored such as mechanical, 
capacitive, piezoelectric, MEMS etc. 
 
Based on the time series data and by applying a fast Fourier transform, we can obtain the 
signal presented in Figure 9, which is the amplitude as a function of the frequency. Examining 
the frequency spectrum allows us to extract more information such as abnormal frequency 
components, which may be correlated with potential defects and frequency band where 
signal energy is more concentrated.  
 
 

 
 

Figure 8: Amplitude as a function of time of an acquired signal coming out of a vibrating structure 

 
Figure 9: Amplitude as a function of frequency of the data showed in Figure 8 after Fourier transformation has been applied 
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2.4 General layout of a monitoring well 

The general layout of a well, for the purpose of our experiments, consisted of four casings 
made out of conventional stainless steel with different diameters and concrete in between 
them as shown in Figure 10. 
For such complex structures, the extent of monitoring that can be performed relies 
extensively on the attenuation rate. The attenuation rate, which is the rate at which the 
intensity of an acquired signal drops as a function of the distance that the wave has travelled 
through, is a significant parameter in terms of assessing the applicability of the 
aforementioned techniques. It is found that while the emitted waves and guided waves 
propagate in the structure of interest, they suffer a gradual decrease in amplitude, which 
reduces the range of inspection. That is the reason why the attenuation effect on the 
propagating waves is tested. This deliverable presents the methodology and the relevant 
experimentation used to calculate the attenuation rate and to come to a conclusion regarding 
the suitability of AE, GW and VA for well integrity monitoring. The results show a promising 
attenuation rate when using AE or GW on casings like the ones used in geothermal field sites. 
 
 

 
Figure 10: Schematic of a typical well geothermal casing as considered by S4CE in developing technologies to monitor the 
casings themselves. 
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3 [ŀō ¢Ŝǎǘǎ 
Activities carried out 
Á AE and Vibration attenuation rate test on a steel pipe  
Á AE and GW attenuation test on a steel pipe surrounded by concrete 

Research findings 
Á GW and AE suffer less from attenuation in comparison with VA 

3.1 Acoustic Emission Test  

3.1.1 Test set up  

Firstly, four AE sensors ς VS30-SIC-46dB were placed along a two-meter-long pipe with a 
distance of 0.5 m between one another.  The frequency range of the sensors is between 25-
80 kHz. The sensor has a built-in amplifier (Gain = 46 dB). The low frequency response makes 
it especially suited for monitoring large objects or objects made of highly attenuating 
material. AE signals were recorded and analysed using a Vallen AMSY6 data acquisition 
system. The sampling rate for the experiment was 5 MHz.  To verify the response of our AE 
ǎȅǎǘŜƳ ǇŜǊŦƻǊƳŀƴŎŜΣ ŀ ΨIǎǳ ǇŜƴŎƛƭ ǎƻǳǊŎŜ όǇŜƴŎƛƭ ƭŜŀŘ ōǊŜŀƪ ǎƻǳǊŎŜύΩ ǿŀǎ ǳǎŜŘ [6]. This is an 
aid to simulate an AE event using the fracture of a brittle graphite lead in a suitable fitting. 
More precisely, the 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 pipe [7]. This test first ensures that 
the transducers are in good acoustic contact with the pipe and secondly, it checks the 
accuracy of the source location setup. Figure 11, shows the experimental setup with the four 
AE sensors that were placed across the casing. Both in-plane and out-of-plane sources were 
introduced to represent two different fracture mechanisms, see Figure 12  [8].  
 

 
 
Figure 11: AE setup for a production casing used in geothermal well. A brief description is provided in the text. 
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Figure 12: Pencil-lead break experiment performed for (a) in plane and (b) out of plane measurements. 

Next, an AE experiment was performed on a five meters long pipe surrounded by concrete to 
assess the effect of the presence of concrete on the attenuation rate. Two VS30-SIC-46 dB AE 
sensors were placed at both ends where concrete starts (left side-source) and finishes (right 
side). The experimental setup is shown in Figure 13.  
 

 
 
Figure 13: Description of the AE experiment on a 6.5m pipe covered with concrete. On the left hand side the point where the 
pencil-lead break experiment was performed is shown along with the two AE sensors that were placed in the beginning of the 
pipe and in the end of the pipe after the concrete. A commercial AE system was used to acquire the relevant data 

 
 

AE System 
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3.1.2 Results 

 
Acoustic Emission attenuation rate on casing without concrete 
The attenuation rate is the slope of the curves shown in Figure 14. The curves show the 
amplitude of the signal as a function of the length of the pipe. The attenuation rate was 
calculated for both the in plane and out of plane measurements and was found to be equal 
to: 

 
ὃὙὭὲ ὴὰὥὲὩτȢσ ὨὄȾά 

 
ὃὙέόὸ έὪ ὴὰὥὲὩτȢω ὨὄȾά 

 
where AR is the attenuation rate. 

 

 
Figure 14: Amplitude versus distance for the in plane (black line) and out of plane (red line) measurements measured on a 
pipe not covered by cement. 

 
The attenuation rate is a relative parameter, which changes based on the type of structure 
(e.g, being or not covered by cement), type of sensor and distance from the pencil. In the case 
of our experiment, the amplitude of the signal does not suffer from significant attenuation 
along the structure.  This is very important in terms of the acquired signal, which will be 
further analysed as part of the online monitoring.  
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Acoustic Emission attenuation rate on casing covered with concrete 
 
The sensors placed at the beginning and at the end of the pipe covered with concrete, have 
generated the responses shown in Figure 15. It is essential to examine the amplitude from 
both sensors in order to assess the effect of the presence of concrete in the final signal. The 
attenuation rate for that case is close to the attenuation rate calculated for the normal casing 
without any concrete around it and it is equal to: 
 

ὃὙ υȢυ ὨὄȾά 
 
From the results shown in Figure 15, it can be seen that there is no dramatic decrease of the 
signal amplitude from the beginning of the concrete to the end. This is very promising because 
in general, concrete is highly susceptible to attenuation but the results suggest that with the 
use of appropriate sensors this effect can be minimized. 
 

 
Figure 15: Response from left side (black) and right side (red) placed sensors on concrete casing. A picture of the 
experimental setup is provided in Figure 13. 

 
 

3.2 Vibration Analysis Test  

3.2.1 Test set up  

 
Two accelerometers AC150 with sensitivity 100mV/g and dynamic range ±50 g peak, were 
placed on the well casing. With the aid of a hammer, the propagation of a crack was 
simulated. The experiment was carried out in two different ways. First by hitting the pipe with 
a hammer with a small amplitude stimuli and another one with a high amplitude stimuli. The 
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experimental setup is shown in Figure 16. The purpose of this experiment was to examine the 
characteristic frequency spectrum of the casing under different stimuli and how this could 
affect the structure of interest. 
 

 
 
Figure 16: Description of Vibration Analysis experiment on the casing that was not covered with concrete. The two AC150 
accelerometers that were placed on the pipe are shown along with the commercial system that was used to acquire the 
necessary data 

3.2.2 Results 

 
The attenuation rate using the vibration analysis technique can be calculated as follows: 
 

ὃὙ ςπzὰέὫ
ὛὩὲίέὶ ρ ὶὩίὴέὲίὩ

ὛὩὲίέὶ ς ὶὩίὴέὲίὩ
 

 
where AR is the attenuation rate, sensor 1 response is the signal received from the 
accelerometer on the left side and sensor 2 response is the signal response from the 
accelerometer on the right side respectively. 
 
The experiment was carried out in two different ways. First, by hitting the pipe with a hammer 
with a small amplitude stimuli and another one with a high amplitude stimuli.  
 
Small amplitude stimuli 
 
The peak amplitude of the acceleration measured for the small amplitude stimuli from the 
two accelerometers is: 
 

ὥρ φψȢυ άȾίς 
ὥς σσȢχ άȾίς 
ὃὙ φȢς ὨὄȾά 

 



Deliverable D6.3 
 

PU Page 18 of 26 Version 3.0 

 

where an is the peak acceleration measured from the accelerometers placed on the pipe. 
In Figure 17, the acceleration signals received from both sensors are shown. 

 
 

 
Figure 17: Acceleration captured from (a) sensor 1 and (b) sensor 2 under small amplitude stimuli. Please refer to Figure 16 
for the experimental setup. 

 
High amplitude stimuli 
 
The peak amplitude of the acceleration measured for the high amplitude stimuli from the two 
accelerometers is: 
 

ὥρ τψφȢω άȾίς 
ὥς ρωπȢχ άȾίς 
ὃὙ ψȢρ ὨὄȾά 

 
where an is the peak acceleration measured from the accelerometers placed on the pipe. In 
Figure 18, the acceleration signals received from both sensors are shown. 
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Figure 18: Acceleration captured from (a) sensor 1 and (b) sensor 2 under high amplitude stimuli. Please refer to Figure 16 
for the experimental setup. 

The attenuation rate for both cases is higher compared to the use of AE and GW and it 
increases with the increase of the amplitude of the stimuli. In the cases of AE and VA the peak 
amplitude parameter was used to be able to derive a direct comparison of the attenuation 
rate. It has been proven from this test that AE and GW suffer less from the attenuation effect 
in the structure. Therefore AE and GW are recommended to be applied for the structural 
integrity monitoring of the geothermal wells.   
 

3.3 Guided Ultrasonic Waves Test 

3.3.1 Test set up  

GW testing was performed on the pipe sample covered with concrete and the experimental 
setup is shown in Figure 19. A collar with the necessary transducers was placed along the 
circumference of the pipe in such a way to ensure contact between the pipe surface; all the 
transducers face plates. Once the collar is fastened to the pipe direct coupling is achieved by 
forcing the transducers against the pipe surface. The wave frequency was chosen equal to 30 
kHz and the transducer arrangement was chosen to preferentially excite longitudinal waves. 
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Figure 19: Presentation of the commercial GW equipment used during the experiments. 

 

3.3.2 Results 

The experimental results from the GW experiment on the concrete casing are given in the A-
scan shown in Figure 20. The commercial equipment that was used for the testing has the 
capability to differentiate between different parts of the pipe, as it can be seen from the 
results shown in Figure 20.  Starting from short distances, we observe that there is a peak 
first, which designates the presence of a flange; after that, a characteristic peak coming from 
the presence of the commercial monitoring system can be seen. Another peak due to the 
presence of a weld is shown, and the attenuation rate can be calculated by identifying the 
slope between the peak designating the weld and the pipe end. Using the software that 
accompanies the monitoring tool, the attenuation rate was calculated to be: 

 
ὃὙ ςȢς ὨὄȾά 

 
These results suggest that GW has a promising attenuation rate, but with the presence of a 
defect an appropriate algorithm needs to be developed as it will be revealed from the FEA 
simulations in section 4. 
The attenuation rates received from different monitoring techniques are called relative ones 
and they were also calculated in the work of Tan and Mba (2005). This is a typical approach 
to assess the obtained attenuation rate and conclude on the most appropriate method that 
can be used.  
 














