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Abstract
Composite pressure vessels are seeing increasing demand in the oil and gas sector due to their excellent corrosion resist-
ance. However, the assessment of the fatigue state of those structures still an open question. The goal of this work is use 
elastic wave data to access the fatigue damage (exudation). The Dynamic Time Warping method is proposed as a means of 
extracting features from guided wave ultrasound data that can describe the on-going fatigue induced damage of glass-fibre 
reinforced plastic pipes under fatigue-cycle loading. To test its efficiency, three pipe samples were fatigue tested to failure 
under internal pressure cycles with maximum values of 45 bar, 55 bar and 65 bar, and minimum pressures equal to 10% 
of the maximum, at a frequency of 0.8 Hz. A Guided Wave monitoring system consisting of a set of permanently attached 
piezoelectric sensors produced signals which were processed to obtain the Dynamic Time Warping distance, that was then 
used to obtain a Damage Index that expresses the cumulative fatigue damage suffered by the samples for each loading level. 
These results were comparable to data obtained from surface-mounted strain-gauges, even though temperature variations of 
up to 20 °C occurred during the tests and no direct temperature compensation was applied to the GW signals. The Dynamic 
Time Warping distance presents smaller influence of temperature and was able to better access the exudation of the samples.
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Introduction

Composite pressure vessels are seeing increasing demand 
in the oil and gas sector due to their excellent corrosion 
resistance [1, 2]. Glass-Fibre Reinforced Plastic (GFRP) in 
particular is seen as a cheap substitute for carbon steels in a 
vast range of applications, such as in the chemical [3], water 
transportation [3, 4] and oil and gas industries [1, 5]. How-
ever, it is known that internal pressure cycling and long-term 
exposure to certain temperature ranges can lead to degrada-
tion of GFRP by fatigue [6–9] and creep mechanisms [10].

For fatigue loading, in particular, the two main damage 
mechanisms that arise in these materials are delamination and 
micro-cracks [11]. Micro-cracks develop at the matrix-fibre 
interface and act as stress concentration. As the number of 
cycles increases, micro-cracks grow and coalescence, leading 
to delamination [7, 11]. Fibre damage can also be present in 
the early stages of fatigue [12], but it is more relevant near 
the final failure of the component [13]. The presence of such 
defects eventually leads to permeation of the internal fluid, 
and at this stage, leaks and exudation can usually be observed 
on the surface of the vessel. In the context of composite pipes, 
exudation refers to the phenomenon in which the internal 
substance leaks or seeps from the composite material, often 
affecting the structural or functional integrity of the pipe. 
Visual inspections are usually incapable of detecting these 
defects before leakages have already occurred [14].

Fatigue damage in composites is often evenly distributed 
along the component [13], which causes a decrease in the 
stiffness of the material [8, 9, 15]. The stiffness behaviour 
of GFRP is often represented as a function of the number 
of fatigue cycles [12, 13, 16]. On Fig. 1, one can visualise 
the main characteristics of this curve. The fatigue process 
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is divided into three stages: on the first stage, there is a sig-
nificant drop in the stiffness with a relatively small number 
of cycles. This is followed by the second stage, which is 
characterised by a smaller and more constant rate of stiff-
ness drop. Finally, on the third stage of the curve, there is a 
sharp drop of the stiffness culminating in the failure of the 
sample [12, 13, 16]. In some cases, however, the third stage 
may be absent [13].

Guided Waves

Compared with bulk ultrasonic waves, Guided Waves 
(GW) travels a longer distance in thin structures, which 
makes them suitable for application on highly attenuating 
materials [12], such as GFRP, some reviews about the 
subject can be found in [17–19]. Since the GW are capa-
ble to interact with large volumes of material [20, 21], 
they provide a more representative interrogation of the 
damage state of the structure. Furthermore, the sensors 
used to generate the GW can be lightweight, inexpensive, 
low profile and be permanently attached to the structure, 
allowing continuous monitoring, which are desirable 
characteristics for Structural Health Monitoring (SHM) 
applications [15, 22].

Since the GW velocity strongly depends upon the mate-
rial’s stiffness, a drop in the stiffness causes a drop in the 
GW velocity, which can be measured as an increase in the 
time-of-flight or a phase variation in the signal. Tao et al. 
[12] applied this principle to create a model to correlate 
the stiffness degradation with fatigue damage. Besides the 
effect in the signal’s phase, the presence of fatigue defects 
also increases the attenuation of the material, resulting in 
a decrease in the wave’s amplitude after propagation over 
a given distance [9]. Although both phase and amplitude 
are impacted by degradation in composite materials, and 
are viable metrics for detecting damage in GFRP pipes, 
it is imperative to underscore the incompatibility of their 
simultaneous use. Comparing amplitudes necessitates 

compensating for phase alterations, rendering it unfeasi-
ble to compute a metric that incorporates both simultane-
ously. Environmental factors can further complicate base-
line measurements, predominantly influencing the phase 
shift of guided waves in composite pipes. Consequently, 
comparing amplitudes while compensating for phase shifts 
provides a more resilient metric against effects like tem-
perature fluctuations [23, 24]. This will be explained in 
more detail, and examples of it will be given, in “Tem-
perature Influence in the Distances” section.

Adden et al. [9], as well as, Mei and Giurgiutiu [25] 
employed acoustic attenuation measurements to evaluate 
the damage level of composites. Also, on the work created 
by Gao et al. [26], the authors used power spectrum den-
sity and cross-correlation methods to examine Lamb waves 
and coda waves. They used those methods to determine 
phase and amplitude variations to characterise debond 
defects present in honeycomb sandwich panels used in the 
aeronautical industry.

Furthermore, other approaches apply GW to evalu-
ate the structural integrity of composites. For instance, 
Soleimanpour et al. [27] were capable of characterising 
delamination in laminated composite beams by the evalu-
ation of acoustic non-linearity induced by those defects 
in A0 Lamb waves. Additionally, mode conversion can 
also be used to monitor the progression of fatigue dam-
age. According to Zhang et al. [28], as the fatigue pro-
gresses, the mode conversion becomes more marked. 
Therefore, the authors successfully applied the mode-
to-mode ratio measurements to assess the damage accu-
mulated in GFRP. Similarly, Hosseini et al. [29] used 
mode conversion of guided waves for damage detection 
in cellular sandwich composites.

In this work, the Dynamic Time Warping (DTW) algo-
rithm is proposed as a way of extracting information from 
GW signals regarding the occurrence of fatigue induced 
damage in glass-fibre composites. Thus, it was possible 
to monitor the effect on the stiffness of the material, the 
amplitude of the signals and the interaction between differ-
ent GW modes simultaneously. The results were compared 
with strain-gauge measurements, corroborating the damage.

Distances Between Time Series

There are an several metrics to access the distance or dis-
similarity between two distinct time series such as cross-
correlation, Dynamic Time Warping and all the Lp norms. 
In this work we use the latter two methods as metrics to 
represent the fatigue damage induced in the composite 
pipe sample, where in our case the p − norm is the L2 
(Euclidean distance).

Fig. 1  Illustration of the stiffness qualitative behaviour of GFRP com-
posites during fatigue



841Experimental Mechanics (2024) 64:839–849 

Euclidean Distance ‑ L
2
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Comparisons between pairs of signals are performed to 
estimate the cumulative fatigue damage in GFRP pipes. To 
illustrate this, consider two generic time series representing 
GW signals obtained on a sample at different numbers of 
fatigue cycles Q and C, as described below:

As mentioned, fatigue damage is expected to cause a vari-
ation in phase and amplitude between Q and C. There are 
several ways of calculating the variation between two time 
series; the most simple and often used method is the Euclid-
ean distance which is defined, by equation (1) as:

Equation (1) shows that the L2 is simply the square root 
of the sum of the square of the differences in the amplitudes 
between points of the two time series. In this case, there is 
no regard for evident phase shifts that might be present, as a 
result, the distances between points are linear and point-to-
point (as seen in Fig. 2(a). This means that, if the signals are 
misaligned or out of phase, the computed Euclidean distance 
will be unreasonably large [30].

Dynamic Time Warping Algorithm

Dynamic time warping (DTW) is a technique commonly 
used to find an optimal alignment between two time series. 
This method warps two time series in a non-linearly fash-
ion to match each other [31, 32]. This means that DTW is 
capable of correcting synchronisation errors between two 
time series [32].

Q = q1, q2, ...qn

C = c1, c2, ...cn

(1)L2(Q,C) =

√√√√ n∑
n=1

(qi − ci)
2

Figure 2(b) presents an example of the alignment between 
two similar out of phase time-dependent sequences. In this 
case, it can be observed that not all points are related verti-
cally, but some are related in a shifted fashion. This is due to 
the optimal match found by the algorithm.

DTW was initially used to compare different speech 
patterns in automatic speech recognition [31, 33]; how-
ever, it is also possible to use this algorithm to compute 
DTW distance for the classification of other time-depend-
ent sequences as well [33–36]. For example, the DTW 
algorithm can be used to optimally align and calculate the 
distance of two GW time-series as in the case of Q and C, 
which may be out of phase or with different velocities (i.e. 
due to temperature changes) [34, 35].

The DTW algorithm begins by creating a matrix M, often 
called cost matrix, with size n-by-m where each element of 
this matrix consists of the distance between the points qi and cj 
(equation (2)). One way to construct the cost matrix is by the 
computation of the distance of each element in the Cartesian 
product between the series [31] Q and C, as seen in equation 
(3).The definition of distance used in equation (2) depends on 
the type of information one aims to obtain. The Euclidean dis-
tance captures the difference between the time series, whereas 
distances based on entropy metrics (e.g., Kullback–Leibler 
Divergence) represent the difference between the probability 
distributions of these time series.

A warping path w is created by choosing some elements 
of M as it defines the mapping between Q and C. As each 
wk is an element of M and each element in M is a distance 
between a point in Q and a point in C, w is a vector on which 
each position is a distance between the sequence Q and C.

The best match between series Q and C is found by choosing 
the elements of M that minimise the total cumulative distances 
between the series (equation (4)) and the choice of those ele-
ments are subjected to the following constraints [37]:

• The initial and final points must be the first and last 
points in the alignment, w1 = M1,1 and wk = Mm,n

• Monotonicity of the path, which means the path does not 
decrease: wi ≤ wi+1

• The DTW path must be continuous and advance one step 
at a time.

(2)di,j = ||qi − cj||

(3)M = d(Q × C) =

⎡
⎢⎢⎣

d(q1, cN) ⋯ d(qN , cM)

⋮ ⋱ ⋮

d(q1, c1) ⋯ d(qN , c1)

⎤⎥⎥⎦

(4)DTW(Q,C) = argmin
� K�

k=1

√
wk

�Fig. 2  (a) L2 distance between two time series with linear alignment, 
the one-to-one linear mapping between the series is represented by 
the black vertical lines. (b) DTW alignment between two time series, 
the black lines connecting the series Q and C are the optimal match-
ing points found by the DTW algorithm
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Usually, the optimal path in the matrix M is found with a 
dynamic programming technique [30, 31, 37]. In dynamic 
programming, the solution of DTW is found by evaluating 
the recurrence expression presented in equation (5). This 
equation defines the cumulative distance D(i, j) in the cur-
rent position as the minimum cumulative distances in the 
adjacent elements. An example of the optimal warping 
path found by DTW can be seen in Fig. 3. There, the cost 
matrix M calculated for the sequences C and Q is shown as 
a colour map and the red line represents the warping path 
found by the algorithm. The warping path also follows all 
the constraints since the initial and final points match the 
first and last points of the alignment, the line is continuous 
and monotonic.

Experimental Procedure

Experimental Setup and Composite Samples

The GFRP pipes used in the tests were manufactured using 
two polyester veils (25 g/m2 ) and two E-CR glass-fibre veils 
(300 g/m2 ) to create a chemical barrier on the inner surface 
of the pipes. On top of the chemical barrier, it was used the 
filament winding technique to deposit 12 layers of E-CR 
fibres (1100 g/km) oriented at ±55◦ , which were responsible 
for the structural strength. Both the chemical barrier and 
structural glass-fibre were joined with bisphenol A epoxy 
resin, resulting in a 150 mm internal diameter pipe with a 
thickness of 4.40 mm ( D∕t = 34).

(5)
D(i, j) = d(qi, cj) + ...

min(D(i − 1, j),D(i, j − 1),D(i − 1, j − 1)

These pipes were instrumented with a strain-gauge to 
monitor the deformations in the circumferential direction 
and observe how the elastic modulus changes during the 
fatigue test. The technique of resistance strain gauging was 
employed to measure deformations during the fatigue test. 
Deformation monitoring was conducted using three pairs of 
sensors—one longitudinally and the other circumferentially 
positioned. The central region of the tube was chosen for 
instrumentation, with each sensor pair phased at 120◦ . Given 
the prolonged nature of the test, acquisitions were performed 
in 10-second blocks with a 10-minute interval between each 
block, at a sampling frequency of 100 Hz. Uni-axial strain 
gauges with an active sensor length of 5 mm from the manu-
facturer Micro-Measurements-VPG were utilized to measure 
deformations during the fatigue test. The QuantumX univer-
sal data acquisition system from HBM, Hottinger Baldwin 
Messtechnik, was used for data acquisition. The Catman 
version 5.4.2 software, provided by the equipment manu-
facturer, was employed for data acquisition.

Furthermore, a pair of ultrasonic piezoelectric sensors 
were installed 157 mm (equivalent to 120◦ ) apart of each 
other to be used to generate and detect GW in the circum-
ferential direction. The circumferential path was chosen 
because, in a field scenario where the pipeline may be bur-
ied or have other access restrictions, this makes guided wave 
instrumentation simpler, as only a relatively small section 
needs to be exposed for instrumentation. Additionally, it was 
expected that, due to the internal pressure cycling of the 
pipe, damage mechanisms would nucleate and expand as a 
consequence of the induced hoop stress, and circumferen-
tial waves would thus be interrogating the pipe in the most 
critical direction, possibly leading to a greater response. For 
guided wave signal generation, the signal generator model 
33521 - LXI from Agilent Technologies was used, producing 
a wave with a generation frequency of 20 MHz connected to 
the broadband signal amplifier model 7602 M from Krohn-
Hite Corporation. A preamplifier from McWade Monitoring 
Ltd was employed for sensor reception, with the gain set at 
40 dB. Finally, the oscilloscope model DSOX3034A from 
Agilent Technologies was used for signal acquisition at a 
sampling frequency of 2 MHz.

The fully instrumented GFRP pipe, as well as a sche-
matic with the dimensions of the pipe and positioning of 
the sensors is shown in Fig. 4. The sensors had a 6.35 mm-
diameter, 0.25 mm-thickness and were vertically polarised, 
for more information refer to a single sensor from Acellent 
(https:// www. acell ent. com). These sensors were excited 
with a 5-cycle Hanning-windowed tone-burst at a centre 
frequency of 150 kHz. At these frequencies, the sensors 
generate mostly out-of-plane displacement, which means 
that the main modes expected to be generated are anti-
symmetric. No major effort was made to characterise the 
GW modes generated in the test pieces in this paper; also, 

Fig. 3  Colour map of the cost matrix M between sequences C and Q. 
The warping path W between the two time series represented in red, 
the path is monotonic, continuous with beginning and ending in the 
first and last points of each series

https://www.acellent.com
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no attempt to filter out undesirable modes was performed. 
From the perspective of homogenisation, the greater the 
ratio between the distance travelled by the wave and the 
wavelength, the more information about the medium 
through which the wave propagates is captured [38, 39]. 
However, as the frequency increases, the attenuation suf-
fered by the guided wave also increases, causing the signal 
captured by the sensor to become very low, lower than the 
electromagnetic noise picked up by the instrumentation. 
This makes the use of higher frequencies impractical. It 
is necessary to find a compromise between propagation 
distance and wavelength. Finally, it is not strictly neces-
sary to fully characterise the wave modes propagated by 
the sensor in this structure. Anti-symmetric modes have 
higher excitability [40] than other modes, are it also has 
been shown that they are adequate for detection of delami-
nation in composites [41], but since the proposed meth-
ods are data-driven, the presence of other modes can be 
beneficial as they provide additional sources of statistical 
information for the methods.

As a result, the entire time series was used in the data 
analysis. This resulted in all the modes contributing to the 
signal being taken into account by the DTW algorithm. To 
obtain the time series used in this work, the GW signal was 
averaged over 512 data acquisitions to reduce the influence 
of electromagnetic white noise. The data was recorded at 
0 bar pressure. Later, the data was processed to obtain the 
normalised Damage Index (DI) feature. The three sam-
ples were tested in similar ambient conditions, in which 
uncontrolled temperature variations of up to 10.6 °C were 
recorded. It is known that temperature variation can influ-
ence GW measurements [15]; however, no specific tempera-
ture compensation techniques (such as [23, 24] were applied 
in the signal processing procedures.

Three pipes were cyclically pressurised to induce fatigue 
damage up to failure, which was considered when exudation 

started to appear on the surface of the pipe. The loading fre-
quency was 0.8 Hz in all cases with a load ratio (R) equal to 
0.1. The fatigue test frequency was chosen as the maximum 
frequency the hydraulic equipment was capable of operating at. 
The equipment used for applying mechanical loading during 
the fatigue test was an actuator, Servohydraulic Test System 
model from MTS System Corporation. The software used for 
configuration and control of the actuator was MTS TestSuite 
version 4.0 provided by the equipment manufacturer. For pres-
sure data acquisition, the QuantumX universal data acquisi-
tion system from HBM was employed. In conjunction with 
the acquisition system, the pressure transducer with a nominal 
capacity of up to 500 bar, model P8AP, also from HBM was 
used as the pressure transducer during the fatigue test. The 
software used for QuantumX control was Catman version 5.4.2 
provided by the equipment manufacturer. The acquisition fre-
quency was 100 Hz. The rupture pressure of the pipes ( Pr ) was 
determined to be equal to 180 bar via a quasi-static pressurisa-
tion test carried out on a fourth sample.

To complete the fatigue tests in a reasonable time, the 
maximum applied pressure ( Pmax ) was chosen to result in 
a number of cycles to failure ranging from 104 Pa to 105 Pa 
order of magnitude. Table 1 shows the minimum applied pres-
sure ( Pmin ), Pmax and the ratio between Pmax and Pr . Figure 5, 
shows a schematic of the equipment utilised for control and 
application of pressure in the pipes. The control station is 
responsible for keeping track of the number of cycles and for 
controlling the hydraulic pump. The hydraulic scheme shows 
that the pump pressurises the oil from the reservoir into the 
hydraulic cylinder, which causes the actuator to move back 
and forward. This results in pressurisation cycles in the water-
filled pipe and damage by fatigue on the sample.

Fig. 4  Instrumented pipe with piezoelectric sensors, the schematic 
shows the emitter and receptor placement 120° apart of each other

Table 1  Experimental parameters

Sample Pmin [bar] Pmax [bar] Pmax/Pr

1 4.5 45 0.250
2 5.5 55 0.306
3 6.5 65 0.361

Fig. 5  Schematic of the experimental setup, the control station is 
responsible for controlling the hydraulic pump, which moves the 
actuator of the hydraulic cylinder, increasing and releasing the pres-
sure to create pressure cycles inside the GFRP pipe
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As reference technique for the damage degradation we 
use strain-gauge and pressure measurements. Assuming the 
plane stress hypothesis, the pressure can be convert to stress 
as follow:

where p is the internal pressure, P = �pR2

0
 , R0 is the mean 

radius and t0 in the thickness. Now we are able to evaluate 
the relation between stress and strain. Now,the stress and 
strain can be used to evaluate the Young’s Modulus.

Temperature Influence

In our experiment we do not control the temperature, any-
how we monitored its value. During operation is almost 
impossible to accurately control the pipe’s temperature, 
due to environmental and installation issues. However, the 
change in temperature can lead to alteration in signals that, 
if not taken into consideration, could lead to miss interpreta-
tion of experimental results and possibly create false results 
regarding the pipe’s structural integrity.

To address this issue, we performed one experiment in a 
pristine GFRP pipe from the same batch, without any kind of 
mechanical load. We kept all the GW setup as presented above. 
Type K thermocouples from HBM were used for temperature 
control. These were positioned 10 mm away from the piezo-
electric sensors on the external surface of the tube. To facilitate 
heat transfer between the tube wall and the thermocouple, ther-
mal paste was used. In order to minimise the effects of external 
temperature, a fibreglass blanket approximately 60 mm thick 
was used as insulation around the thermocouple. This ena-
bled obtaining a temperature measurement very close to the 
temperature of the piezoelectric sensor attached to the exter-
nal surface of the tube. For temperature data acquisition, the 
QuantumX universal data acquisition system from HBM was 
used. The software used for data acquisition was Catman ver-
sion 5.4.2 with a sampling frequency of 100 Hz. For heating, 
a heater made in the laboratory was used. It was connected to 
the temperature controller N1040 from the company NOVUS, 
using thermocouple 1 as a reference.

Figure 6 shows the temperature profile obtained in the 
test. Where the x marker is the thermocouple 1, the dot 
marker is the thermocouple 1, and the square marker is the 
thermocouple 3. The dashed line is the mean value of the 
temperature. The mean value was assumed as the value of 
the GFRP pipe sample. One guided wave measurement was 
made at each temperature resulting in 18 GW tests in total.

(6)�zz =
pR0

t0
, �rr = 0, �

��
=

P

2�R0t0
+

pR0

2t0
,

Results and Discussion

Temperature Influence in the Distances

Figure 7 shows the influence of the temperature in the 
recorded raw data. The blue line is one guided wave signal 
recorded at 3.4 °C. The cyan line is one guided wave signal 
recorded at 18.0 °C. The magenta line is one guided wave 
signal recorded at 55.7 °C. In the inset plot we can see two 
regions in detail, both present similar behaviour, a phase 
shift to the right. It is due to some reduction in the energy 
velocity. Another clear feature present is the reduction of 
the amplitude with the temperature. However, for the region 
around 0.3 ms we note a very small amplitude for the low-
est temperature, on another hand, at 18.0 °C we note higher 
amplitude. This change of behaviour shows the complex 
phenomena present in the guided wave results. It can lead 
to a wrong interpretation of the DI.

Figure 8 shows the temperature influence in the norm L2 
(right y-axis) and DTW (y-left axis). They present a very 
similar behaviour with a high slope around 10 °C and a 
smooth decrease up to around 40 °C when higher negative 
slope. All all recorded GW data are within the range of 10 
°C to 40 °C (the vast majority of them between 20 °C and 
30 °C). This small variation of the metric allows us to affirm 
that variations in the metric higher than the variations pre-
sented below are not provident from the temperature varia-
tion during the records.

Fig. 6  Temperature profile obtained in the test. Where the ’x’ marker 
is the thermocouple 1, the marker ’dot’ is the thermocouple 1, and the 
’square’ marker is the thermocouple 3. The dashed line is the mean 
value of the temperature



845Experimental Mechanics (2024) 64:839–849 

Composite Degradation Patterns

As an example of the behaviour of the raw data through-
out the fatigue test, Fig. 9 shows the first GW envelope to 
arrive at the transducer for the 55 bar sample at 0, 7000 
and 22500 cycles. In this figure, it is possible to notice 
that the amplitude of the signal drops with the increase 
of the number of cycles. This behaviour was observed in 
all the data sets and it is due to the progressive increase 
of the acoustic attenuation during the fatigue test. On the 
other hand, Fig. 9 also shows that the signal shifts back 
and forth, mainly due to the temperature variations, which 
makes it difficult to predict its response. Because of the 
phase variations, direct comparison of the data through 
simple Euclidean or through conventional time-dilation 
methods are difficult or impracticable.

Results from the strain-gauge method are displayed in 
Fig. 10 as a reference for the L2 and DTW results to be 
presented in the next sections. The strain-gauge results 
are displayed as the variation of the elastic modulus in the 
circumferential direction as a function of the normalised 
number of cycles for the three tested samples.

Time Series Evaluation with L2 and DTW

For the time series evaluation of GW signals, one signal sample 
from each pipe was collected before the beginning of the fatigue 

Fig. 7  Influence of the temperature in the recorded raw data. The blue line is one guided wave signal recorded at 3.4 °C. The cyan line is one 
guided wave signal recorded at 18.0 °C. The magenta line is one guided wave signal recorded at 55.7  °C

Fig. 8  DI distance variation Vs Temperature

Fig. 9  Ultrasound signals from the sample 2 at different number of 
cycles. As the number of cycles increases, the amplitude of the waves 
decreases and the phase moves back and forward
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process, this signal is called baseline. Then the baseline is com-
pared with every signal collected afterwards, this comparison 
is done by means of calculating the L2-norm and the DTW.

The DTW algorithm applied to the GW signals resulted 
in two outputs, the mapping of the baseline and the fatigue 
signals as well as the DTW distance between them. Fig-
ure 11 shows the results of applying both methods to access 
the distance of GW time series.

Observing Fig. 11 one can notice the irregularity of the L2 
especially in the case of the 45 bar fatigue process (Fig. 11(a)) 
when compared with the DTW method (Fig. 11(b)), this behav-
iour is undesired for establishing a good measure of lifespan in 
composite pipes and is likely originated for the lack of compen-
sation for phase changes. Thus the distances obtained through 
the application of the DTW method are a more stable and reli-
able way of measuring distances between signals of pipes that 
endured some sort of fatigue process.

Figure 11(a) and (b) show higher DI amplitudes for the 
45 bar tests. This result is in accordance with the observations 

Fig. 10  Drop of the elastic modulus measured with strain-gauge as a 
function of the number of cycles for the three samples analysed (%)

Fig. 11  Comparison between 
the norm distances of fatigue 
cycles in different pressures
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made during the tests. The micro-cracking damage [42] of 
matrix produces a colour variation in the composite. During 
testing, it was observed that for instances where the pressure 
differential ( ΔP ) was minimal, the damage manifested uni-
formly across the specimen. Conversely, at 55 bar and 65 bar, 
where ΔP was higher, the colour variations intensified but were 
localised in multiple areas, distributed along both the length 
and circumference of the pipe sample. Consequently, some 
damaged regions were situated beyond the path of emitter-
receptor pairs, thus not contributing to the incremental rise in 
DI as observed in the 45 bar test, which resulted in a lesser DI 
measurement for these samples.

The one similarity between both methods is that given 
the range of temperatures measured during the experi-
mental procedure is between 20 °C and 40 °C, both of 
them present very low variation regrading the calcu-
lated distance and temperature changes, thus implying 
that temperature effects cannot mask fatigue induced 
damages. Figure 8 shows that for the DTW method the 
difference between distances at 20 °C and 40 °C is as 
low as 0.08 and for the L2 metric is 5 × 10−3 represent-
ing respectively 22.7% and 175% of the lowest distance 
ever measured for a pipe that met the failure criteria in 
this work.

Fig. 12  Elastic modulus drop vs 
norm distances
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Correlation between Elastic Modulus Drop 
and Distance Metrics

“Composite Degradation Patterns” section shows the elastic 
modulus drop measured by the strain gauges (Fig. 10). The 
DTW distance and the Euclidean distance were obtained 
in “Time Series Evaluation with L2 and DTW” section 
(Fig. 11(a) and (b)). The next step is to check the relation 
between those quantities.

As shown in Fig. 10, one can see that the sensitivity of the 
decay reduces dramatically, this is also a classical result, as 
presented in the literature, corresponding to state 2 in Fig. 1. 
This creates a problem for the sensitivity of any composite 
damage detection method.

In Fig. 12(a), is possible to observe that the L2 was not 
constant in correlating the elastic modulus drop with the 
distances between the signals during the fatigue tests, this 
might be the case due to the lack of phase shift compensa-
tion inherent of the L2 Distance measurement. This can be 
seen in Fig. 12(a), where a plateau is installed at 5% loss of 
modulus of elasticity.

Figure 12(b) shows a more constant relation between 
the degradation measured by sensors and the distance of 
time series, thus indicating that the DTW method is a better 
option, when compared to L2 , to access the damage caused 
by fatigue with GW data.

To summarise, both metrics can obtain a linear relation-
ship in the first stages, but only DTW at low fatigue pressure 
captures stage 2 pressure vessel degradation. For the DTW 
standard, at 45 bar, a behaviour with approximately two 
regimes is observed, one up to 5% and the other from there 
on (the inclination of the line changes). Unfortunately, for 
higher pressures, as the damage is not extended throughout 
the sample, but located in more concentrated regions, the 
DTW and L2 distance fails.

Conclusion

This paper presents a comparison between L2 and DTW 
distance of GW signals obtained from glass-fibre rein-
forced polymer pipes subjected to fatigue. We concluded 
the following:

• Temperature Influence: The study explored the impact of 
temperature on guided wave signals. Variations in tempera-
ture caused phase shifts and reduction in amplitude, leading 
to a complex interpretation of the DI and the potential for 
misinterpretations. However, the variations in DTW dis-
tance due to temperature changes were relatively small.

• Composite Degradation Patterns: The behaviour of raw 
data throughout fatigue tests was investigated. As the 

number of fatigue cycles increased, there was a notice-
able drop in the amplitude of guided wave signals due to 
the progressive increase in acoustic attenuation during 
the fatigue test. Additionally, the signals exhibited phase 
shifts caused by temperature variations, making direct 
comparisons challenging using conventional methods.

• Distance Metrics: The evaluation of time series with two 
distance metrics, L2 and DTW, was compared. DTW 
showed more stable and reliable measurements of dis-
tances between signals subjected to fatigue processes com-
pared to the irregularities observed in the L2 distances. 
This indicated that DTW was a better option for assessing 
fatigue-induced damage using guided wave data.

• Correlation with Elastic Modulus Drop: The study exam-
ined the correlation between the elastic modulus drop 
measured by strain gauges and the distance metrics. 
DTW displayed a more consistent relationship between 
degradation measured by sensors and the distance of time 
series, making it a preferable option for assessing fatigue-
induced damage. However, at higher pressures, where 
damage was concentrated in specific regions, both DTW 
and L2 distance metrics showed limitations.
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