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A B S T R A C T   

A steel pipeline segment of 2.5 m length was subjected to quasi-static four-point bending load in three steps for 
studying the initial cracking and damage accumulation based on the Acoustic Emission (AE) technique and by 
the direct current potential drop (DCPD) technique. For the latter, a new post-test analysis method was estab-
lished. AE is found more sensitive to crack initiation than DCPD. Formation of mesoscopic and macroscopic 
cracks as well as their closure and the resulting friction generate weighted peak frequencies below 400 kHz, 
whereas microscopic cracking produces AE with broad band spectra identifiable by weighted peak frequencies 
above 400 kHz. Critical states alike the maximum load level and the leak opening were accompanied by peak 
amplitudes above 85 dBAE. This rather fundamental study provides a data base for possibly developing advanced 
strategies of detection and alarm systems based on acoustic monitoring of pipelines, or at least, steel structures.   

1. Introduction 

Pipelines are transporting goods, which are becoming more and 
more very valuable. Consequently, this infrastructure is becoming an 
additional importance. The service lifetime of steel pipelines might be 
up to 50 years, whereby the safety and performance of the piping sys-
tems must frequently be guaranteed over long distances and multiple 
branches. Thinking of the large delivery volumes, even a small leak can 
lead to high costs and severe environmental pollution. Thus, cata-
strophic incidents are most frequently caused by third party manipula-
tions, e.g. by excavators, agricultural or forestry equipment [1]. 
However, material composition and manufacture quality, installation as 
well as environmental conditions influence the durability of the pipe-
line. Generally, fine-grained steels with low strength but excellent 
toughness are used for steel piping, because, in case of leak formation, 
these materials rather generate stable crack growth than unstable fail-
ure, and thus, conforming to the fail-safe concept. 

In this context, knowledge of the structure-property relationships at 
the sub-macroscopic level is one of the key questions that is approached 
both, experimentally and by modelling. Lifetime performance of long- 
term operated steel pipelines was investigated based on degraded 
pipeline materials [2] as well as based on numeric simulations [3]. 
Thereby, the decrease of the material’s resistance against cracking due 

to degradation mechanisms at nano- and microscopic scale are consid-
ered. In service, numerous microstructural features (like inclusions, 
pores, grain boundaries) as well as technical features due to 
manufacturing and service loading (like joints, surface roughness or 
corrosive surface modification) lead to stress concentrations in the 
component which may result in local plastic deformation and subse-
quent damage. Ductile failure processes can roughly be divided into 
plastic deformation, microcavity and microcrack formation, and 
macroscopic crack growth resulting from cavity and microcrack coa-
lescence [4]. The role of the banded ferrite-pearlite grains during initial 
cracking has been proven by tracking microstrains with the digital 
image correlation method by employing the grained structure as speckle 
pattern [5]. Another chance of experimentally mapping the scenario of 
crack initiation and accumulation is the Acoustic Emission (AE) tech-
nique. AE is capable since it is sensitive to transient elastic waves 
generated by structural changes such as crack events at microscopic (and 
macroscopic) scale [6]. Due to its higher sensitivity to microscopic 
events [7], the AE monitoring of HSLA steels’ (High Strength 
Low-Alloyed) elastoplastic fracture behaviour, which was investigated 
using compact tension specimens, revealed the crack initiation signifi-
cantly earlier compared to crack length measuring techniques. Never-
theless, an accurate detection of crack initiation is essential for 
understanding the material’s elastoplastic fracture mechanics. Until 
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today, the detection and localization of crack initiation are key chal-
lenges in structure monitoring and place a high demand on the acqui-
sition setup. Former studies focused on that question employing AE 
monitoring compared to direct current potential drop (DCPD) and other 
methods such as ultrasonic measurements (US) demonstrate reasonable 
agreement of the different methods [ [8,9]]. 

Generally, the AE sensitivity performance is strongly depending on 
the background noise during a test. To enhance the reliability of 
detection of low amplitude AE in a noisy environment, other approaches 
are required than the signal crossing of a (related to background noise) 
predefined threshold [10–12]. For a quantitative AE analysis of the 
physical mechanisms of crack formation and growth, a conventional 
analysis of the AE time signals is rather insufficient [13]. Since material 
degradation processes are of discrete short duration, they are broad 
band in frequency domain with frequencies up to 1 MHz or even higher. 
Thus, AE source identification requires analysis of frequency spectra, 
whereby the weighted peak frequency (WPF) is found to be the most 
characteristic feature of a spectrum combining peak frequency and 
center of gravity in a single figure [14]. In case of brittle cracks, large 
and rapid changes in stress generate high amplitude elastic waves and 
broad band spectra. On contrary, in case of ductile cracking with testing 
of rather tough steels, AE is limited since most of the energy is spent to 
enlarge the plastic zone. By this, the tip of the crack is blunted and only 
less energy drives the elastic wave propagation. Consequently, AE 
events of low peak amplitudes and low frequent spectra are generated 
[15]. 

For the present study an experimental setup was further developed 
which had originally been designed at BAM in the 1990’s to study 
deformation and failure behaviour including crack initiation and growth 
on large steel pipes by means of DCPD, Ultrasonic (US) and AE methods 
[8]. It is worth noting that the DCPD behavior recorded in a pipe 
bending test is much different from common schematic DCPD plots with 
fracture mechanics tests, where frequently ideally linear graphs up to 
crack initiation are supposed. Therefore, a new method for the analysis 
of DCPD data has been established in this study. 

The detection of crack initiation at microscopic scale and correlation 
with distinct source mechanisms remains a challenge and requires at 
least a close positioning of the AE sensors to the predefined weak point 
[13]. This approach enables valid AE analyses based on located crack 
growth and failure events also of broad band character. In contrast to 
earlier investigations [8,9], the AE monitoring in the present study was 
carried out continuously in non-threshold mode and data were post 
processed to identify the point of crack initiation and localization. 

2. Experimental approach and data processing 

2.1. Test setup 

A four-point bending test (Fig. 1) was carried out on a pipe segment 
made of steel grade S355J2H, which is rather a low carbon structural 

steel. The tested pipe segment of 2.5 m length has a wall thickness of 16 
mm and an outer diameter of 168 mm. Centered at 1.25 m length, a 90 
◦outer circumferential notch was shaped into the pipe wall by a CNC 
machine (Fig. 2). The notch has an opening angle of 90◦, a notch root 
radius of 0.2 mm and a ratio of wall thicknesses of 0.5. The bending test 
was performed using a 4 MN universal testing machine operating hy-
draulically. The test was driven position controlled with a test speed of 
0.25 mm min− 1. The pipe was loaded monotonically interrupted by two 
partial unloadings to adjust measurement equipment. For synchroniza-
tion, the load (F) and deflection (f) signals were fed into the DPCD and 
the AE acquisition. 

For deflection measurement, six angles were glued to the pipe at the 
3 o’clock and 9 o’clock positions as technical aid for the deflection 
sensors (Fig. 2(a)). For the DCPD measurement, a DC of 300 A was 
injected and the potential drop U (or Pot) was measured at five positions 
close to the notch (Fig. 2(a)), whereby the positions of potential 1–3 are 
focused further on here (Fig. 3). 

Moreover, the test was monitored by non-threshold acoustic emis-
sion (AE) measurement using a digital AE equipment AMSY-6 in 
continuous mode with a sampling rate of 3.33 MHz. To ensure the 
detection of crack events, four broadband sensors of type VS900-M with 
a sensitivity between 100 kHz and 900 kHz were arranged in a square 
around the notch with approximately 50 mm distance to the notch 
(Fig. 2(a)). The response of the sensors is characterized by resonances at 
190 kHz and 350 kHz accompanied by anti-resonances at 200 kHz and 
400 kHz (Fig. 4). Above 400 kHz the sensors show a flat response. The 
AE sensors were fixed with magnetic holders. Coupling agent was a 
reusable adhesive (Bostik Prestik). To enable good coupling of all sen-
sors, the corrosion layers were removed by grinding surface at the 
appropriate areas along the pipe. For noise reduction during testing, 
Teflon sheets were inserted in between the contact area of the pipe wall 
and the load bearings. Furthermore, PVC damping plates were assem-
bled into the bearing elements (Fig. 1). By this, the acoustic noise was 
reduced by approximately − 10 dB. Furthermore, the test object’s near 
field behavior of up to 15 dB attenuation within the first 32 cm propa-
gation path between source and sensor must be taken into account. 

2.2. DPCD data processing 

It is worth noting that the DCPD behavior recorded in the pipe 
bending test is much different from common schematic DCPD plots in 
fracture mechanics test standards such as ISO 12135 [16] or ASTM E 
1820 [17], where the graph is ideally linear up to crack initiation as 
shown in Fig. 5. Therefore, a new method for the post-test analysis of the 
DCPD data has been established in this study and is schematically pre-
sented in Fig. 6. 

Basically, the deformation and failure behavior of the pipe during 
plastic deformation can be described by blunting of the notch, plastic 
constriction of the notched section, increase of dislocation density in the 
crystal lattice and ductile damage processes such as void formation and 
coalescence as well as microcrack formation. Additionally, there is an 
increase in temperature due to plastic deformation and electric current. 
These different effects superpose upon another. With the pipe, their 
distinctive quantitative impact on the DCPD is not known in detail or 
cannot be measured at reasonable effort. However, the sum effect can be 
measured as increase in DCPD at the notch. 

The first derivative of the mathematical approximation function of a 
measured variable provides information about its slope. Based on that, 
the potential data U had been normalized by the initial value U0, fitted 
by a 5th order polynomial function to get the DCPD-deflection function 
U/U0 = f(f) and then differentiated to get deeper insight about charac-
teristic parts of the DCPD curve and distinct changes. 

During the plastic deformation of the pipe, two parts, I and II, can be 
distinguished in the course of the first derivative of the potential- 
deflection curve (Fig. 6). At the beginning of the plastic deformation, 
the first derivative curve increases linearly to a large extent for a longer 

Fig. 1. Experimental setup for a four-point bending test at a 2.5 m long pipe 
segment using six deflection sensors, five DCPD sensors and four AE sensors to 
monitor the pipes deformation, damage, and failure behavior. 
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range of deflection, (part I in Fig. 6). Subsequently, the first derivative 
grows in a significantly progressive manner (part II in Fig. 6). Part I can 
be associated with a stationary increase of the potential which is caused 
by the abovementioned deformation and damage effects in the pipe. A 
significant change in this process will not occur until the process of 
stable macroscopic crack growth into the pipes wall thickness direction 
starts (crack initiation) thus commencing part II. From the DCPD point 
of view, stable crack growth is the only, but governing damage 

mechanism which additionally comes along the abovementioned plastic 
deformation and damage effects in the microstructure at this point. 
Thus, the magnification in DCPD increase during part II can be 
explained. Depending on the specific data of a test, identifying an exact 
transition point between parts I and II may be challenging and requires 
experienced engineering assessment. An uncertainty of approximately 
±5% in terms of deflection can roughly be estimated for the initiation 
value. Due to the small slope of the derivative curve in that region, the 
uncertainty in terms of force will be smaller than with deflection. 

2.3. AE data processing 

Applying a high pass filter at 120 kHz is the first step in processing 
the AE data. By this, the noise from the hydraulical testing device is 

Fig. 2. (a) Coordinate systems (o’clock and mm circumference) on the pipe segment and location of the sensors for the DCPD measurement (Pot 1–5) and for the 
Acoustic Emission measurement (S1-4). (b) Crack growth in the flawed pipe section emanating from the mechanical notch at the 6 o’clock position. (c) Image of 
milled 90◦ mechanical notch having a depth of half of the wall thickness. 

Fig. 3. Force-deflection curves and DCPD during the bending test covering 
elastic-plastic deformation, crack growth and leakage. 

Fig. 4. Averaged frequency response of the four AE sensors VS-900 M.  

Fig. 5. Schematic potential curves according to ISO 12135 (a) and in case of 
the pipe bending test (b). 
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eliminated. For AE hit detection, the moving standard deviation σ2 of 
the voltage amplitude values A is calculated within a moving window 
size of 513 samples with the sample of observation centered, compare 
equation (1). Furthermore, to level low deviations in A relative to higher 
ones, the logarithm of the moving standard deviation log σ2

i,max is 
employed. The AE noise level during the test is evaluated by the root 
mean square (RMS) of detected AE amplitudes represented for an inte-
gration time of about 0.0768 ms (256 samples, 3.33 MHz sampling rate). 
Since the noise level changes with progressing test (Fig. 7), detecting AE 
hits by means of a moving threshold was proven suitable, as shown in 
Fig. 8. Therefore, the empirical threshold value of log 2.8 is added to the 
maxima of log σ2

i,max within the 577 samples before the sample of 
observation, see Eq. (2). The threshold crossing is defined as the time of 
arrival (TOA) at the sensor (Fig. 8(c)). Only AE events detected by all 
four sensors (located events, LEV) are evaluated for further analysis. 
Based on difference in TOA at the sensors, the AE events are localized in 
2D at the pipe surface (Fig. 9(a)). The localization algorithm is based on 
the determined in-plane AE wave propagation velocity of 4695 ms− 1. As 
soon as the leakage was reached, the localization of AE between all four 
sensors became worse (Fig. 10). Spectral analysis is applied to the 
filtered signals detected by the first hit sensor cut from the threshold 
crossing to a path length of 512 samples. For fast Fourier transformation, 
all signals are normalized to a peak amplitude of 1 and multiplied by the 
hamming window. The weighted peak frequency WPF is defined in Eq. 
(3) and was calculated from the spectra limited between 120 kHz and 
900 kHz. An overview of the setting parameters for AE monitring and 
analysis is given in Table 1. σ2 =

1
N − 1

[
∑N− 1

i=0
A2

i −
1
N

(
∑N− 1

i=0
Ai

)2]

(1) 

N = 513 samples: 256 samples before and 256 samples after the one 
sample of observation. 

A … Voltage amplitude in mV 

THR= log10σ2
i,max + log10 2.8 (2)  

WPF =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
fpeak • fcentroid

√
(3)  

3. Results and discussion 

3.1. Macroscopic deformation and failure behavior 

The four-point bending test was carried out in position control mode 
performing three quasi static loading steps (Fig. 10). Loading step 1 was 
stopped at 654 kN, which is about 98% of 669 kN maximum force 
yielded at the end of loading step 2. Both loading steps, 2 and 3, started 
at 534 kN, which is approximately 80% of the force maximum. During 
loading step 3, the force yielded 99% of prior the force maximum and 

Fig. 6. Schematic on the analysis of DCPD data during deformation, damage 
and failure of the pipe to determine crack initiation. 

Fig. 7. Loading curve of the bending test and root means square (RMS) of 
Acoustic Emission with an integration time of 0.0768 ms (256 samples, 3.33 
MHz sampling rate) detected by the sensors S1-4. 

Fig. 8. Acoustic Emission (AE) hit detection in continuously monitored data. 
(a) Original and filtered signal in (mV). (b) Crossing (dashed line) of the moving 
threshold (black line) with the moving standard deviation (grey line). (c) Zoom 
in A showing the AE hit detection in continuously monitored data. Time of 
arrival estimation based on the moving threshold (black line) crosses (dashed 
line) the logarithm of the moving standard deviation (grey line). 
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subsequently decreased while the deflection was further increased. By 
this behavior the pipe wall breakthrough was signalized. All in all, the 
deformation and fracture behavior of the pipe segment showed four 
stages:  

(1) Deflection of the pipe and ovalizing of the pipe cross-section were 
caused by elastic deformation. (Loading step 1)  

(2) The onset of plastic deformation was followed by crack initiation 
and stable crack growth initially in radial direction (Fig. 2(b)). 
Accompanying processes were the initial blunting of the notch 
and constriction of the ligament, an increase in the dislocation 
density and formation and coalescence of voids and microcracks 
in the metallic microstructure. (Loading steps 1–2)  

(3) Overcoming its maximum, the force decreased while the crack 
finally reached the leakage state (wall breakthrough). (Loading 
step 3)  

(4) With further increase of the deflection of the pipe, the leak 
opened in a stable manner, and the crack continued to grow at 
both crack tips (in the direction towards the 3 o’clock and 9 
o’clock positions) in the circumferential direction of the pipe wall 
(Fig. 2 (b)). At this stage the force signal stagnated due to the 
balance of hardening and crack growth. (Loading step 3) 

3.2. Using DCPD for quantitative characterization of microscopic failure 
behavior 

At the beginning of the bend test, the pipe undergoes elastic defor-
mation and ovalization. The DCPD signals remain nearly constant dur-
ing this period (Fig. 6) since the cross section, the defect structure of the 
material and the temperature do not change notably. There may even be 
a small decrease of the potential due to settling effects at the DCPD 

measurement spots and those spots, where the current is injected. These 
effects are due to a decreasing electrical contact resistance at the contact 
points and can be neglected. Subsequently, the pipe deforms plastically 
and the potential increases progressively. At first, this increase is 
comparatively moderate until about maximum force. After that, the 
behavior changes significantly, and the increase of the potential be-
comes significantly pronounced. Facing that the plot of the potential 
(Fig. 6) is throughout continuously rising and not showing any distinc-
tive points of change illustrates that a quantitative definition of material 
damage and failure stages will require more information and further 
data processing as demonstrated in chapter 2.2. By means of post 
analyzing the DCPD data, the crack initiation and onset of stable crack 
growth were determined at 620 kN, 93% of maximum force, corre-
sponding to 8.2 mm deflection. Taking the results of three additional 
pipe bending tests of the test series into account [18], where crack 
initiation was detected at force ratios of 0.88, 0.91 and 0.92% of Fmax, a 
mean DCPD crack initiation level of 0.91% Fmax can be ascertained with 
the material and test setup of the current paper. 

3.3. Using AE for quantitative characterization of microscopic failure 
behavior 

After post-processing the continuous data, the onset and localization 
of AE burst signals, typically generated by structural changes such as 
crack events, revealed the onset of initial cracks at 527 kN (79% of Fmax), 
and thus earlier, i.e. at lower loading levels, than by means of the DPCD 
method. One must take into consideration that the detection sensitivity 
to small AE is also affected by far field attenuation between AE event 
location and AE sensor. A comparison to earlier studies [9] shows that 
an increase in distance between sensor and notch has a negative impact 
on the sensitivity to small, initial crack events. 

Fig. 9. Acoustic Emission events (LEV) located at a) the whole pipe surface and b) within the area of interest differentiated by signals with weighted peak fre-
quency (WPF). 
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In total, 877 AE events were located (located event, LEV) over the 
whole surface of the pipe segment under test (Fig. 9 (a)) prior to leakage. 
58 out of those 877 LEV occurred close to the notch within the area of 
interest (Fig. 9(b)). During the first loading (Fig. 10, step 1), the plastic 
deformation and accumulation of radial cracks at micro scale had 
already caused notable damage at the notch. When reloaded in step 2, 
significant AE appeared at a load level below the previously applied 
maximum load. Furthermore, the unique maximum value of 97 dBAE of 
all detected peak amplitudes was detected when the maximum force was 
reached in load step 2 (Fig. 10). Taking into account the peak amplitude 
of AE events correlating with the generated defect size, this large AE 
event reveals a significant damage formation. During loading step 3, no 
AE occurred during load increase, but AE set on when load decreased 

with simultaneously increasing deflection. During this state, the second 
maximum value of 96 dBAE of all detected peak amplitudes occurred. 
This LEV with high peak amplitude has accompanied the leak opening 
process at the notch, which started approximately at 5252 s of test 
duration (see Table 1). 

To push the AE analysis forward to more details, the detected LEV 
need to be linked to their source mechanism what is still a key challenge 
in AE analysis. A first indication is provided by the signal’s intensity, e.g. 
in terms of energy or peak amplitude, because the AE intensity is in 
correlation with the size of the generating crack event [19]. Addition-
ally, the frequency spectra of the signals bear the signature of the origin 
source mechanisms. Therefore, the most characteristic feature to 
distinguish AE signal’s source mechanism is the weighted peak fre-
quency (WPF) since it considers the peak frequency in relation to the 
spectrum’s center of gravity (Eq. (3)). By plotting the signals’ peak 
amplitudes versus the WPF, all 877 LEV measured over the whole test, as 
well as the 58 LEV detected in the area of interest are found to vary in 
peak amplitudes between 50 dBAE up to 100 dBAE as well as in a broad 
range of frequency with WPF between 150 kHz and 600 kHz (Fig. 11 
grey and black dots). Caused by the deeply damaged structure (leak 
open) and, thus, increased acoustic attenuation, the 25 EV from leakage 
formation reveal the same range in WPF but in a smaller range of peak 
amplitudes (60 dBAE and 85 dBAE) (Fig. 11). Overall, the distribution in 
peak amplitudes and WPF is rather randomly. For better understanding, 
artificial cracks simulated by pencil lead breaks (PLB) [20] being 
executed at the notch in plane and out of plane were evaluated too. Out 
of plane PLB stimulate transversal waves reflected in a narrow frequency 
band, which are alike AE of mesoscopic and macroscopic crack growth. 
In contrast, micro-crack events due to their comparably short duration 
generate broader banded AE. In plane as well as out of plane PLB, with a 
lead of 0.5 mm thickness, yielded WPF between 200 kHz and 350 kHz 
(Fig. 11). These relatively large acoustic events are accompanied by low 
frequent periodical vibration within the material that addresses both 
resonance frequencies of the sensor type at 190 kHz and 350 kHz 
(Fig. 4). Mesoscopic and macroscopic crack events like leak opening are 
suspected to cause similar effects of wave propagation in the material 

Fig. 10. Applied load corrected peak amplitude and cumulative amplitude of 
located Acoustic Emission events (LEV) (black) differentiated by their weighted 
peak frequency (WPF) plotted versus time (a) and deflection (b). 

Table 1 
Parameters of signal acquisition, location procedure and FFT calculation.  

Test and analysis Parameter 

Test duration appr. 6000 s 
Sampling rate 3.33 MHz 
Digital filtering 120–1000 kHz 
Location procedure isotropic acoustic propagation 

4695 m s− 1 acoustic velocity all four sensors detect the AE 
hit 
AE events of interest are located between ±15 mm close to 
the notch along pipe length and between 212 mm and 322 
mm along the pipe circumference 

Fast fourier 
transformation 

Range of interest: 120 kHz–900 kHz 
Filtered signal cut to 512 samples starting at time of arrival 
(TOA) 
Normalization of the cut signal based on its peak amplitude 
Application of the Hamming window  

Fig. 11. Signal characterization based on the time signal’s peak amplitude 
versus the weighted peak frequency (WPF) for all located Acoustic Emission 
events (LEV) under load increase (black and grey) and when relieving load 
(blue) and for pencil lead breaks (PBL) executed at the notch in and out of plane 
(red). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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structure resulting in WPF <400 kHz. The PLB, a crack of half millimeter 
dimension, generated AE with significant peak amplitudes mainly larger 
than 85 dBAE (Fig. 11), leading to the assumption that LEV with peak 
amplitudes above 85 dBAE indicate critical defects. Shortly before leak 
opened, one LEV of 96 dBAE was detected revealing a relatively high 
content of low frequencies (Fig. 12). Furthermore, during step 3, while 
leak opened further, only WPF <400 kHz was detected (Table 2). 
Comparing the single LEV of 96 dBAe (Fig. 12) with the average of LEV 
<400 kHz (Fig. 13), the peaks close to 190 kHz and close to 350 kHz are 
much more pronounced relatively to the high frequency components. 
Moreover, AE of WPF <400 kHz was also detected immediately when 
relieving the force after load steps 1 and 2 (see Fig. 11, blue stars). At 
that time, the AE sources are mutual contact and friction at the crack 
surfaces when re-closing the crack. Concluding, sources of signals with 
WPF <400 kHz (Fig. 12) are assumed to be forming mesoscopic and 
macroscopic defects or friction processes. Besides, the spectra of the 
single LEV that accompanied the maximum load before macroscopic 
cracking yielded a peak amplitude of 97 dBAE and WPF >400 kHz 
(compare black lines in Fig. 12). During the loading steps 1 and 2, 
approximately 30% of the LEV revealed WPF >400 kHz, whereby, 
during load step 3, no LEV with WPF >400 kHz was detected (Table 2). 
Regarding the averaged spectra for WPF >400 kHz, the intensity of high 
frequency components clearly prevail especially in the range of 400 
kHz–600 kHz. In contrast, for the single LEV detected just before 
maximum load, there is a decrease in spectral intensity above 400 kHz 
(Fig. 12). However, due to the high frequency content, LEV with WPF 
>400 kHz are assumed to be generated by microscopic cracks which 
exhibit a broad band character and are small enough not effecting pe-
riodical relaxation processes in the structure. 

4. Conclusions 

A pre-notched 2.5 m long steel pipe segment was subjected to a four- 
point bending test in three loading steps in order to quantitatively 
analyze the crack initiation and growth behavior by means of the AE 
method. Additionally, crack initiation was investigated by the DCPD 
method. To enable the detection of small AE events under test conditions 
with relatively large background noise, the AE measurement was performed non-threshold based and data have been post-processed for 

the analysis. 
Obtaining quantitative information about crack initiation by means 

of DCPD technique required post processing of the data measured in the 
component tests. A new method for DCPD data analysis was established 
which is based on the consideration of different contributions to mate-
rial damage as well as features related to the loading. On-site DCPD 
analysis as supposed with standard fracture mechanics tests does not 
seem to be feasible in more complex component tests. 

Crack initiation was detected earlier by means of AE (79% of the 
maximum force) than with the DCPD method (92% of the maximum 
force). To get deeper insight into the sources of the detected AE signals, 
the weighted peak frequency WPF was analyzed, besides the peak am-
plitudes (Fig. 11). LEV with WPF <400 kHz are generated by mesoscopic 
and macroscopic crack events which lead to periodical elastic relaxation 
waves running through the material and strongly effecting a relatively 
low frequency spectrum (Fig. 11). Moreover, during reattaining 80% of 
the previous maximum load after each loading step, slippage and fric-
tion from crack closure processes (Fig. 11, blue stars) generate LEV with 
peak amplitudes below 85 dBAE and WPF <400 kHz. LEV with WPF 
>400 kHz are implicated to be generated by microscopic crack events. 

By this experimental study, the AE measurement was shown to be 
very suitable for detection of initial crack accumulation at microscopic 
scale in the frame of fundamental research, but not applicable to real 
monitoring tasks, yet. All in all, critical mechanisms accompanying the 
maximum load level and the leak opening were identified by peak am-
plitudes significantly above 85 dBAE. Herein, the sensors were posi-
tioned within the near field to facilitate detection of the acoustic nature 
of microscopic crack events, while to monitor pipelines, the AE sensors 

Fig. 12. Comparison of the single LEV detected when yielding maximum load 
with weighted peak frequency (WPF) < 400 kHz and the single LEV detected 
shortly before leakage characterized by WPF >400 kHz presented in (a) time 
and (b) frequency domain. 

Table 2 
Differentiation of the 58 located AE events (LEV) within the area of interest at 
the three loading steps by their Weighted Peak Frequency (WPF).   

WPF <400 kHz WPF >400 kHz 

Loading Step 1 17 6 
Loading Step 2 19 10 
Loading Step 3 6 0  

Fig. 13. Average of all located Acoustic Emission events (LEV) with weighted 
peak frequency (WPF) < 400 kHz and >400 kHz presented in (a) time and (b) 
frequency domain. 
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act within the far field. Moreover, pipeline material, position and 
number of flanches or welds are affecting the acoustic attenuation, but 
also e.g. environmental noise due to the location of the pipeline above or 
below the ground and the type of transported medium (gaseous or 
liquid) might also affect the detectability. However, the yielded data 
basis on micro crack events in a steel pipe segment enables the identi-
fication of signal features to design sensors adequate for the application, 
but also to screen for advanced strategies of detection and alarm 
systems. 

As pipelines transport goods like water, gas or oil, which are goods 
that become more and more very valuable, this infrastructure is 
becoming an additional importance nowadays. Additionally, due to 
lacking capacities and resources, pipelines are in operation beyond their 
operational life [21]. Consequently, the requirements for pipeline 
monitoring setups are becoming increasingly extensive, demanding 24 
h/7 d online setups as well as automated inspections instantly upon 
need. Therefore, 1) an adequate and robust sensor network for long-term 
operation must be applied, which combines 2) passive acoustic online 
monitoring, as required periodically or permanently acting, with 3) 
transducers allowing active acoustic inspections just in time. Besides AE, 
the guided wave technique [22,23] as well as the distributed acoustic 
fiber optic sensing [24,25], find more and more application for pipeline 
monitoring. 

Machine learning algorithms are used for signal processing [26,27] 
as wells as to classify AE signal types and sources to support the iden-
tification of acoustic outliers [14]. Especially in case of critical infra-
structure e.g., high pressure gas pipelines, the identification and 
localization of critical events is of very high priority. In these cases, the 
analysis time is quite critical and could be reduced by the imple-
mentation of artificial intelligence providing decision-making aids in 
short time [28]. 
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