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Abstract 

Currently, the periodic inspection of composite tanks is typically achieved via hydrostatic test combined 

with internal and external visual inspections. Acoustic emission (AE) technology demonstrates a 

promising nondestructive testing method for damage mode identification and damage assessment. This 

study focuses on AE signals characteristics and evolution behaviors for used 70 MPa Type IV hydrogen 

storage tanks during hydrostatic burst tests. AE-based tensile tests for epoxy resin specimen and carbon 

fiber tow were implemented to obtain characteristics of matrix cracking and fiber breakage. Then, broad-

band AE sensors were used to capture AE signals during multi-step loading tests and hydrostatic burst 

tests. K-means ++ algorithm and wavelet packet transform are performed to cluster AE signals and 

verify the validity. Combining with tensile tests, three clusters are manifested via matrix cracking, 

fiber/matrix debonding and fiber breakage according to amplitude, duration, counts and absolute energy. 

The number of three clustering signals increases with the increase of pressure, showing accumulated 

and aggravated damage. The sudden appearance of a large number of fiber breakage signals during 

hydrostatic burst tests suggests that the composite tank structure is becoming mechanically unstable, 

namely the impending burst failure of the tank. 

1. INTRODUCTION 

International community is facing serious global problems in the present age, such as global warming, 

fossil fuel depletion and environmental pollution, which are directly associated with excessive usage of 

fossil fuels. As a clean, efficient and renewable energy, hydrogen energy will play an important role in 

the future sustainable energy system [1]. Hydrogen fuel cell vehicles are the main way of hydrogen 

energy utilization and are moving from demonstration to commercialization. Composite high-pressure 

tanks are the most widely used and mature as hydrogen storage containers in hydrogen fuel cell vehicles 

[2,3], due to many advantages such as high strength, high stiffness-to-weight ratio and excellent fatigue 

resistance [4,5]. 

Currently, the periodic inspection and testing of composite tanks is typically achieved via hydrostatic 

test combined with internal and external visual inspections, according to the standard ISO 11623 [6] and 

CGA C-6.4 [7]. The damage levels obtained from internal and external visual inspections determine the 

service or rejection of composite tanks. However, this method depends a lot on the artificial experience. 



It is necessary to develop alternatives to visual inspection for hydrogen storage tanks. 

Acoustic emission (AE) technology has shown great capability in damage detection of composite 

materials in the last decades [8-11]. For example, Sayar et al. [11] analyzed the clustering effect on 

damage mechanisms under tensile loading in open-hole laminated carbon/epoxy composites using AE 

method. They obtained the frequency ranges for matrix cracking, fiber breakage, fiber pull-out, 

fiber/matrix debonding and delamination. Roundi et al. [12] studied damage progression in glass/epoxy 

composites during static and fatigue tensile tests using AE method. They found that the matrix micro-

cracks were the most dominant damage mechanisms during the static and cyclic tests, and few signals 

were detected representing fiber breakage at the end of the tests. Sause et al. [13] proposed an AE-based 

approach to predict failure load for fiber-reinforced composites using the Felicity ratio (FR) combined 

with an artificial neural network and a simple linear extrapolation. 

Due to great capability in composite materials damage detection of AE technology, researchers began 

to utilize AE technology to monitor damage for composite tanks. Chou et al. [14] explored AE-based 

damage detection in carbon fiber composite pressure vessels under constant and cyclic pressure 

combined with laminate tests. Their results indicated that a sudden rise in the number of AE hits was a 

more reliable indicator of the mechanical integrity of composite pressure vessels comparing to the total 

number of AE hits. Lin et al. [15] studied thermo-mechanical properties of composite pressure vessel 

under hydraulic and atmospheric fatigue cycling using AE technology. Their results indicated that there 

were more AE events in the atmospheric fatigue test. Dahmene et al. [16] investigated the damage 

evolution of composite pressure vessels during hydrogen filling via AE method. They found that Felicity 

ratio could be regarded as a useful pass/fail criterion, but alternatives should be found due to the 

complexity of the test procedure. 

From above researches, AE technology shows a promising nondestructive testing method to define the 

tank’s suitability for service. However, in order to protect AE sensors, these studies did not capture AE 

signals during the composite tank burst process. AE signals during the composite tank burst process can 

reflect damage characteristics and evolution behaviors, especially AE signals related to damage status 

at the moment of the tank burst failure, which is important for damage progression assessment using AE 

technology. 

The purpose of this paper is to study AE signals characteristics and evolution behaviors in used 70 MPa 

Type IV hydrogen storage tanks during hydrostatic burst tests. AE signals were detected on two tanks 

during multi-step loading tests and hydrostatic burst tests using multi-step loading method. By 

combining with AE-based tensile tests for epoxy resin specimen and carbon fiber tow, AE signals are 

associated with damage mechanisms (i.e. matrix cracking, fiber/matrix debonding and fiber breakage) 

according to amplitude, duration, counts and absolute energy. Then, three clusters signals of two tanks 

are performed using K-means++ algorithm. Wavelet packet transform is used to verify the peak 

frequency ranges of three clusters. Finally, AE signals evolution behaviors with the change of pressure 

are discussed. The characteristics of AE signals at the moment of the tank burst failure are also studied. 

2. EXPERIMENTAL PROCEDURES 

2.1 Hydrogen storage tanks and materials description 

The test cylinders are two identical Type IV tanks having a capacity of 42 L, length of 900 mm, external 



diameter of 310 mm, and composite wall thickness of 26 mm. The nominal working pressure is 70 MPa. 

Before performing experiments, two tanks experienced the same driving distance of 46500 kilometers 

installed on the hydrogen fuel cell vehicle, and then were subjected to hydraulic fatigue tests for 7500 

cycles at 50 °C and 65 °C, respectively. Epoxy resin (Toray Industries Inc.) specimen tensile test was 

conducted to obtain matrix cracking signals. The fiber tow used in tensile test was T700 carbon fiber 

tow (Toray Industries Inc.). Each carbon fiber tow contains 100 carbon fiber monofilaments. 

2.2 Experimental setups 

In order to relate AE signals with damage mechanisms of matrix cracking and fiber breakage, 

respectively, tensile tests for epoxy resin specimen and carbon fiber tow were performed. Epoxy resin 

specimen tensile test was performed under the elongation rate of 1 mm/min using a SANS universal 

testing machine. Carbon fiber tow tensile test was conducted using the MTI SEMtester tensile testing 

bench with the maximum loading 4500 N. The elongation rate was 5 mm/min. According to obtained 

AE signals characteristics, damage mechanisms in hydrogen storage tanks during multi-step loading 

tests and hydrostatic burst tests can be identified and distinguished in the following study. 

The multi-step loading tests and hydrostatic burst tests of two tanks were performed using a 

multifunctional pressure testing system with the maximum pressure 200 MPa. Each tank was 

pressurized in two stages using a multi-step loading approach. The multi-step loading approach consists 

of four phases, namely pressure increasing, pressure holding, pressure unloading, and pressure holding, 

which aims to obtain useful AE signals and eliminate water-filling noise interference. Tests arrangement 

is listed in Table 1. First, the tank was pressurized from 0 to 158 MPa/150 MPa in the way of multi-step 

loading, as shown in Fig.1a. Then, the tank was loaded from 0 to burst, as shown in Fig.1b. 

Table 1. Hydrogen storage tanks tests arrangement 

Tank 
Driving distance 

(km) 

Initial fatigue 

cycles 
Test 

Pressure range 

(MPa) 
Test label 

T1 46500 7500 (50 °C) 
Multi-step loading test 0-158 T1-M 

Hydrostatic burst test 0 to burst T1-B 

T2 46500 7500 (65 °C) 
Multi-step loading test 0-150 T2-M 

Hydrostatic burst test 0 to burst T2-B 

  

(a)                                            (b) 

Figure 1. Pressure loading approaches: (a) Multi-step loading tests, (b) Hydrostatic burst tests. 



2.3 Acoustic emission monitoring 

An AE monitoring system (Physical Acoustic Corporation) was used to monitor damage behaviors, 

which includes an AEWin software, an eight-channel data acquisition module, transducers and 

preamplifiers. For carbon fiber tow tensile test, the ends of the fiber tow were bonded with aluminum 

sheets using the adhesive, and two Nano30 piezoelectric sensors were placed on the aluminum sheets, 

as shown in Fig.2a. For resin tensile test, two WD piezoelectric sensors were directly placed on the 

epoxy resin specimen, as shown in Fig.2b. 

 

Figure 2. (a) Carbon fiber tow tensile test, (b) Epoxy resin specimen tensile test. 

In multi-step loading tests, eight WD piezoelectric sensors with a frequency range of 100-1000 kHz 

were used to capture AE signals. As shown in Fig.3a, six AE sensors were placed on the cylindrical part 

of the tank, two AE sensors were placed on the dome area. One AE sensor was placed on the cylindrical 

part of the tank to capture AE signals during hydrostatic burst tests, as shown in Fig.3b. The silicone 

grease was used for the contact of sensor to the tank surface for good acoustic coupling. AE signals were 

amplified 40 dB by preamplifiers. The sampling frequency is 1 MHz. Also, a threshold value of 40 dB 

was used to filter background noise. Then, the pencil-lead breakage method was utilized for calibrating 

AE sensors. To obtain pressure values and AE signals simultaneously, pressure transducers were used 

to connect the AE monitoring system and the multifunctional pressure testing system. 

 
Figure 3. Layout of AE sensors on the tank: (a) Multi-step loading tests, (b) Hydrostatic burst tests. 



3. ANALYSIS METHOD 

3.1 AE cluster analysis 

During AE tests, many AE parameters are recorded in software, such as the rise time, the counts, the 

energy, the duration, the amplitude, the peak frequency et al. To improve clustering quality and reduce 

computational time, it is necessary to perform feature selection before cluster analysis. Principal 

component analysis (PCA) is performed to select important feature parameters, combined with the 

evaluation index of correlation coefficient [17]. As a multivariate analysis method, PCA transforms 

multidimensional AE data into lower dimensions through an orthogonal linear transformation so that the 

data can be better analyzed and visualized [17,18]. Correlation coefficient ranges between 0 to 1, which 

represents the dependency of features on each other [19]. Feature selection is based on low dependency 

on other features. 

The K-means++ algorithm is a modified method of choosing centers for the k-means algorithm, which 

is a centroid based and an iterative algorithm [17-21]. The k-means++ algorithm is described as follows: 

(1) Randomly choose a center from among the data points; 

(2) For each AE data point ( 1,2, , )ix i n=  , compute the shortest distance ( )iD x   from 
ix   to the 

closest center ( 1,2, )jB j k=  we have already chosen; 

(3) Use weighted probability distribution 
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 to choose one new data point ( 1,2, , )ix i n=  at 

random as a new center. Thus, weighted probability distribution is proportional to ( )iD x ; 

(4) Repeat step 2 and 3 until k centers have been chosen; 

(5) For each AE data point ( 1,2, , )ix i n= , compute the distance between 
ix  and each center and 

assign 
ix  to the nearest cluster center; 

(6) new jB  locations are recalculated for the new clusters; 

(7) Repeat step 5 and 6 until all cluster centers do not change anymore. 

Davies-Bouldin index is one of the clustering evaluation indexes. Davies-Bouldin index is based on a 

ratio of within-cluster and between-cluster distances, which relates to cluster centroids [19]. The high-

quality cluster has the lower Davies-Bouldin index. 

3.2 Wavelet packet transform 

Wavelet packet transform (WPT) is a competent tool for AE data processing. In this study, WPT is used 

to verify the validity of the cluster analysis. The wavelet has a limited frequency period with the mean 



value of zero. If the energy function is limited and the functional integral is zero, the function of ( )t  

is called the mother wavelet, as follows [22,23], 

2
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In Equation (1) and Equation (2), t is the time. 

WPT decomposes a signal into detailed components (high-frequency components) and approximated 

components (low-frequency components), which is beneficial to time-frequency localization analysis of 

signals containing a large amount of medium and high frequency information. The frequency ranges of 

the approximated and detailed components in each level can be expressed as [24] 
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In Equation (3) and Equation (4), 
sf  is the sample rate, 2i  is the number of components at level i. 

Relative energy distribution at each level ( )j

iP t   is exploited for characterization of failure modes, 

which is expressed in Equations (5) to (7) as follows [24], 
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In Equations (5) to (7), ( )f t  is an AE signal, 1 j

i iE E  express the energy of the components at level 

i, 
TotalE  is the total energy of AE signal, 1 j

i if f  are the components of thi  level of the decomposed 

signal. More details about WPT method can be found in the literature [11,24]. 

4. RESULTS AND DISCUSSION 

4.1 AE signals characteristics corresponding to specific damage mechanisms 

To relate AE signals with specific damage mechanisms, such as matrix cracking and fiber breakage, AE 



signals in each test of epoxy resin specimen and carbon fiber tow under tensile loading were recorded 

and analyzed. The amplitude, counts, duration and absolute energy of AE signals were analyzed, as 

shown in Fig. 4-5. Fig. 4 shows the AE signals characteristics for epoxy resin specimen tensile test. 

According to Fig. 4, AE signals representing the matrix cracking have low amplitude (40-58 dB), short 

duration (below 2500 us), few counts (below 60) and low absolute energy (40-2.0×103 aJ). The 

localization of AE signals is consistent with the fracture location of the specimen, as shown in Fig. 4c. 

   

(a)                                       (b) 

 

(c) 

Figure 4. AE signals characteristics for epoxy resin specimen tensile test: (a) Correlated distribution of 

counts and amplitude with duration, (b) Variation of counts and amplitude with testing time, (c) 

Localization of AE signals. 

Fig.5 shows the AE signals characteristics for carbon fiber tow tensile test. The amplitudes of obtained 

AE signals change in a wide range of 40-99 dB. It is noteworthy that carbon fiber monofilaments were 

in a state of relaxation, intertwining and even bend prior to tensile test. Besides, carbon fiber 

monofilaments did not break simultaneously. Thus, a large number of low amplitude (40-77.5 dB) and 

low absolute energy (<5.0×104 aJ) signals were captured due to fiber friction during the tensile test, as 

shown in Fig. 5b and c. The AE signals with amplitude of 77.5-99 dB are related to fiber breakage, 

showing longer duration and higher absolute energy (Fig. 5a and c). And Fig. 5c demonstrates that the 

AE signals with amplitude of 77.5-99 dB are distributed at about 4.0 cm (abscissa values), which is 

consistent with the fracture location of the fiber tow. Based on the test results, AE signals characteristics 

corresponding to matrix cracking and fiber breakage can be summarized in Table 2, which are consistent 

with the literatures [10,12,20,25,26].  



   

(a)                                           (b) 

 

(c) 

Figure 5. AE signals characteristics for carbon fiber tow tensile test: (a) Correlated distribution of 

counts and amplitude with duration, (b) Variation of counts and amplitude with testing time, (c) 

Localization of AE signals. 

Table 2. AE signals characteristics corresponding to specific damage mechanisms 

Damage mechanisms Amplitude (dB) Duration (us) Counts Absolute energy (aJ) 

Matrix cracking 40-58 <2500 <60 40-2.0×103 

Fiber breakage 77.5-99 850-8569 50-210 5.0×104-1.0×106 

Fiber/matrix debonding [25] 50-80  - - 1.0×103-6.5×104  

4.2 Damage evolution behaviors for hydrogen storage tanks 

Four AE parameters such as amplitude, duration, counts and absolute energy, are chosen as feature 

parameters by correlation coefficient analysis. According to obtained AE signals characteristics (Table 

2) and our previous study [25], AE signals obtained from multi-step loading tests and hydrostatic burst 

tests are clustered into three clusters using K-means++ algorithm, namely matrix cracking, fiber 

breakage and fiber/matrix debonding. In order to verify the validity of the cluster analysis, wavelet 

packet transform is used to obtain frequency ranges of three clusters. AE signals are decomposed to 3 

different levels and 8 components. Each component of the 3rd level of three clusters is shown in Fig. 6. 

Fig. 7 illustrates the wavelet component energy distribution. Fig. 6-7 show that the dominant energy of 

matrix cracking, fiber/matrix debonding and fiber breakage is in component 1, component 2 and 

component 4, respectively. Table 3 shows the frequency ranges for wavelet components. Thus, the peak 

frequency ranges of matrix cracking, fiber/matrix debonding and fiber breakage are about 0-125 kHz, 

125-250 kHz and 375-500 kHz, respectively. The corresponding relationships between frequencies and 

damage mechanisms are consistent with reported literatures [18,25,27,28]. 



   

(a)                                         (b) 

 

(c) 

Figure 6. The WPT decomposition (voltage [V] versus time [us]): (a) The matrix cracking signal, (b) 

The fiber/matrix debonding signal, (c) The fiber breakage signal. 

 

(a)                                          (b) 

 

(c) 

Figure 7. The wavelet component energy distribution: (a) The matrix cracking signal, (b) The 

fiber/matrix debonding signal, (c) The fiber breakage signal. 



Table 3. Frequency ranges for wavelet components 

Components 1 2 3 4 5 6 7 8 

Frequency 

(kHz) 
0-125 125-250 250-375 375-500 500-625 625-750 750-875 875-1000 

Fig. 8 shows the distribution of AE signals during multi-step loading tests. Due to the equipment 

problems, the pressure values and AE signals were not obtained in Stage X, as shown in Fig. 8b. In Fig. 

8, there are lots of matrix cracking signals during multi-step loading tests, while fiber breakage signals 

are the least. There are almost no AE signals before 70 MPa, indicating that there is no damage in tanks. 

Besides, fiber breakage signals in multi-step loading tests are insignificant and scattered, indicating that 

the tank has good strength at this time. 

   

(a)                                           (b) 

Figure 8. Variation of amplitude and pressure with testing time for (a) T1-M and (b) T2-M tests. 

Fig. 9 illustrates the change in amplitude and pressure with time during hydrostatic burst tests. According 

to Fig. 9a and b, the pressure-time curve of tank T1 has three pressure increasing phases (0-158 MPa, 

158-168 MPa and 168-176.8 MPa) and two pressure holding phases (158 MPa and 168 MPa), the 

pressure-time curve of tank T2 has four pressure increasing phases (0-150 MPa, 150-158 MPa, 158-168 

MPa and 168-169.6 MPa) and two pressure holding phases (150 MPa, 158 MPa and 168 MPa). Due to 

water-filling noise interference in the first pressure increasing phase (0-158 MPa for tank T1, 0-150 MPa 

for tank T2), the AE signals at this phase were not analyzed. Fig. 9a and b show that the number of AE 

signals is not large in total during hydrostatic burst tests. This can be explained by the quantity of AE 

sensor (Fig. 3b) and the second loadings applied to the composite materials. The number of three 

clustering signals increases with the increase of pressure, showing accumulated and aggravated damage. 

Besides, the pressure distribution values for fiber/matrix debonding signals are generally greater than 

those for matrix cracking. It can be found that there are no fiber breakage signals in tank T1 before 168 

MPa, while this pressure is 161 MPa for tank T2, indicating that the fiber breakage is mainly caused by 

high loading. Fiber breakage signals of tank T2 appear earlier than those of tank T1, which may be due 

to higher temperature during fatigue test (Table 1).  



   

(a)                                     (b) 

Figure 9. Variation of amplitude and pressure with testing time for (a) T1-B and (b) T2-B tests. 

Fig. 10a and b show the change in events and pressure with time during hydrostatic burst tests, which 

can be separated into three stages. The matrix cracking signals and fiber/matrix debonding signals 

increase slowly at stage I. At stage II, matrix cracking signals increase quickly, fiber/matrix debonding 

signals increase obviously, and fiber breakage signals begin to appear, but in small quantities. Finally, 

matrix cracking signals, fiber/matrix debonding signals and fiber breakage signals increase sharply. It 

can be concluded that the stage I, stage II and stage III are corresponding to damage initiation, damage 

accumulation and burst failure, respectively. The burst pressure of tank T1 and tank T2 is 176.8 MPa 

and 169.6 MPa, respectively. The pressure of tank T1 and tank T2 when reaching stage III is 168 MPa 

and 161MPa, respectively, which both are about 95 percent of the burst pressure. Therefore, a large 

number of three clustering signals appear simultaneously at the last moment, especially the rapid 

increase of fiber breakage signals, indicating that the composite tank structure is becoming mechanically 

unstable, namely the impending burst failure of the tank. Fig. 11 shows the appearance of hydrogen 

storage tanks after burst failure. The tanks were exploded into several parts, and three clustering signals 

can be clearly observed. 

   

(a)                                         (b) 

Figure 10. Variation of events and pressure with testing time for (a) T1-B and (b) T2-B tests. 



   

(a)                                       (b) 

Figure 11. The appearance of hydrogen storage tanks after burst failure: (a) tank T1, (b) tank T2. 

5. CONCLUSIONS 

In this study, AE signals characteristics and evolution behaviors in used 70 MPa Type IV hydrogen 

storage tanks during hydrostatic burst tests are investigated. A multi-step loading method is applied to 

capture AE signals of two tanks during multi-step loading tests and hydrostatic burst tests. The 

characteristics of matrix cracking and fiber breakage were obtained from AE-based tensile tests for 

epoxy resin specimen and carbon fiber tow. K-means ++ algorithm and wavelet packet transform are 

performed to cluster AE signals and verify the validity. Finally, the characteristics and evolution 

behaviors of AE signals are explored with the increasing pressure during multi-step loading tests and 

hydrostatic burst tests. Obtained conclusions could be listed as follows: 

(1) The signal characteristics (amplitude, duration, counts and absolute energy) of matrix cracking and 

fiber breakage are obtained based on tensile tests for epoxy resin specimen and carbon fiber tow. The 

amplitude, duration, counts and absolute energy of matrix cracking are generally the lowest, while those 

corresponding to fiber breakage are the highest. 

(2) The matrix cracking signals appear continuously and extensively during multi-step loading tests and 

hydrostatic burst tests. The pressure distribution values for fiber/matrix debonding signals are generally 

greater than those for matrix cracking. The number of fiber breakage signals are the least and appears at 

the highest pressure. 

(3) A large number of three clustering signals appear simultaneously at the last moment, especially the 

rapid increase of fiber breakage signals, indicating that the composite tank structure is becoming 

mechanically unstable, namely the impending burst failure of the tank. 
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