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Abstract 

This paper concerns the health monitoring of composite vessels (CP). These CPs can be used 

for storage of various gases either at high pressure or liquefied. The main difference with 

regard to the type of the gas to be housed concerns its pressure and volume: the higher the 

pressure and/or the volume, the large the thickness. This means that investigations are 

required to optimize the parameters that should be selected to ensure the monitoring of the 

CP. This paper summarizes the main theoretical findings obtained to help optimizing the said 

parameters. A short presentation of one among the prototypes developed, and its validation 

is given in this paper.    

 

1 INTRODUCTION 

Composite recipients (vessels, tanks, etc.) are in increasing use thanks to their numerous 

advantages, such as their high strength-to-weight ratio. They are envisioned to house under-

pressure gazes or liquefied liquids, and operate, most of time, in public transportation 

systems. The structural integrity and strength of such composite recipients are due mainly to 

the integrity of fibers [1-3]. Therefore, a rupture of a group of fibers (as it is the case for a cut 

or gauge) would be critical to the overall integrity of the structure, especially when it arises 

on its surface. In addition, the composite fiber reinforced plastics has almost no plastic 

ductility, which can give rise to fragile fracture (low fracture toughness) [4]. Consequently, 

this kind of damage should be detected as soon as possible after its initiation. Structural 

Health monitoring (SHM), this emergent technology, should be called for safety concerns. 

SHM consists of several and various nondestructive techniques operating with built-in 

sensors. Acoustic emission (AE) and ultrasonic guided waves (UGW) are among these 

techniques. In contract to AE, which is frequently applied to test this kind of structures (but 

not yet for long-term monitoring), UGW technique suffers from a lack of attention to apply it 

on the said structures. Note that, as it is reported in literature, this technique is well-adapted 

to elongated structures. Hence, this technique is a potential candidate to monitor this kind of 

structures through a spare sensors and actuators, and then achieves a health monitoring with a 

relatively low-cost. Academic investigations have been carried out to understand the 

phenomenon of waves’ propagation in this type of structures, and then identify the main 

parameters that should be mastered to build a reliable SHM system. Some prototypes are 

developed basing on these comprehensive and upstream studies. This communication will be 

devoted to summarize the main obtained results, and present an advanced TRL prototype.  
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2 METHODOLOGY 

Various tasks need to be investigated, and so multidisciplinary skills are required in 

various fields, such as:  

- Propagation of waves in multilayer and curved composite structures (see an example 

in Figure 1): 

o identifying the main parameters that allow optimizing the distance of 

inspection (monitoring), 

o waves / Defect interaction and selecting the most reliable parameters that 

permit detecting defects,   

- Sensing and actuating:  

o dimensions and shape, 

o type and cost,  

o distribution, installation,  

o technique to embed or attach sensors to the structure,   

o durability,  

o redundancy,…  

- Signal and image processing:  

o filtering, denoising, transformation, correlation,… 

o damage index extraction,  

o accept / reject criteria,  

o long term data management, …   

- Environmental and operational conditions variations and their impacts on waves 

propagation and the acquired signals: 

o parameters and effects identification, 

o effects compensation and discrimination,  

o analytical and statistical tools,   

o false calls management tools, … 

- Electronics:  

o signal generation, data acquisition and transmission (remotely if needed) 

o power / energy harvesting, …  

 
Figure 1: Example of a multi-layer COPV intended for housing hydrogen gas at high pressures: overview (left) 

and partial sectional view (right) 
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To develop successfully a novel reliable product, all the previous tasks should be taken 

into account. Some among these tasks can be performed simultaneously to save time. In the 

current paper, we focus only on theoretical investigations. The next section summarizes 

hence the most main findings.   

3 THEORITICAL ADVANCES 

Various studies were carried out for the purpose of expounding comprehensive 

investigations carried out in order to establish an efficient operational health monitoring 

procedure. Engineering analyses basing on numerical simulations in 2D and 3D domains 

have been achieved (see an example of result shown in Figure 2). The main conclusion is that 

UGW technique is a good candidate for testing and / or monitoring CVs, and so contributing 

to the human and facilities safety. More technically, the foremost parameters to detect a 

specific defect type (surface-originating cracks which is the most dangerous kind of defects 

in CVs) were identified and optimized. Specifically, it has been shown that: 

- there is a significant and non-linear increase in the number of modes with the 

thickness and the number of layers, 

- dispersion curves must be plotted on a case-by-case basis due to varying layer 

thickness ratios,  

- a shear contact transducer was more efficient than longitudinal contact transducers at 

propagating UGW in the given thick CV,  

- modal amplitudes depend on frequency. Some frequency bands are more suitable than 

others. Some bands should be avoided,  

- mode 2 appears to be the best mode for detecting the said defect type and that in 

pulse-echo measurement arrangement. This mode, although slightly dependent on the 

incident phase, was more or less robust to the distance between the emitter and 

damage site,  

- concerning CVs testing, further studies are needed for developing specific algorithms 

to help interpreting signals, when operating with local transducers.  

  
Figure 2: Example of modeling of guided waves propagation in composite vessel: 2D (left) and 3D (right) 

4 PROTOTYPES AND VALIDATIONS  

Two versions of semi-intelligent vessels have been prototyped:  

- the first one consists of embedded sensors, between different composite layers, 

- the second one has sensors attached on its exterior surface. 

Figure 3 shows an example of a prototype, where, in the current case, sensors circuit is 

embedded between the carbone-epoxy envelope (black color) and the glass-epoxy layer. With 

regard to the sensors, the glass-epoxy layer has at least two roles: protection and damping. 
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The sensors are installed so that, both kinds of measurement arrangements (pulse-echo and 

pitch-catch) can be performed. In other words, each transducer can transmit and receive 

waves. The number and locations of sensors are determined basing on the attenuation of 

waves in this kind of structures.  

 

Figure 3 : Example of the developed « semi-intelligent » composite vessel (this king of vessels is devoted to 

house hydrogen at high pressure): design image (left) and prototype photography (right) 

UGW measurements were then carried out by means of these sensors. A large frequency 

band is to be investigated. A procedure to characterize embedded sensors and actuators has 

been developed. Figure 4 shows a typical result, where abscissa and ordinate axes correspond 

to propagation time and excitation frequency (left) respectively, and maximum amplitude 

sum with respect to time (right). This technique allows identifying easily, accurately and 

efficiently the best frequency to be used to ensure a maximum distance of inspection 

(monitoring). It gives also the modes propagation at these frequencies. Electomechanical 

impedance measurements are also performed for each sensor (see Figure 5).    

 

Figure 4 : typical result of sensor and / or actuators characterization in terms of optimum frequencies and modes 
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Some fatigue tests were achieved in order to rule mainly on the: 

- robustness of the embedded sensors,  

- influence of the fatigue aging on the structure behavior itself.  

The vessel was then pressurized / depressurized 1000 cycles at 1 Hz. After that, 

electromechanical impedance measurements were carried out. In Figure 5, an example of the 

obtained result is superimposed to that gained before fatigue test. As it can be remarked, both 

results match well for all the examined range of frequency.   

 

Figure 5 : Electromechanical impedance (module and phase) acquired before (green) and after fatigue test (red)  

Ultrasonic guided waves measurements were then redone. The figure below shows an 

example of signals obtained by means of three sensors among those implemented in the 

vessel, in pitch-catch measurement mode. As it can be deduced, waves are generated, 

propagated and detected with a high signal-to-noise ratio.  

  

Figure 6 : Example of waveforms collected in pitch-catch measurement mode with 3 sensors: L1, L2, and L3 

correspond to the distance between the emitter and C1, C2, and C3, respectively 

Let’us focus now on the case of one emitter and one receiver embedded in a vessel 

prototype, among those manufactured. The vessel was monitored for some period, and about 

fifty signals were stored before and one hundred signals after the fatigue test. From each 
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temporal signal, a criterion is extracted (well-known as damage index). The result below 

gathers these indices.  

 

Figure 7 : “Damage” index used to assess the influence of the artificial fatigue test on the composite vessel  

At the top left-hand side, original data collected before fatigue cycling are plotted. As it 

can be seen, data have a significant dispersion. This variability in the collected data can be 

due to external factors such as electronic noise, operational variation when storing the signals 

and temperature. An algorithm of correction to compensate this difference is developed [5]. 

The corresponding obtained result is given at the top right-hand side. As it can be seen, the 

dispersion is quasi-absent. This algorithm was then applied on whole the acquired data 

(before and after the fatigue cycling), showing then the influence of fatigue test on the 

material behavior of the structure: the material is more attenuating. This might be due to the 

occurring of micro-cracking, which impact the attenuation of waves.   

5 CONCLUSIONS 

This paper dealt with the health monitoring of composite vessels using guided waves and 

electromechanical impedance. Fundamental studies have been carried out in order to 

optimize the parameters needed to ensure efficiently this monitoring. A prototype was 

presented. This one has been subjected to a thousand a fatigue cycles. Electromechanical 

impedance and ultrasonic guided waves measurements have been then performed, and results 

are compared to those obtained before cycling. They show that the sensors still in good state 

and not impacted by this number of cycling.  
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