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ABSTRACT 
 

Filament wound composite pressure vessels have found use throughout many industries for 

storing high-pressure gases. The ability to investigate the vessels for possible damage from 

accidental impact loads is important for applications in the transport sector. Standard non-

destructive methods are complicated. This paper describes a method to permanently monitor 

pressure vessels for their structural integrity.  

The method is based on standard telecommunications grade optical fibres embedded in the 

composite overwrap as a network of distributed strain sensors. Challenges regarding the 

practical implementation of optical fibres, and post-processing of signals, are discussed. During 

pressurization, the optical fibres were used to measure strains in several thicknesses of the 

composite layup. The cylinders were impacted and the backscattered light from optical fibres 

was then analysed to visualize the position and the severity of damage. The interrogation of 

embedded optical fibre networks is successfully demonstrated as a promising method for 

structural health monitoring of composite pressure vessels. 
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INTRODUCTION 
 

Composite overwrapped pressure vessels (COPVs) are gaining momentum in commercial 

applications as high-pressure gas containers. Their high strength to weight ratio enables 

transporting higher payloads than traditional metallic cylinders. When the COPVs are used on 

trucks or in other exposed applications health monitoring is important to ensure that impact 

from accidental external loads has not created any significant damage. 

 

The standard approach for detecting damage is the use of non-destructive evaluation (NDE) 

methods, such as visual inspection, acoustic emission, ultrasonic testing, radiography, 

thermography etc. [1]. These methods often require special loading or handling conditions 

during inspection and are therefore only suitable for periodic inspections rather than for 

continuous monitoring. Furthermore, the non-destructive detection of fibre failures, which are 

usually accompanied by large delaminations, has been recognized as a bottleneck in the 

evaluation of residual performance of pressure vessels [2]. It is worth pointing out that fibre 

failure is the main mechanism leading to failure of a composite pressure vessel. An improved 

approach for detecting damage is to employ structural health monitoring systems for direct 

feedback from the composite structure allowing determining whether an impact has occurred 

and where it is located. Such a system based on a network of optical fibre strain measurements 

is addressed in the current study. 

 



Approaches where an integrated sensor network is embedded into composite cylinders have 

gained popularity over past decades [3]. Optical fibres (OF) can be employed as a real-time in 

situ structural health monitoring (SHM) system throughout manufacturing, transport, 

installation, and the service life of the pressure vessel. 

 

In recent years, experience has been built up by using Fibre Bragg Grating (FBG) optical fibre 

sensors [4–12] and long gage interferometric optical fibre sensors [13–17] for SHM of COPVs. 

A detailed description has been presented how the temperature and strain changes were 

monitored from the manufacturing stage to in-service behaviour for externally pressurized 

filament wound structures [18–20]. Earlier approaches have also looked into intensity sensors 

based on optical signal attenuation [21–23]. Aforementioned fibre optic sensors are based on 

either long gage lengths, which average the signal response over the whole structure; or they 

are essentially point sensors, where only a limited number of structural locations is interrogated. 

None of these fibre optic solutions provides high-resolution full field strain measurements over 

the entire pressure vessel structure. 

 

Current work employs a novel distributed strain sensing system utilizing optical backscatter 

reflectometry (OBR) on the principle of Rayleigh backscattering [24–26]. The OBR technology 

makes it possible to measure strains with millimetre-range spatial resolution, over relatively 

long distances (ca. 70 m), using a regular telecommunications optical fibre. This fine spatial 

resolution is currently unparalleled by other distributed sensing methods (Brillouin or Raman 

backscattering). The OBR with Rayleigh backscattering opens new possibilities for embedding 

high-resolution sensor networks into the composite, covering the entire structure, and thereby 

providing a full-field measurement of strains or temperatures. First implementations of the OBR 

technology for COPV monitoring have been reported by Maurin et al. [27], and by the 

manufacturer of the OBR interrogator system, with Klute et al. [28].  

 

Current work is carried out to validate the OBR inspection methodology for composite pressure 

vessels. The following study demonstrates how the embedded network of optical fibres can be 

used to obtain high-resolution strain measurements covering the entire cylindrical surface of 

the structure. Challenges regarding the practical implementation (embedding) of optical fibres, 

and post-processing of data, are discussed. It is concluded that a network of OFs (either 

embedded or surface mounted) is both a practicable and a promising method for SHM of 

COPVs. 

 

DISTRIBUTED FIBRE OPTIC SENSING BY OBR 
 

This section gives a short introduction to distributed sensing technology based on Rayleigh 

backscattering (OBR). For a better overview of the whole field of distributed fibre optic sensing, 

two recent reviews can be consulted [29,30]. For this work, the OBR apparatus and its 

accompanying software were purchased from Luna Innovations [31]. 

 

As optical fibres are embedded into the composite, or mounted on the surface, any perturbations 

in the host composite (such as deformations or temperature changes) affect the optical signals 

propagating in the fibre. OBR reveals the temperature or strain change from any point along 

the optical fibre by using light scattering ‒ interaction between the light and the fibre. The 

scattering does not alter the properties of the fibre, and arises from non-homogeneities such as 

variations in refractive index, density, composition or structure of the optical fibre. These 

variations are considered as random and non-propagating over the life of a fibre, often called a 

characteristic fingerprint for one specific fibre. Measurements have shown that the 



characteristic pattern of the fibre does indeed remain repeatable and unique over several years 

[32]. 

 

The reflectometer sends a signal from a swept-tuneable laser, and by increasing the frequency 

scanning range, the spatial resolutions of measurements can be lowered to 1 mm or less. For 

example, Pedrazzani et al. [33] report measurements with 0.5 mm resolution in a composite 

coupon. The sensing length is limited to tens of meters (ca. 70 m), but it can be extended at the 

expense of coarser spatial resolutions, up to 2 km. 

 

As strain is applied to the fibre, it stretches the characteristic variations, which translate into a 

shift in the spectral content of the backscatter signal. In the analysis of the signal the fibre is 

divided into many short sequential sections (which define the gauge length) along the entire 

length of the fibre. The spectral content of each section is compared between the measurement 

state and a previously measured reference state. The cross-correlated spectral shift between 

these two states is converted to strain by an empirical calibration coefficient. This process is 

repeated along the fibre length, forming a distributed measurement with selectable gauge length 

and sensor spacing variables. Both the gauge length and sensor spacing are chosen during post-

processing, and the measured signal can simply be re-analysed unlimited times to find the best 

combination for these two input variables. The same applies in case of updates in the software. 

 

The noise in the strain measurements is low, typically below ±5 microstrain and comparisons 

to electrical strain gauges give very good agreement, with mean differences reported to 5 % or 

less [33,34]. The OBR measurement takes a few seconds to perform, and this limits the 

technology currently to quasi-static measurements. 

 

MATERIALS AND METHODS 

 

Pressure vessels 

 
The pressure vessels for this study were made by filament winding around a hybrid mandrel, 

consisting of steel domes and a cylindrical polyethylene mandrel. The dimensions of the 

cylinders are as follows: cylindrical section length 600 mm, mandrel diameter of 140 mm and 

ca. 3 mm thick composite overwrap. Slightly different dome geometries were used throughout 

the project, which is expected to have no effect for the current study. To ensure pressure 

tightness, a thin polyurethane liner was injected after the filament winding was finished. 

Examples of typical pressure vessels before and after burst testing can be seen in Figure 1. 

 

 



 
Figure 1: Pressure vessels before and after burst testing. 

 

The structural fibres of the pressure vessel overwrap are all carbon, type Grafil 34-700 24k by 

Mitsubishi Rayon. The epoxy resin is from Hexion, mixed from two components: EPIKOTE 

MGS RIMR 135 and EPIKURE curing Agent MGS RIMH 137. The layup for the composite 

overwrap is [90°2 / (±15°)2 / 90°2].  

 

The filament winding was carried out on a MIKROSAM automated machine and the winding 

parameters are briefly summarized below. 

• Pre-tension: was kept constant at 40 N for all windings, both for hoop and helical 

layers. 

• Bandwidth: the same carbon fibre filament was used for all vessels with a bandwidth 

of 5 mm. Only one roving was used in the winding process. 

• Winding speed: determines the rate at which the filament runs through the system. The 

speed was usually set as high as possible without giving excessive spilling/splatter from 

the resin bath. 

• Hoop winding: the pitch is determined by the bandwidth. 

• Helical winding: have the same angle of ±15° throughout all vessels in the study. Each 

winding pattern has a given number of cycles, which determines how much physical 

fibre material (or number of filament windings) is put onto the mandrel. This varied 

slightly between vessels and is specified later in Table 1. 

• The amount of resin: was controlled by a scraper system, to make sure the filaments 

were completely wetted. During winding, the excess resin was removed from the vessel 

surface, to ensure a high fibre volume ratio.  

 

Instrumentation: optical fibres and strain gauges 
 

Standard telecommunication grade optical fibres were employed for embedding and strain 

measurements. The diameters of the fibre core, cladding and coating were 6.5 m, 125 m and 

155 m, respectively. These fibres were chosen based on previous good experience [35,36].  

 

The measuring fibre, denoted as primary coated optical fibre (PCOF), was embedded into the 

composite layup. The PCOF was spliced to a more robust secondary coated optical fibre 

(SCOF), which transferred the signal after egressing to the outside of the vessel. SCOF also 

includes a connector port to the LUNA OBR 4600 apparatus. An overview of the OF sensor 

and the interrogator is shown in Figure 2. Even though optical fibres were only embedded inside 

the layup for this study, surface mounted optical fibres can also be used for impact detection 

and strain monitoring. One concern related to surface mounted OFs is the lack of natural 

protection from the composite layup. 

 



 
 

The difficulties of handling fragile optical fibres are well known. Davidson and Roberts [37] 

give a good overview of methods of optical fibre ingress and egress from the composite, and 

possible ply defects due to embedding of OFs. In order to embed the OFs into the vessel layup, 

the filament winding process was put on hold. The optical fibres were then wound between 

pairs of hoop carbon fibre layers. The first set of optical fibres (first intralayer) is positioned 

one hoop layer out from the mandrel, and the second set of fibres (second intralayer) is 

positioned one layer in from the outer surface (see Table 1).  

 

For filament wound structures, the OF placement will usually not be exactly parallel to the 

composite reinforcement fibres. This is due to the larger pitch distance of OFs, usually 20 mm 

or 30 mm to minimize the OF consumption, compared to the 5 mm pitch of hoop 

reinforcements. For current mandrel, the pitch angle of OFs therefore varies between ca. 2.6° 

and 3.9°, whereas the pitch angle of fibre filaments is 0.65°. Some resin rich regions 

surrounding the optical fibre will therefore always be present due to the mismatch of these 

angles. However, the difference of pitch angles is small causing only minor disruption to the 

surrounding laminate, and the composite properties are expected to be little affected. The 

micrographs of embedded optical fibres (e.g. Figure 3) show minimal disturbance (resin pockets 

and voids) surrounding the individual optical fibres, not much as compared to the overall 

laminate. There could also be issues with micro-bending of OFs between the reinforcing fibres, 

as discussed in the later section describing the Running Reference Method. These possible 

microbending effects, while important to take note, are considered out of scope for current 

analysis.    

(b) The interrogator apparatus, LUNA OBR 4600  (a) The sensor: SCOF with a connector and a tag, spliced to PCOF 

Figure 2: The sensor and the interrogator for distributed strain measurements 



 

 

Figure 3: Optical fibres embedded between the hoop layers of filament wound pressure 

vessels. Arrows point to the optical fibres at two depths in the composite overwrap. 

 

 

Two different optical fibre configurations were utilized, as shown in Figure 4. The first, an 

impact grid, consists of one optical fibre forming two sub-grids inside a 3 x 3 cm2 region. The 

fibre is guided through two concentric squares with 1 x 1 cm2 and 3 x 3 cm2 sizes. The grid 

positioning with reference locations is shown in Figure 4(a) and snapshots of the actual 

embedding of grid OFs in Figure 5. The second main fibre configuration is called a hoop 

placement where the optical fibre is laid down on a spiral pattern, with a pitch of either 20 or 

30 mm. The hoop optical fibre configuration is also shown in Figure 4(a) and Figure 5. The 

number of embedded optical fibres differs between the pressure vessels, as reported in Table 1. 

For vessels 1 to 3, there was one impact grid and three hoop optical fibres for both intralayers. 

This configuration is shown in Figure 4(a). The hoop fibres had a pitch of 30 mm and offsets 

of 10 mm relative to each other, meaning that the fibres cover the entire cylindrical section with 

a spacing of 10 mm. In vessels 8 to 10 there were no impact grids, only two hoop fibres in both 

intralayers. The hoop fibres for these vessels had a pitch of 20 mm and an offset of 10 mm to 

get the same 10 mm spacing as for the first vessels. Using several independent fibres to cover 

the cylinder surface increases the survival yield for optical fibres, considering production and 

the impact event. The length of the OFs inside the vessel, from reference to reference, was 

approximately 9 m for Vessels 1 to 3, and approximately 13.5 m for Vessels 8 to 10. 
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The OBR scans provide longitudinal strain values as a function of position along the optical 

fibre. In order to map the position of the strain signal to the actual position on the vessel, 

reference positions were established, as seen in Figure 4(a). This was done by applying a small 

force directly on an OF after it had been placed on the vessel, and simultaneously running a 

scan to record the spatial position of the signal. The referencing was carried out in the middle 

of the filament winding process. Both start and ending points for the optical hoop fibres were 

recorded. For the impact grids, the reference positions were recorded at the midpoints of both 

concentric squares. After the fibres were positioned on the vessel, and the reference positions 

established, the winding was continued. The SCOFs were secured to the vessel after the layup 

was completed, as seen in Figure 5.  

 

L/2 L/2 

6 

1 

2 

3 4 5 

7 

8 

Impact grid OF 
Hoop OF 

Hoop reference points Hoop reference points 

Pitch 

Spacing 

Axial: SG-A 

Hoop: SG-H 

a) 

b) 

Grid reference points 

3 x 1 cm 

3 x 1 cm 



 
 

The first batch of pressure vessels had a low OF survival rate (ca. 50 %). Most of the fibres 

failed at the point where they egressed from the laminate, at the neck of the pressure vessel. 

The neck was connected to the fixture of the winding machine with a large nut. The fibres 

egressed from the composite in the neck region and got damaged when the nut was unwound 

after filament winding. The solution was to put a shim between the nut and the composite, as 

seen in Figure 6. In addition, when the winding was finished, a thin layer of glass fibre was laid 

over the dome to protect the entire egress region (Figures 5 and 6). The shim was covered with 

a thin layer of resin, to prevent it from moving when the nut was removed. By utilizing this 

technique, the survival rate of the OFs increased from approximately 50 % to almost 100 %. 

 



 
 

In addition to embedded OFs, surface mounted strain gauges (SGs) were used for monitoring 

the vessels during pressurization. The SGs by Tokyo Sokki Kenkyujo, types FLA-5-11-1L and 

FLA-6-11-3L, had 6 mm and 5 mm gauge lengths, respectively. Both axial and hoop SGs were 

mounted in the centre of the cylinder, as shown in Figure 4(b). 

 

Impact and burst testing 
 

The experimental tests were split in two parts: impact testing and burst testing. The OBR 

measurement process requires a quasi-static behaviour of the measured object, which meant 

that pressurization was put on hold when the OBR scans were performed. The pause in 

pressurization would last for approximately 30 s. Measurements were carried out at the 

following pressure levels: 10, 20, 30, …, 100, 120, 140, …, 200, 250, 300 [bar]. The 

pressurization rate was approximately 0.7 bar/s. 

 

The impact itself and post-impact inspection with optical fibres were performed on non-

pressurized vessels. The impacts were carried out using a drop tower assembly. The impact 

setup, shown in Figure 7, consists of a jig, a guide tower and a steel ø = 20 mm hemispherical 

impactor. The jig had foam padding on vertically supported sides. The vessel was lightly 

clamped between two vertical profiles, along the cylindrical length. Impacts were usually 

performed before the burst tests. Only in the cases when healthy pressure vessels were leaking, 

the impact testing was performed post-pressurization to gather more data from optical fibre 

networks. All of the pressure vessels and impacts presented in this study are summarized in 

Table 1.  

 

 



 
 

 

 

Table 1: Summary of pressure vessels, embedded optical fibres and impacts 

 

Vessel Layup # cycles in 

helical 

Impact energy [J], number in 

(…) after pressurization 

Hoop 

OFs 

Grid 

OFs 

1  

90/OFs/90/ 

±15 /±15/ 

90/OFs/90 

87 N/A 3 + 3 1 + 1 

2 89 60 3 + 3 1 + 1 

3 89 30 3 + 3  1 + 1 

8 89 60, (40, 20) 2 + 2 0 

9 89 (60, 40, 20) 2 + 2 0 

10 89 (100) 2 + 2 0 

 

 

VALIDATION OF OPTICAL FIBRE STRAIN MEASUREMENTS 
 

Before proceeding with impact damage detection, the optical fibre measurements were 

validated by comparing strains to a standard method ‒ electrical strain gauges mounted on the 

surface. Strains from several optical fibres were also compared to each other to measure 

dispersion between similar measurements.  

 

The LUNA desktop software gives the user the possibility to choose resolution parameters for 

distributed strain sensing. Recorded optical signals can be post-processed to distributed strains 

based on two resolution parameters ‒ sensor spacing and gauge length. Table 2 shows three 

chosen resolution modes for the analyses, based on previous experience with measuring 

composites. Mode 1 corresponds to a very fine spatial resolution. It can be described as 5 mm 

length virtual strain gauges, placed with 1 mm spacing next to each other. The gauge lengths of 

virtual sensors in Mode 1 are the same as in physical strain gauges in this work, however the 

placement of these virtual sensors has a lot of overlap, with only a 1 mm step.  Mode 3 describes 

much coarser spatial resolution ‒ virtual strain gauges with 30 mm length, placed with 10 mm 

spacing. Fine spatial resolutions (such as Mode 1) introduce local fluctuations into the 

measurements. These fluctuations are increasingly averaged out with coarser parameter 

configurations such as Mode 2 or Mode 3. For healthy cylinders, the strain field around the 



cylinder midpoint is close to uniform and a high spatial resolution is not necessary, meaning 

that mode 3 was used almost exclusively when no impacts were involved. 

 
Table 1: The resolution parameters for OF strain analysis 

Mode Sensor spacing Gauge length 

1 1 mm 5 mm 

2 5 mm 10 mm 

3 10 mm 30 mm 

 

 

Since the embedded OFs measure strains over the whole cylindrical section, only a segment of 

the fibre was used to compare it to the SGs. As mentioned in relation to Figure 4, the optical 

fibre inside the vessels had a length of 9 m on Vessels 1 and 2, and 13.5 m on Vessels 8 to 10. 

By averaging the OF strains over a 5 m section at the centre of the cylinder, a mean OF strain 

value was obtained. The reference scans for OFs were recorded after the manufacturing process 

was completed, i.e. the reference state that is considered with zero strains may actually have 

residual strains from the manufacturing process. The strain gauges were also glued on the 

surface after the manufacturing was completed, and therefore have the same zero reference 

state. The reference state, which remains the same, is compared to new scans made at successive 

pressure levels, in the following analysis. All of the measurements were carried out at constant 

room temperature. The comparison plots are seen in Figure 8 and 9. The plotted data is named 

after the following convention: the first part refers to the pressure vessel number, and the second 

part refers to strain gauge (SG), inner (I) or outer (O) intralayer, and fibre number, or the fibre 

grid (G). 

 

 
 

During pressurization up to 50 bar, a good correlation between SGs and OF strains was 

observed. However, the hoop OFs struggled to give meaningful results when the pressure 

exceeded 50-60 bar, as seen in Figure 8. The strains in the OF grid agreed with the strain gauges  

 

all the way up to 80 bar. For the OF grid, the averaged section was only 30 mm long due to the 

physical size of the grid. At first take, ca. 50-60 bar appears to be the measurement limit for 

hoop OFs embedded in these cylinders. This pressure corresponds to the first onset of matrix 

cracks in the composite overwrap. The issue of failing OF measurements, already at low 



pressures, is further discussed in the upcoming sections. Although the analysis is struggling 

above 50 bar, some observations were made below this pressure level. The OF strains from the 

inner and outer intralayers show very similar behaviour, and the strain gradient agrees with the 

SGs mounted on the surface. This is expected due to a thin composite shell. The hoop OF strains 

from the five different cylinders are also in agreement. Even though there initially were noise 

issues above 50-60 bar of pressure, the raw signals in most of the OFs of Vessels 1 and 2 were 

recorded all the way up to burst pressure. 
 

 

RUNNING REFERENCE METHOD 
 

As observed in the previous section, the strain readings at internal pressures above 50-60 bar 

are suffering from noise. Faulty splices or bad connectors are two usual suspects. The geometric 

constraints in the fibre egress area can also lead to excessive curvature of the secondary coated 

or primary coated optical fibre. As seen from impacts, damages around the optical fibres can 

lead to disturbances in the signal. This also includes possible voids around the OFs (see Figure 

3). Furthermore, the embedded optical fibres can experience situations similar to micro-bending 

[25,30]. In this case, the optical fibre micro-bends in between two fibre layers, similar to being 

compressed between two corrugated surfaces, resulting in the attenuation of the output. The 

noise level increases when the fibre is embedded between plies with a different orientation. Last 

but not least, the noise issue could be post-processing related. The software uses a correlation 

function to calculate strains between two states ‒ measurement state and the reference state. If 

the change in temperature or strain between two measured states becomes larger than the 

correlation peak width (wavelength shift is larger than the wavelength peak itself), the analysis 

will give zero correlation [29].  

 

During the validation measurements (OF comparison to other OFs and strain gauges), the noise 

in the strain readings appeared when the pressure exceeded ca. 50 bar. At this pressure level 

matrix cracks started to appear, and due to the OFs not being exactly parallel with the carbon 

fibres, the matrix cracks would occasionally cross the OFs at some locations. These matrix 

cracks will cause high local strains, which disrupt the signal. The OFs were obviously no longer 

able to track the increasing strains when the pressure reached 100 bar, as seen in Figures 10 and 

11. This manifested as measuring falling average strains, due to outliers, even though in reality 

the strains were increasing. An increasing number of data points drop out of the average region, 

which drags down the average strains. Above 100 bar, the strain results mostly displayed noise, 

rendering the OFs useless for strain analysis. As previously mentioned, the grid fibres were able 

to give realistic strain readings at slightly higher pressures compared to hoop OFs. Grid fibres 

travel in the axial direction to the centre of the vessel, and proceed to run through several loops 

there, meaning that they were likely crossing many more matrix cracks along the way. 

 

Altogether, we cannot conclude what was the reason causing the attenuation and the noise in 

the signal for pressures over 50-60 bar. Many causes are possible, as discussed earlier.  

However, in the following we present a remedy that effectively mitigates this issue. 

 

 



 
 

 

In order to improve the results from the OF strain analysis, a new approach to evaluate the 

strains was suggested. In previous analyses, the reference was kept constant and the 

measurements at each new pressure level were compared to the original empty cylinder 

reference, to determine strains at the new level. The new method is based on using a running 

reference, similar to work reported by Maurin et al. [27], and Heinze and Echtermeyer[38], 

summing up all the individual strain changes to reach the strain at the desired pressure level. 

The algorithm for running reference can be summed up in Equation (1):          

 

∆𝜀𝑃0→𝑃𝑛
(𝑠) =  ∑ ∆𝜀𝑃𝑖−1→𝑃𝑖

(𝑠)
𝑖=𝑛

𝑖=1
,                                             (1) 

 

where  ∆𝜀𝑃0→𝑃𝑛
(𝑠) is the strain increase from a base pressure level P0 to a given pressure level 

Pn in position s along the optical fibre, and ∆𝜀𝑃𝑖−1→𝑃𝑖
(𝑠)  is the change in strain between the 

intermediate pressure levels at position s. Successful results of implementing the algorithm can 

be seen in Figures 12 and 13.  Compared to the constant reference, the running reference of Eq. 

(1) provides realistic strain measurements to very high pressure values, and gives comparable 

results to the strain gauges. The difference between the two post-processing methods is clear 

when comparing Figure 8 to Figure 12. With the running reference method the OFs follow the 

SGs almost all the way to 300 bar, approximately 90% of the burst pressure for Vessel 1 and 2. 

Vessel 2 was subjected to an impact before pressurization, and the repercussions of this become 

visible at elevated pressures, which is also seen in Figure 13. At 160 bar the fibre appears to be 

cut off at the middle of the cylinder, which is where the impactor struck. When comparing 

Figure 13 to the constant ref. method for the same cylinder in Figure 11, the signal has less 

noise. 

 



 
 

The running reference method clearly improves strain readings at higher pressures, however, 

there are still signs of noise when measuring strains close to burst pressure levels, or measuring 

around a damaged area. The presence of noise can in those cases be interpreted as signs of 

damage, and highlights the presence of matrix cracks or other causes for localized abrupt 

strains. Noise may also be caused by overly large steps for strain measurements taken at higher 

pressures (50 bar steps for pressures exceeding 200 bar), which increases the possibility for 

zero correlation between the calculated and reference states, as discussed earlier. 

 

IMPACT DETECTION AND VISUALIZATION 

 
The embedded optical fibres do not only have a purpose of monitoring strains. More 

importantly, they serve as a Structural Health Monitoring (SHM) system. The possibilities of 

the OBR enable to use OFs for detecting strains with a very high spatial resolution.  

 

Failing optical hoop fibre – unpressurized 

The simplest impact detection method is based on the fibre’s ability to transfer a signal. A 

damage large enough to sever or significantly damage the fibre is an indicator of damage to the 

vessel. Figure 14 shows how the amplitude peak from the end of the fibre shifts to the location 

where the fibre is severed by the impact. Similar experiments have been carried out by others 

before, e.g. Knapp and Robertson [21], however the properties of the OBR enable also to 

determine the location of the fracture. Both hoop and grid OFs successfully detected impacts in 

this way. The hoop method does not rely on knowing where the impact will take place, as the 

whole cylindrical region is covered by a grid of OFs. For the vessel presented in Figure 14 the 

severed fibre pinpoints the location of impact for a hoop optical fibre. This vessel had already 

been impacted and severed at a previous occasion, thus only the section of fibre between 24.2 

and 28.8 m, was transmitting signal during this final impact. Typically, the optical fibres in the 

outer layer became severed. Impact energies varied from 20 J to 100 J, and none were able to 

sever fibres in the inner intralayer. On the other hand, even the lowest energy impacts could 

sever optical fibres in the outer layer, positioned one hoop layer deep from the surface. This 

finding supports the idea of embedding the sensor inside the composite, which differs from 

most other NDE methods[1]. 



 
Measuring strains due to impact 

The full potential of the OBR becomes more apparent with the use of strain analysis. The strain 

sensing is based on comparing pre- and post-impact measurements, or investigating the changes 

in the strain field during pressurization. For all impact cases Mode 2 parameters were used, to 

keep the strain sensing resolution as high as possible without excessive noise. From 

measurements during the production, it was observed that the OFs detect residual strains. An 

impact energy high enough to cause a sufficient damage of the composite will lead to a release 

of these residual strains and possible inelastic deformations. This change of strain can be 

measured when the vessel is not pressurized. When the vessel is pressurized, strain 

concentrations caused by the impact damage can also be detected. 

 

 

 
 

Strains in fibre grids – unpressurized 

When analysing an impact with the OF grid (see Figure 4), the impact location was positioned 

to the centre of the grid, made up of two concentric squares. The strain readings from a 60 J 

impact are shown in Figure 15. Points 1 to 4, the midpoints of the larger square, register much 

lower absolute strain values than points 5 to 8, the midpoints of the smaller square (see Figure 



4a). The smaller square is physically closer to the impact location. This way, the extent of the 

damage can be tracked accurately in two directions. However, as a detector, the grid 

configuration requires much manual labour when placing the fibres into the pressure vessel and 

would not be practicable in a real structure. In addition, impact can only be detected within the 

grid. However, the location of accidental impacts is typically not known for gas containers and 

may happen outside the grid. Putting many grids on the pressure vessel would resolve this issue, 

but is not practical.  

 

Strains in optical hoop fibres - unpressurized 

Much information can be obtained by looking just at hoop strains, and a long sequence of hoop 

fibres is easily installed on the vessel. A comparison of hoop fibre strain measurements can be 

seen in Figures 16 and 17, which highlights the difference in the residual strains in inner and 

outer intralayers. The continuous peaks forming around the impact location depend on the value 

of the residual strain being released, which should be the same if caused by a large or a small 

impact. However, the higher energy impacts appear to have higher strain peaks around the 

impact location, as well as more scatter in strain values, which extend higher than the 

continuous peak. The difference between the two intralayers (Figures 16 and 17), confirms that 

the location ‒ depth of the OFs ‒ is also relevant for impact detection.  

 

 
It is obvious that the impact affects a much larger area than what is observed in visual 

inspection. A typical severe damage on the cylinder surface is shown in Figure 18, consisting 

of a small imprint from direct impactor contact and fibre fractures in the outermost ply, 

progressing symmetrically in the axial direction [39]. The visible traces of impacts are very 

localized, confined to a 30-50 mm region. However, the OFs measure strain peaks from internal 

delaminations (releasing residual strains), which are visible over almost the entire length of the 

cylinder.  

  

In Figures 16 and 17 the strains are plotted against the position along the OF length. A network 

of OFs embedded inside the pressure vessel opens new possibilities for creating detailed 

visualizations of the damage area. Since the geometry of the vessel is known, the position along 

the fibre can be decomposed, and plotted on a surface, as seen in Figure 19. 

 



 
 

 
 

 
 

The strains from three pressure vessels, which have been impacted by different impact energies 

(30 J, 60 J, 100 J) are compared. The strains exceeding the ± 10 microstrain noise threshold are 

plotted as dots. The diameter of the dots is a logarithmic function of absolute strain values and 

the same scale was used for all three figures. The impact location near the 300 mm axial 

coordinate (i.e. in the middle of the pressure vessel) is clearly evident, despite occasional 

surrounding noise. There is also an obvious correlation between the impact energy applied to 

the unpressurized vessel, and the overall size of the delaminated region. The higher the applied 



energy, the larger the delaminated area. Interestingly, the highest energy impact (100 J) also 

shows individual bands of delamination, two of which seem to align with ± 15° helical plies. 

 

The importance and the precision of reference points is easy to grasp since this 2-D visualization 

in Figure 19 relies fully on the knowledge of specific positioning of each individual optical 

fibre. To obtain a high precision for OF monitoring, it is necessary to have many reference 

points, even in several intermediate positions along the cylinder length, for longer pressure 

vessels or tubes. 

 

Strains in optical hoop fibres – pressurized 

The previous detection cases were based on non-pressurized vessels. During examination of the 

pressurization data, evidence of damage could also be revealed by looking at the hoop optical 

fibres under pressurization. In Figure 20, a strain vs position plot of pressure vessel 2 is shown. 

The data was already presented in Figure 13, but now all measurement points are connected as 

a line in the plot. Results for three pressure levels are shown; 20 bar, 70 bar and 120 bar. The 

highlighted impact is based on the true midpoint of the vessel, where the impact was performed. 

For the low pressure of 20 bar, the strains are roughly constant. They show small periodic peaks 

over the centre of the vessel; no indication of damage is present. For the higher pressure levels, 

the strains around the impact region begin to deviate from the strains seen over the rest of the 

vessel. For the highest pressure the centre peak grows higher, indicating increasing damage. As 

seen in Figure 13, the fibre was severed at 160 bar.  

 

The periodic peaks in the roughly constant regions of the strain plots, appearing at both sides 

of the impact, are spaced by ca. 40-50 cm. This equates to one hoop circumference, which in 

relation to the optical fibre pitch for PV2, translates to a distance of 30 mm on the vessel surface 

in the axial direction. It is a secondary effect attributed to initial ovality of the vessel, but it is 

outside the scope of this paper to investigate this effect in detail. The strain fluctuations in the 

beginning and end regions are a result of the mandrel configuration, where the steel end domes 

transition abruptly to a less rigid polyethylene mandrel. The strain peaks caused by impact 

damage can be easily identified, since they are larger than the periodic peaks and grow with 

increasing pressure.  

 

 
 

 
Figure 20: Strains vs position along the optical fibre for three pressure levels, Vessel 2 (Mode 3). 



Comparison 

The hoop optical fibre configuration is the most promising method for impact detection. The 

optical fibres are easily embedded into the laminate and damage can be detected on 

unpressurized and pressurized vessels. Note that the method should also work for surface 

mounted fibres, but this was not tried in this test program. 

 

The grid method is best for studying the spread of impact damage. The grid is complicated to 

put into the composite laminate and it works well only if the impact happens in the middle of 

the grid. This method is good for studying the effect of impact on the vessel, but it is less 

suited for detecting random impact events. 

 

Fracture of an optical fibre placed close to the surface is an obvious method to detect impact, 

but it only works if the impact happened close to the fibre. The advantage of using an OBR 

optical fibre is that the location of the impact is indicated, with high precision. 

 

CONCLUSIONS 
• A method is described to monitor for damages due to impacts on filament wound 

composite pressure vessels. The method is based on using optical fibres (OF) embedded 

in the laminate, and was successfully demonstrated as a method for structural health 

monitoring of composite pressure vessels. Four ways of detecting damage were found, 

where three were used on non-pressurized vessels and one was utilized on pressurized 

vessels. A novel data analysis method (running reference method) was employed to 

mitigate noise appearing in the measurements on pressurized vessels. 

• The most promising method for detecting the location of an impact event are optical 

fibres wound continuously in the near hoop direction. A pitch angle of about 2.5-4.0 

degrees was used to wind OFs between filaments which themselves had a pitch angles 

of ±0.7 degrees. The fibres can detect the location of the impact and the spread of 

damage to some extent. When the pressure vessel is unpressurized the fibres measure 

the release of residual strains due to the damage. Surface plots were made showing how 

the damage spreads across the vessel. When the vessel gets pressurized, strain peaks 

can be seen near the damage. 

• The possibility to inspect unpressurized vessels for damage is beneficial from a safety 

and operational point of view. 

• Putting a grid of optical fibres in the vessel allows studying the spread of damage due 

to impact to the laminate quite accurately, provided the impact hits the centre of the 

grid. This method is useful for research, but not useful for detecting the location of an 

unknown impact in a large structure. It is also tedious to apply the grid.  

• If the optical fibres get hit directly they fail, and this can also be used as an indication 

of an impact. This method works best for fibres embedded close to the external surface. 

• The embedded optical fibres could measure strains up to the burst pressure of 160 bars. 

The measured strains were up to 0.5% and compared well with traditional strain 

measurements from electrical resistance strain gauges. A running reference method was 

used for the data analysis. 

• The embedded optical fibres work best if they are surrounded by structural fibres from 

the laminate running in about the same direction. The optical fibres worked well and 

consistent at any through thickness position in the laminate. 
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