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ABSTRACT

Pipe and vessel structures made from fiber-reiefbrc
polymer composites are know to commonly outperforetallic
structures in terms of corrosion resistance andngth-to-
weight ratio. However, composite pressure pipind aassels
without internal lining are prone to leakage fadluzaused by
matrix cracking. Microscopic fractures in the oftémittle
matrix phase grow and coalesce under loading, fayma
network of matrix cracks that facilitates fluid permeate the
pipe or vessel wall. Hence, liners are often inooaped into
composite pressure containment structures. Leakaiygres
usually occur considerably below pressures causipture of
composite pipes and vessels. Hence, more effidiesigns may
be obtained if liners could be avoided altogetfer.achieve
this goal a thorough understanding of the damagehamésms
leading to leakage failure is required.
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INTRODUCTION

Fiber-reinforced polymer composite (FRPC) pipinfgisf better
performance in terms of corrosion resistance anehgth-to-
weight ratio than most metallic piping, and costaadages may
thus be realized employing FRPC pipe in variousustdal
applications. Filament winding is commonly employfed the
manufacturing process. Using state-of-the-art mastufing
equipment this process can largely be automatetthwhakes
FRPC pipe even more cost-competitive. Because e$eth
characteristics, FRPC piping has become an afteacti
alternative to metallic pipe for many branchesnofiistry.

Even though FRPC materials have been in industisal for
decades, an understanding of their failure behaigostill
limited. To enhance this knowledge an investigation
internally pressurized pipe was conducted. ThustHar only
indicators for a defective pipe are obvious failoredes such as

Composite pressure piping and vessels are generallyrupture, buckling, collapse or leakage. The Idta#ure mode is

manufactured using filament winding or similar teiciues.
Resulting interwoven fiber architectures are gdhera
considered to influence strain patterns and leakag®vior.
Classical experimental methods are usually unabletify this
hypothesis, and therefore modeling techniques Havgely
been employed. In the present study, the effectfiloér
architecture on surface strain patterns and thgatioin of
leakage were investigated experimentally usingtaligimage
correlation technique. Surface strain maps werelyoed for
tubular filament-wound composite specimens subijkecte
combined internal pressure and axial traction. filaings of
this study indicate that no distinct correlationisex between
surface strain patterns and leakage initiationtgoin
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due to microscopic fractures in the polymer mattnat develop,
grow and coalesce to a network of cracks. The dithie study
is to assess whether there is a distinct correlabietween
winding patterns, strain distributions, and leakaggiation
points. If a correlation can be found, compositeeptould be
improved by selecting most suitable fiber architees and
reinforcing pipe in vulnerable areas during the doiion
process. Thus this study might result in improvedigrmance
of FRPC pipes. Some preceding studies already ptéehto
establish a correlation between strains and leakaigation
points, but did not fully succeed due to insuffitiespatial
resolution [1]. Theoretical studies such as [2]dus&EA to
predict strains and leakage initiation points.

Considering that the phenomenon of matrix crackmgot
limited to part of the specimen surface, a fulldiestrain
measurement technique is required. As mentionedvegabo
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microscopic cracks usually grow and coalesce imptiogess of
rising pipe stress to form a network of cracks, dmhce,
another attribute for a suitable measurement sysgerthe
ability to produce a detailed and time-dependerdirstmap.
Digital Image Correlation (DIC) meets all these uegments,
and thus was used for strain measurements in tilndy.sStrain
gages, which can only provide average values fahlhi
localized areas, were used to validate DIC measemesn

In the present paper, results from experiments \iite

different composite specimens are presented. Stdsta
obtained by DIC were evaluated and compared tanélat
winding patterns and leakage points that were @@sorded by
the image system.

EXPERIMENTAL WORK

Specimen Fabrication and Geometry

In this study an advanced E-glass was used (158B 39 by
Owens Corning). Glass fiber rovings had a lineaighte of
0.735 g/m. A Bisphenol-A epoxy system with a non-MD
polyamine hardener formed the polymer matrix (EP@&\N&ith

EPICURE9551 by Hexion Specialty Chemicals). Tubular

specimens were produced by winding fiber materiaigto
chrome-plated steel mandrels. Eight E-glass strandse
wound simultaneously forming winding bands with&dim. A
force of 27 N was applied to individual strandsidgirwinding
using a numerical controlled tensioner. Specimenslyred in
this manner were given the designations B001, BB0®3 and
B004. An additional specimen, B006, was produceidgus
narrower winding band with 2.94 g/m, which resuliea fiber
architecture with greater number of winding bandulations

The diameter, free gage length and fiber architeotid all
specimens was 38.1 mm, 90 mm and [+45&spectively. The
fiber volume fraction was determined as 65 %; cpoadingly,
an effective wall thickness was determined as OrB8. The
effective wall thickness was calculated from thdlofeing
information: applied winding angle, amount of depes fiber
material and fiber volume fraction [3]. This methgives a
consistent measure for wall thickness since itewglthe resin

rich layer on the outside of tubes that forms duyrin

manufacturing by excess resin accumulation. Dempgnain
manufacturing conditions such resin-rich layersallguhave
considerable thickness variations.

Speckle Pattern for DIC Analyses

Having a unique speckle pattern on the surface adhe
specimen was essential for the DIC method. Theepativas

applied over a rectangular zone with axial orieatatand

dimensions 38.1 mm by 50.8 mm using ordinary wiaitel

black spray paint. Once a white base coat was aieghl black
paint dots with diameters ranging from 30 um and 2B were

applied. This corresponded to dot sizes, as obdebyethe

CCD camera, with diameters between 1 and 7 pixdlgh was

an excellent dot size for DIC analyses. Prior teparing the

speckle pattern strain gages were attached on pheinsen
surface in opposite corners of the rectangularepattone. To
suppress light reflections and glare, black adleesape was
also attached to the specimen surface as needsgedmen
close-up with speckle pattern and strain gagelsaw/is in Fig.1.

Testing Equipment

A custom-made testing machine was used to applgl axi
force and internal pressure to the specimens. dpguly mount
specimens into the testing machine’s gripping sysaad load
train for the application of axial force (shown Iig.2),
specimens were equipped with metallic end tabs.raijit oil
from a pressure intensifier was supplied to thecispen. The
testing machine used an analog controller system
combination with a personal computer running Nation
Instruments’ LabView software. Besides controllingernal
pressure and axial force this system also perforrdath
acquisition tasks. The following data were recordedt time,
internal pressure, axial load, circumferential gag®in, and
axial gage strain.

For full-field strain measurements a DIC system by
Correlated Solutions was used. It consisted of AW Pike
F421b cameras, each with a resolution of 2048x20i48ls.
Both cameras were equipped with a Nikon F-moun82&in
zoom lens and were connected to a second persomguter
via a ‘FireWire’ connection. To obtain exact coat@n results,
stable, non-vibrating camera positions needed terisered. In
addition, it was found that for optimal results,ttbb@ameras
needed to be focused on the specimen surface hawimmgle
of 30° to 40° between their optical axes. Propemara
positioning was accomplished using a custom-madeeca
mount that was attached to the testing machine. di$tance
between lenses and specimen surface was about.15 cm

Speckle pattern

Strain
gauges

38 1mma"

Black adhesive tape for
reduction of reflectance

Figure 1: Specimen equipped with strain gages
and speckle pattern.
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Installed specimen
with speckle pattern
~\

Figure 2: Specimen installed into testing machine.

Bright illumination of the specimen surface wasuieed.
To achieve even illumination without glare, a curvenhite
reflector was used that was illuminated by two ¥6Malogen
lights, see Fig.3. To avoid thermal effects durtegting, an
ambient airstream was directed through a spec@bsare onto
the backside of the specimen. Once a steady steaeached
the specimen temperature was 29°C, which was cersidto
be room temperature conditions.

Experimental Procedures

Testing commenced once a specimen was properlgllscst
and setup and calibration of the DIC system wemapieted.
Specimens were subjected to axial load and intggredsure
resulting in a biaxial stress rai/cx in the pipe wall of 1H/1A
(i.e. equi-biaxial loading). Internal pressure waised at a rate
of 2.35 kPa/s. Note that only one specific loadmnage was
applied, and hence, time-dependent effects on danvage not
investigated in this study. Axial force was adjdstey the
controller system to maintain the specific streatior To
prevent pipe bursting, loading was terminated whepecimen
pressure of 6.9 MPa was reached (i.e. the expebtedt
pressure), or when the pipe was completely coveriga oil
escaping from matrix cracks. Note that the DIC prhoe was
unable to process images as soon as oil drops rgupea the

Vhite reflector with a
le for the camera lenses

Enclosure for
air cooling

Figure 3: Final setup for DIC image acquisition.

specimen surface. Nevertheless, images were ratdodehe
entire test duration to allow for the determinatiohleakage
initiation sites. Note that since the specimen gedrnength and
diameter during testing, the locations of leakatgEs ieeded to
be related to specific speckles and not to imagel ppcations.

RESULTS

Testing showed that none of the FRPC specimensdfail
due to burst, and all specimens started to leak apecific
pressure. Leakage for BO01 to BOO4 initiated aterimil
pressures between 3.5 MPa and 4.0 MPa while B@6dtto
leak earlier at a pressure of 2.5 MPa. Four to leakage
initiation points appeared in the form of small dibps on the
surface of specimens that were produced with tluke wiinding
band (BO0O1 to B004). For B0OO06, i.e. the specimerdpeced
with the narrow winding band, six leakage initiatisites were
observed that appeared in the form of lines ratiem dots.

For each test a few thousand images were producgd a
used for post-processing to obtain high-accuracysméor
strains in circumferential and axial direction. Tmply
illustrate the development of strains, the numlddmages can
generally drastically be reduced. In the presepepanages are
shown that were taken just prior to leakage obsaguthe
specimen surface (Figs.4-9). Also, observed leakaigjiation
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Figure 4: Map of hoop strain (‘exx’) for specimen B 001. Figure 5: Map of axial strain (‘eyy’) for specien BOO1.
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sites were marked in these images by white dotiashed lines
to reveal any possible connections between strafteqms and
leakage initiations sites. Another interesting dlesashown in

the images for specimens B003, BO0O4 and B006 (F@s.
These specimens were wound with colored glass-filzrer

threads that marked each side of the winding beietce, the
winding band pattern could be reproduced and dramin the
strain maps using white and grey lines. Note tlaaaltel white

and grey lines that are in close proximity to eattier indicate
a small winding band overlap that was adjustednisuee full

mandrel coverage and avoid any spots with weak issing

fiber reinforcement.

Correlated Solution’s VIC-3D software was employed
image post-processing. Simply speaking, the DIC houbt
measures deformation on an object surface by mgcray
scale patterns of small subsets of the full-fielthge. Using a
standard deviation test, best correlation resultgevachieved
with a subset size of 17 by 17 pixels. Such a suinetuded
three to five pattern dots. Computing time andsize of output
files vary inversely with the square of the stepes{i.e. the
location of the next subset). Optimum results whigh
accuracy and reasonable computing time were adhiéwea
step size of 4 pixels. Note that DIC results showed
unreasonably high strain gradients at the frindeth® speckle
pattern; hence, these areas were excluded fromanalysis.
Strain data within the area of interest, on theeotiand, were

T e A

Figure 6: Map of axial stri‘e’ for specimen

B002.
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Figure 7: Map of axial strain (‘eyy’) for specimen

Figure 8: Map of axial strain (‘eyy’) for specien

eyy [%] - 15 filer

Figure 9: Map of axial strain (‘eyy’) for specimen BO06.
highly accurate and repeatable; strain maxima daridy by an
absolute 0.00145% between images taken of unloaded
specimens. This small error, which is consideredh&wve
negligible effects on the analyses, is thought éochused by
floating point noise.

From hoop and axial strain maps shown in Figs.4 &nd
respectively, it can be observed that hoop stramd lower
maxima (shown by the gray-scale bars) and werelaiger on
average (overall darker hoop strain map) than atialns. This
behavior was noticed for all specimens, i.e. avergal strain
was approximately 20-30% higher than hoop straimis Tan
clearly be observed from load-strain plots like ¢ine presented
in Fig.10, which shows hoop and axial strains fpeagmen
B002. This figure also indicates that strain gageadand DIC
measurements were generally in good agreement.

DISCUSSION

Present experiments showed that DIC is a reliable
contactless method for measuring surface strainsoomposite
specimens. Area averaged strains from DIC analyssswere
produced for the five different FRP specimens adjreell with
strain gage readings.

Axial strains were observed to be somewhat highant
circumferential strains. This trend was observed il
specimens. Equal strains in both directions wepzeted since
specimens had 45° winding angles (causing orthirop
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Figure 10: Strain data from strain gages and area-a
DIC measurements for specimen B002.

veraged

properties) and were subjected to a stress ratibHdfA (the
exact stress ratio was 0.98 based on recorded émat@ressure
data and the effective wall thickness of 0.58 m@he may
speculate that small deviations in winding angleresidual

stresses within the FRPC material may have caubed t

dissimilarities between hoop and axial strains; éwav, no
conclusive explanation could yet be found for fitienomenon.

For all specimens made with the broad winding band,

leakage initiation sites appeared in the form otsddrhe
number of dots within the area of interest variesht 4 to 10.
No apparent correlation between strain intensdigs locations
of leakage initiation points could be ascertairfeol. example,
leakage points #1 and #3 on specimen B002 wer@ties of
low strains while point #5 was in an area of a hégfain (see
Fig.6). Similar observation can be made for the epth
specimens.

Some degree of pattern regularity can be obsenmvetie
strain maps shown in Figs.4-8, in which zones ghtand low
strains are generally aligned with the 45° windpagtern. But
this must be seen as a generalization since coabidestrain
variations still exist along the fiber directionlsd, zones of
high and low strains do not consistently match Lgh whe
winding band patterns; it appears that with respeavinding
band positions these zones were shifted for eaetirspn
differently (see e.g. Figs.7 and 8).

In terms of leakage initiation sites, one may ardo@t
specimen B002 exhibits three specific lines thaiuide the
majority of leakage points (see Fig.6). The firsthese lines is
defined by points #2 and #3; the second line bytgo#l, #4,
#5 and #6; and the last line by the points #7, #8 #10.
Hence, the assumption could be made that thess kme

related to the location of winding bands. But, elos
investigation of strain maps containing sketchethefwinding
band pattern, e.g. for specimen B003 shown in Figefites
this assumption. Here leakage points appear in isghm
random positions in zones with strains of varyirggmitude.

As mentioned above, the winding structure for gpeci
B006 is more interwoven and complex since this layer fiber
architecture was produced with a narrower windiagdthan
the other specimens (Otherwise, the material systeantesting
conditions were identical for both specimen type§his
resulted in a strain map with relatively low straariability (see
Fig.9), which thus offered even less clues for assjiue
correlation between winding pattern and leakageabien At
the same time a more uniform strain distribution diot
produce higher leakage strength, i.e. leakage réailtor
specimen BO006 occurred at an internal pressurizatd
2.5 MPa compared to 3.5 to 4.0 MPa for the othecispens.
Leakage initiation sites also appeared in the fofiines rather
than points (Figure 11 provides a close-up viewsath a
leakage line). Leakage lines were generally viséaten with
the naked eye. Note that zones of elevated stonapanied
the leakage lines, and that leakage lines weretddcat the
winding band boundaries. Hence, it seems that Eciepen
B006 a separation between winding bands rather ¢hacking
within the bands themselves was the dominating ar@sm for
leakage failure. This is different from the damamgechanism
for the other specimens where highly localized &gk sites
were observed. A reason for differences in damagfgavior
may lie in the altered winding procedure; howeverther
research is required to fully understand this phesrwon.

Flgure 11 Close up view of leakage line #5
on specimen B0O06.
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Overall, the experiments showed that despite oérernl
correlation between strain and winding pattern, apparent
correlation between leakage initiation sites andase strain
patterns was evident for the present composite ggeimens.
Additional work is suggested to investigate the ke
phenomenon, using e.g. computerized tomographjndode
information on density and matrix porosity disttibans and
wall thickness variations.

CONCLUSIONS
In this paper results from an experimental studyfiber-

reinforced polymer composite pipe structures weaesgnted.
Pipe samples with a two-layet45°] fiber architecture were
subjected to equi-biaxial loading caused by inteprassure
and axial loading, and surface strain maps werdymed using
digital image correlation technique. Leakage itittia sites and
winding band patterns were also considered in tfadyais. The
following conclusions were drawn from the experitaén
results:

» For all tests average strain in axial direction Wwagher than
in hoop direction. Due to practically equi-biaxialading
conditions and orthotropic material properties, aqu
average axial and hoop strains were expected. Xhet e
cause for the observed behavior is currently unknow

» Leakage initiated between 3.5 MPa and 4.0 MPa riater
pressure for specimens produced with a winding bafnd
5.88 g/m linear weight. Four to ten leakage iniatpoints
were observed in the area captured for image dralys

» A specimen produced with a winding band half thdtkviof
previous specimens (2.94 g/m), resulting in a more
interwoven fiber architecture, leaked earlier gr@ssure of
2.5 MPa. Six leakage initiation sites were obsertieat
predominately appeared in the form of leakage l{oemcks)
at winding band boundaries. This led to the concftushat
in this case, damage was largely caused by separafi
winding bands.

» Positions of leakage initiation sites for all otlgrecimens
appeared to be of a random nature. No clear ctioela
between leakage points and surface strains or mgnidand
pattern could be found.

e It is suggested to conduct further testing usinditaahal
methods like computerized tomography to find a bbss
correlation between leakage initiation sites and
density/porosity  distributions and/or wall thickees
variations. Also, fatigue loading may be employen t
promote accelerated crack formation and coalitéon thus
possibly denser crack/leakage patterns, at lowexidli
stress levels than under monotonic loading conktio
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