DOKUZ EYLUL UNIVERSITY
GRADUATE SCHOOL OF NATURAL AND APPLIED
SCIENCES

SEA WATER EFFECT ON COMPOSITE PIPES
SUBJECTED TO IMPACT LOADING

by
Murat SARI

June, 2010
/M R



SEA WATER EFFECT ON COMPOSITE PIPES
SUBJECTED TO IMPACT LOADING

A Thesis Submitted to the
Graduate School of Natural and Applied Sciences of Dokuz Byl University
In Partial Fulfillment of the Requirements for the Degee of Master of Science

in Mechanical Engineering, Mechanics Program

by
Murat SARI

June, 2010
/M R



M.Sc THESIS EXAMINATION RESULT FORM

We have read the thesis entitt8SEA WATER EFFECT ON COMPOSITE
PIPES SUBJECTED TO IMPACT LOADING” completed byMURAT SARI
under supervision d?PROF. DR. RAMAZAN KARAKUZU and we certify that in
our opinion it is fully adequate, in scope and in quality, as astfasthe degree for

Master of Science.

Prof. Dr. Ramazan KARAKUZU

Supervisor

(Jury Member) (Jury Member)

Prof.Dr. Mustafa SABUNCU
Director
Graduate School of Natural and Applied Sciences



ACKNOWLEDGMENTS

First of all, I must express my sincere gratitude to mgesvisor, Prof. Dr.
Ramazan KARAKUZU, for his psychological and mental support and guidance

throughout of the greatest contribution to the compilation ofstinidy.

| also would like to express my gratitude to Prof. Dr. Onur SAYW/Aor his
technical consequential support throughout all of the study.

| would like to thank research assistants M. Emin OENAyta¢c GOREN,
mechanical engineer Tolga D@N and technician Salih EK for their help during

experimental stages of the study.

| would like to thank TUBTAK (The Scientific and Technological Research
Council of Turkey) for supporting this study under Project number 108M471.

| would like to thank thanks Zoreel”, “Artipol” and “HPA” firms for their

materials and instrument supports.

| wish to express my thanks to my brother students, Olgay DELEN and
Yal n AKGUN for their direct and indirect various friendiyds.

Finally, I would like to thank my parents for their continuous loving suppor
throughout my all life and also | would like to my fiance for heexhaustible

passion, patience and understanding.

Murat SARI



SEA WATER EFFECT ON COMPOSITE PIPES
SUBJECTED TO IMPACT LOADING

ABSTRACT

The aim of this experimental study was to investigatestee water effect on

fatigue behavior of composite pipes subjected to impact loads.

In this study, firstly, the general data about burst stre(igéd capacity) and
average life cycle of fatigue composite pipes are giveembcturing of vessels by
filament winding method is expressed. Schematic of a filamerding process is
demonstrated and also materials of filament winding and apphsaof filament
wound products are given. Information and procedure about impact and tastgie

are given.

Secondly, impact tests and fatigue test results are pres@hidmpact tests are
performed at three different energy levels as 5J, 7.5J, and 10dna temperature.
The impact characteristics such as peak force, maximum tefleand total
absorbed energy are listed. The mentioned impact chardactedstoth conditions
(dry condition and sea water immersion) are plotted againsintpact energies.
Using of load-deflection and load-time curves the impact progedfefilament
wound-glass fiber reinforced plastic (FW-GFRP) pipes areus#sd for both
conditions. Fatigue life cycles of FW-GFRP pipes and grapleycedé to failure for
all test specimens are given. Damage mechanisms (moflesmposite pipes are

examined in detail.

The results obtained are evaluated and discussed by using sgohegyrand
images. Generally, two results are deduced. It is coaflrthat impact energy brings
about reduction of the burst strength of composite pipes. Remardger finding is
observed that impact and burst strength values of compositevgipgsare exposed
sea water (three months) are increased a bit.

Keywords: Composite pipes, Impact, Sea water immersion, Fatigue life



DARBEL YUKLEMEYE MARUZ KOMPOZ T BORULARDA
DEN Z SUYUNUN ETK S

oz

Bu deneysel calmann amac, darbe hasar sonras deniz suyunun kompozit

borular n yorulma davrariar na etkisini ara rmakt r.

Bu cal mada, ilk olarak, patlama bas nc (yiuk kapasitesi) ve ymaubmur
cevirimi ile alakal genel veriler verilmir. Filaman sarma tekni ile kaplarn
dretimi anlatIm tr. ematik filaman sarma siregleri resmediltini Filaman sarg
malzemeleri ve filaman sarg | Urlnlerin uygulamalar hakk ndigilei verilmi tir.

Darbe ve yorulma deneyi hakk nda bilgi ve prosedurler aktat hm

kinci olarak, darbe ve yorulma test sonuglar sunutonu Ug ayr enerji
seviyesine (5J, 7.5J ve 10J) sahip olan darbe testleri od&l srda
gercekletirilmi tir. Darbe maksimum kuvvet, maksimum ¢okme ve toplam absorbe
edilen enerji gibi darbe karakteristikleri listelentiti Kuru ortam ve deniz suyu
ortam nda bulunan numunelerin s6z edilen darbe karakteristimkeri uygulanan
darbe enerjilerine gore graé dokilmutur. YUk-cokme ve yuk-zaman eleri
kullan larak cam filaman sarg| kompozit borular n darbe 6zellikher iki ortam
icin yorumlanm tr. Cam filaman sargl kompozit borularn yorulma ©6mur
cevirimleri ve tim numuneler icin ¢cevrim-hasar faz graiklierilmi tir. Kompozit

borular n hasar mekanizmalar (modlar) ayr nt| olaralelaomitir.

Elde edilen sonuclar ciéli resim ve grafikler yard myla derlendiriimi ve
0zgin ¢ kar mlar yap Imt r. Genel olarak iki sonuca ulém tr. Darbe enerjisinin
kompozit borularn patlatma mukavemet ederinde duid e neden oldw
do rulanm tr. Dikkate deer di er bulgu deniz suyuna U¢ ay maruz b raklan
kompozit borularn darbe ve patlatma mukavemetlerinde bir miktar art

gozlemlenmesidir.

Anahtar sozcukler: Kompozit borular, Darbe, Deniz suyu emmesi, Yorulma émri
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CHAPTER ONE
INTRODUCTION

1.1 General View

Fiber reinforced composites become important increasingdutimarine- aircraft
vehicles, automotive, sport equipments, weapon-armor industry aond, gbhis is

because fiber reinforced composites are of high speciéingitn and stiffness.

Pressure vessels, gas and liquid transfer pipes, cryogesi@gks, rocket motor
cases and launchers manufactured by filament winding methods and lopded
internal pressure are widely used in advanced technologies basedirohgkite
weight, high mechanical properties, damage tolerance, good oormesistance and
low cost. Variety of parameters for availability is éed for filament wound fiber
reinforced plastic (glass; FW-GFRP, carbon; FW-CFRP, arkaRlV-AFRP) pipes
such as optimum winding angles, number of layers, volume drectof fiber,
internal pressure and environmental conditions which affect thagskr and some
other properties (Young modulus, shear modulus, toughness etc. ) ofptdwe pi
Background shows that, in generally optimization of composite weaseldone by

changing the above-mentioned parameters are investigated.

The FW pipes may be subjected to impact loads due to droppin@tipgls
knocking and/or rough handling. These impact loads cause interlageliaanination
results in reduction in mechanical properties like compressiosjore buckling
strength and stiffness of fiber reinforced composites, elilendamages are not
visible. In this point of view, it is necessary to clarifiye strength reduction
mechanism after impact and to improve the impact resist#ise, surface cracks
which exist in mentioned composite structures can lead to mathital failures,

especially in corrosive and cyclic loading conditions.

There are too many investigations, handbooks and articles about c@mposit

material. In this study, information about fundamentals of compasiterials has



not been acquainted. Therefore the following references aracpount for them;
Jones R. M. (1999), Mazumdar, S. K. (2002), Mallick, P.K. (2007).

Mightily and adequate studies are done about mechanical behavitire of
composite plates. They focused mainly on the mechanical prapékige tensile,
fatigue, fracture and impact characteristics of th&RBnaterials. At the same time,
many researchers worked on identifying the effects of impaofjsequent
delamination, and material properties such as specific emdagprption, maximum

peak load, maximum contact time, compressive strength aml so

On the other hand, it is seen that the effect of dynamic innssyme (fatigue) on
tubes was studied only to a limited extent in recent yearsviéw of the literature
revealed a number of studies focused on pipes but there are fesgstigations
about the fatigue and fatigue behavior of fiber reinforced pipds smitface damage
(impact, crack etc.). These experimental studies are cowmldiarteeveral parametric

(crack size, crack orientation, exposed matter type etc.icapphs.

Experimental studies were main point of this research thatchiminvestigate the
fatigue behavior of composite pipes after impact damagethil#sés also focuses on
the sea water effect failure analysis of composite pipesxpgriment. Failure phases

of composite pipes are extensively studied.

So that the study generally consist from following three phaxgesrimental test;

1-Expose the specimens 3 months in sea water,
2-Perform various impact loading,

3-Apply dynamic inner pressure (fatigue).

Hydrostatic burst tests were conducted using a self designéd-tause and
fabricated HPA corporation. The impact test characteristis stadied by using

Ceast-Fractovis Plus impact tester.



In study, researching about the following subject is aimed;

1-Investigate the low velocity impact damage on FW-GFRPspipe

2-Investigate the effect of sea water sensibility on the l@hocity impact
damage on FW-GFRP pipes,

3-Observation the damage process during and after subjected to fatdirey
of FW-GFRP pipes,

4-Figure the fatigue cycle to impact energy graph FW-GFREpi

5-Investigate the sea water effect on dynamic loading ofGIWVRP pipes,

6-Predict service life of FW-GFRP pipes under dynamic loading.

1.2 Outline of the Thesis

The structure of this thesis with respect to the main dlbgecis:

Chapter 2: This chapter provides an introduction to the compositsupee
vessels. The general structural efficiency equation ofeledss given and average
mechanical properties are compared filament wound compositevigs@hers.
Physical structure of composite pressure vessels and compaaentisted, the
general data about burst strength and average fatigue lifle @&re given.
Manufacturing of vessels which is filament winding method is tedraSchematic
of a filament-winding process is demonstrated and also matefiélament winding

and applications of filament wound products are given.

Afterward a wide literature review is given that considtedh four subsections;
impact damage on composite pipes, burst of composite pipes, burstnpiosite

pipe after damaged and finally effect of water immersiortomposite pipes.

Chapter 3: This chapter presents setup of experimental apptsaif thesis. In
this chapter details of specimen, production steps of FW-GFpé%,pmechanical

properties of the fiber and resin are given. It is explatdtew is created sea water



simulation and performed impact and fatigue testing. Also lddtdigures of

experimental setup, equipments and apparatus are given.

Chapter 4: This chapter hosts the main product of the study whatshiésrand
discussions. In this chapter, the impact characteristids asipeak force, maximum
deflection and total absorbed energy are listed and its trendhéogemparison of
composite pipes both dry and water immersed conditions, againstmibecti
energies. Using of load-deflection and load-time curves the inppaperties of FW-

GFRP pipes are commented for both dry and sea water imneensditions.

Cycles of fatigue life of FW-GFRP pipes and graphs of cial@ilure phases of
fatigue life of all test specimens are given finally dag observations of tubes is
listed.

Chapter 5: in this chapter, summation of the results of the cimpats, the
fatigue tests and the sea water effect are given. Téked with experiment

recommendations is presented.



CHAPTER TWO
COMPOSITE PRESSURE VESSELS AND MANUFACTURING

2.1 Composite Pressure Vessels

Pressure vessels have long been manufactured by filamentgiriessure
vessels appear to be simple structures, but they are athengnost difficult to
design. Filament-wound composite pressure vessels have found wadksgee not
only for military use but also for civilian applications. Théxhnology previously
developed for the military’s internal use was adapted to awij@rpose and
following this, extended to the commercial market. Applicationsughelbreathing
device, such as self-contained breathing apparatuses useé-bgHhiers and other
emergency personnel, scuba tanks for divers, oxygen cylinders focahedid
aviation cylinders for emergency slide inflation, opening doordowrering of

landing gear, mountaineering expedition equipment, paintballydjagers, etc. .

A potential widespread application for composite pressure Igessethe
automotive industry. Intensions for reducing emissions leads the remveo
Compressed Natural Gas (CNG) fuelled vehicles worldwide. Tdie aim of the
industry here is the attempt to replace fuel oils with natgaalor hydrogen as the
energy supply in vehicles for air quality improvements and redyobal
warming. The successful application of these fuels in vehicégsbe achieved by
fuel cells in concert with hydrogen gas storage technologies.oDtie missing
milestones here is the inadequacy of the vehicle range beteiesling stops.
Other important parameters in these applications are weighineohnd cost of
the containment vessel (Onder, 2007).

Filament-wound composite pressure vessels developed from higlytetrand
high modulus to density ratio materials offer significant weighvings over
conventional all-metal pressure vessels for the containmengbfgressure gases

and fluids. The structural efficiency of pressure vessealsfined as:



(2.1)

where; B: Burst pressure, V: Contained volume, W: Vessel weight

The structural efficiencies of all-metal pressure vesse#sige from 7.6*10to
15.2*1¢ mm while filament wound composite vessels have efficienciethe
range from 20.3*1Dto 30.5*10 mm. This can be stated as the structural
efficiencies of composite pressure vessels are better alanetal pressure
vessels of similar volume and pressure. Also some other niespef tubes are
compared below in Table 2.1 (Onder, 2007).

Table 2.1 Property comparisons: Filament wound amsitg vis-a-vis others (C-K Composites)

Tensil Tensil Specific
- Density ensrie eNSTe | Tensile
Material Strength | Modulus

(g/cc) (MPa) (MPa) Strength

(10° m)
Filament Wound Compos 1.9¢€ 103¢ 31.02 52.9¢
Aluminium 707:-T6 2.7¢ 565 71.0] 20.8i
Stainless Ste¢301 8.0z 127¢ 199.9- 16.2(
Titanium Alloy (Ti-13 V-12 C-3 Al) | 4.5¢ 127¢ 110.: 28.5(

"For unidirectional composites, the reported modalug tensile strength values are measured in the
direction of fibers.

Composite vessels with very high burst pressures (70-100 MPa) aeyvice
today in the aerospace industry. Vessels with burst pressureeine®®8 — 400
MPa are under investigation and such containment levels wasvedhn the late
1970’s through mid 1980’s. Further researches must be made fordiga o

advanced ultra-high pressure composite vessels (Onder, 2007).

A maximum pressure of 35 MPa is permitted under current regngat21l MPa is
a standard vehicle refueling system’s nominal output pressurecivilian

applications. Higher pressures are not yet approved for use on paodolis or



commercial aircraft. This implies a great need for advaeo¢nm composite

pressure vessel technology (Onder, 2007).

2.1.1 Structure of Composite Pressure Vessels

Cylindrical composite pressure vessels mostly consist oftalliogplastic internal
liner, a filament wound and a composite outer shell as shown i2.EigThe liner

is used to prevent leakage of the high-pressure fluid through thax matr
microcracks that often form in the walls of filament-wound fitenforced epoxy
pressure vessels. Some of the metal liners also proveleg#irto share internal
pressure load. For composite pressure vessels, a big portioa applied load is
carried by the strong outer layers made from filament wound compoattial,
and this design of the outer filament wound composite materiabsdyrthe main
parameter for the amount of pressure that can be presentdorttaner (Onder,
2007).

Figure 2.1 Example of universal filament wound cosite pressure vessels.

1- Thin plastic liner / Ultra thin-walled aluminum &n
2- Insulating layer
3- High - performance carbon - fiber overwrap in epoasin matrix.

4-  High - strength glass fiber reinforced plastic (FFRrotective layer



In the following there are some comments for production processngbasite
pressure vessels and internal pressure (static and dynamic).

The winding is done on the liner, which also serves as a elafdre winding
tension and the subsequent curing action create compressigestreshe liner
and tensile stresses in the fiber reinforced epoxy overwiiégr. fabrication, each
vessel is pressurized with an internal proof pressure (al$edctle ‘sizing’
pressure) to create tensile yielding in the metal lineraaiditional tensile stresses
in the overwrap. When the proof pressure is released, tha timelr attains a
compressive residual stress and the overwrap remains ioriefisiservice, the
metal liner operates elastically from compression to tenaiahthe composite
overwrap operates intension mode (Mallick, 2007).

The internal pressure generates tensile normal stresgestamk wall in both the
hoop (circumferential) and axial directions. The hoop stress fomtist part is
twice the axial stress. The tanks are designed to withstandxanum (burst)
pressure three times the operating pressure. Selected numienkfre tested
up to the burst pressure after subjecting them to 10,000 cyclesoofozoperating
pressure and 30 cycles of zero to proof pressure. Leakage beafastraphic
rupture considered the desirable failure mode during this presgtliegc Other
major qualification tests for the air-breathing tanks are drqqaats, exposure to
high temperatures in the pressurized condition, and exposure to dreect f
(Mallick, 2007).

2.2 Filament Winding

Filament winding is a fabrication technique for creating comosiaterial
structures. The process involves winding filaments under varyiogi@s of tension
over a male mould or mandrel. The mandrels rotates whilerfaga moves
horizontally, laying down fibers in the desired pattern. In g2 schematic of a
filament-winding process is shown. The most common filamentsaab®n or glass

fiber and are coated with synthetic resin as they are wounde ecmandrel is



completely covered to the desired thickness, the mandrel isdpiacan oven to
solidify (set) the resin. Once the resin has cured, the rebhisdiemoved, leaving the

hollow final product.

Resin
wiping device

Fiber creels

Mandral )

Figure 2.2 Schematic of a filament-winding procg@dallick, 2007).

Filament winding is well suited to automation, where the tensiothe filaments
can be carefully controlled. Filaments that are applietl high tension results in a
final product with higher rigidity and strength; lower tensiomsuits in more
flexibility. The orientation of the filaments can also be aahgfcontrolled so that
successive layers are plied or oriented differently from teeigus layer. The angle
at which the fiber is laid down will determine the propert the final product. A
high angle "hoop" will provide crush strength, while a lower apgléern (known as

a closed or helical) will provide greater tensile strength.

The mechanical properties of the helically wound part depeodghyr on the

wind angle, as shown in Figure 2.3.
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Figure 2.3 Mechanical property variations in arfient-wound part as a function of wind angle
(Mallick, 2007).

2.2.1 Materials of Filament Winding

Glass fiber is the fiber most frequently used for fdaanwinding, carbon and
aramid fibers are also used. Most high strength critieebspace structures are
produced with epoxy resins, with either epoxy or cheaper polyesies t&=ng
specified for most other applications. The ability to use continuginforcement
without any breaks or joins is a definite advantage, as isittefiber volume
fraction that is obtainable, about 60% to 80%. Only the inner suofaedilament
wound structure will be smooth unless a secondary operation ismpedan the
outer surface. The component is normally cured at high temperaefore
removing the mandrel. Finishing operations such as machining or griaaingpt

normally necessary (Filament winding, wikipedia.org).

In Figure 2.4, some filament wound parts and in Table 2.2, capipins of

filament wound products are given.
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Figure 2.4Filament wound parts (Mazumdar, 2002).
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Table 2.2 Filament wound products: Applications &esin systems (C-K Composites)

Industry Typical Application Typical Resin Systems
Corrosion *Underground Storage TankBolyester (Ortho- and Isophthalic),
» Aboveground Storage Tank¥inyl Ester
* Piping Systems Polyester (Ortho- and Isophthali¢),
» Stack Liners Vinyl Ester, Epoxy, Phenolic
* Ducting Systems
Oilfield * Piping Systen Epoxy, Phenoli

* Drive Shafts
e Tubular Structures

Paper and Pulp

* Paper Rollers
* Piping Systems
* Ducting Systems

Vinyl Ester, Epoxy

Infrastructure |* Column Wrapping Polyester (Ortho- andlsghthalic),
and Civil  Tubular Support StructureqVinyl Ester, Epoxy
Engineering » Power Poles
* Light Standards
Commercia * Water Heate Polyester (Orth- andlsc-

Pressure Vesse

s Solar Heaters

* Reverse Osmosis Tanks

* Filter Tanks

» SCBA (Self-Contained
Breathing Apparatus) Tanks
» Compressed Natural Gas
Tanks

phthalic), Vinyl Ester, Epoxy

Aerospace

* Rocket Motor Cases
* Drive Shafts
* Launch Tubes
* Aircraft Fuselage
 High Pressure Tanks
» Fuel Tanks

Epoxy, Bismaleimide (BMI),
Phenolic, Vinyl Ester

Marine

* Drive Shafts
* Mast and Boom Structures

Epoxy

Sports and
Recreation

* Golf Shafts

* Bicycle Tubular Structures
* Wind Surfing Masts

* Ski Poles

Epoxy
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2.3 Background

Many studies on GFRP degradations are reported in the liteth@tréncludes
corrosion, electromagnetic effects, fatigue, water imrapersiire, impact damage,
weathering, temperature, rain erosion etc. Among them, thager effects (impact
damage, fatigue, water immersion) is investigated on thatl significantly degrade
GFRPs are.

This literature review has consisted from four subsectionsnipadt damage on
composite pipes, the burst of composite pipes, the burst of caenpises after
damaged and finally the effect of water immersion on composiespiSo that
background of this thesis divided four subheadings.

2.3.1 The Impact Damage on Composite Pipes

Composite materials are very sensitive to out-of-plane loadieg (oading

transverse to plies or reinforcement) because they are mveeaker in the
thickness direction than in the plane of lamination. Consequertipposite

materials subjected to transverse impact may sufferfisigni damage, resulting
in deterioration of its overall load-carrying capacity. Theponse of composite
materials to these impact loadings is complex, as it depemdse structural
configuration as well as the intrinsic material propertiesthféuy it depends on the

material, geometry, and velocity of the impactor (Naik, 2005)

Each plays an important role in characterizing the overédicebf transverse
impact. The various forms of damage modes possible under inopaatd range
from non-visible or barely visible to penetration of the impadtow velocity

impacts may not cause any visible damage on the laminateayutauase internal
damage in the form of matrix cracking, delamination, and/or ibecking inside
the laminate. This may lead to significant reduction irergjth. Stiffness
reductions are also possible but not generally dramatic. A comnanpéx of

low velocity impact is the accidental dropping of a tool on toenposite
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component or structure during manufacturing, service, or mainten&enerally,
impact with impactor speeds less than 100 m/s are classifiéowaselocity
impact. But there are several other definitions of low vgloichpact, with no
universal agreement. Sometimes low velocity impact is usétki context of low
energy impact, i.e., less than 136 J (100 ft-Ib). Low velocitgaich normally
involves deformation of the entire structure during the contactidaoraf the
impactor, and this situation is considered quasi-static witbonsideration of the
stress waves that propagate between the impactor and the bounddmy of
impacted component. On the other hand, high velocity or hyperwelogiacts
involve impactor speeds greater than 1 km/s. This is someéilseseferred to a
situation where complete penetration of target (i.e., congssiticture) occurs.
Usually, the deformation of the composite structure in higlocigl impact is
localized in a small zone surrounding the contact area during the duoétion
contact with the impactor (Naik, 2005).

To simulate actual impact by a foreign object, a numbanpéct test apparatuses
are suggested: Gas gun apparatus, drop weight tester, caatlévgpactor, and
pendulum-type tester. In his book “Impact on Composite Structurdsiaté
(1998), has introduced the articles describing these impact tesaasp@f these
apparatus, drop weight tester, and gas gun are used by mostgateesti
Although much detail of the actual test apparatus may diffehensatic
illustrations of these apparatuses including main parts aen giv Figure 2.5
(Atas, 2004).

In experimental studies it is attempted to replicattual situations under controlled
conditions. Even if the initial impact energiestoé projectiles are exactly the same, a
smaller mass with higher initial velocity and a largessnaith low velocity may
cause different amount of damage and damage modes. Thersfoee,of
apparatus chosen and impact factors affecting the response tiutttars, such

as velocity of the projectile, gain high importance in experimdnbr example,
dropping of tools on the structures during maintenance operations can be

simulated by drop weight tester while flying of debris on the aynwuring
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aircraft takeoffs or landings can be best simulated usirag @gn with small high

velocity projectiles (Atas, 2004).
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Figure 2.5 Types of impact test techniques (Abra®98). (a) Gas gun apparatus: 1-air
filter, 2-pressure regulator, 3-air tank, 4-valgtube, 6-speed sensing device, 7-
specimen; (b) Drop weight tester: 1-magnet, 2-ingac3-holder, 4-specimen; (c)
Pendulum-type tester: 1l-impactor, 2-specimen hpl@especimen; (d) Cantilevered
impactor.

Type of the test apparatus and other impact parameters sughogectile
characteristics were not of high importance in this study. Theresome specific

terms which using on impact tests. These are listed below.

The peak load is the maximum contact force between the impaatothe
composite at the contact point. Contact duration is determined dstélhdime of
contact. The maximum deflection of a composite is defined akthest depth on
the top surface from the initial position to deflected position fon-perforated

specimens and it is defined as the deflection up to the perforatioh fpoithe
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perforated specimens. The absorbed energy is the energy consumvednbdie

impactor and the specimen through the formation of damageiatiolfr

Currently, however, increasing use is being made of instruchemtpact tests
with drop weight impact testers to characterize the low cityloimpact of
composite structures. This is usually done on drop weight impadtimeac where
the striker is instrumented to measure the applied load. Tiheséines have
means of measuring displacement or acceleration. Thus tleeyhastthe load,
displacement, and acceleration during the impact event isdestoand these can
be converted to give impact load-time and impact energy-tinterieis. From
these, features such as peak load and absorbed energy can betoeliateture
processes occurring in the material. A typical load historgrninmpact test is
schematically shown in Figure 2.6. The load-time history cadivdded into two
distinct regions, a region of fracture initiation and a region fraicture
propagation. As the load increases during fracture initiation pledestic strain
energy is accumulated in the specimen and no gross fakes place; but failure
mechanisms on a microscale for example, microbuckling of thersfion the
compression side or debonding at the fiber-matrix interfac@a@ssible. When a
critical load is reached at the end of the initiation ph#ise composite specimen
may fail either by a tensile or a shear failure dependinthemnelative values of
the tensile and interlaminar shear strengths. At this pointréttufe propagates
either in a catastrophic "brittle" manner or in a progressiaener continuing to

absorb energy-at smaller loads (Naik, 2005).
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Figure 2.6 Typical load history during impact t€sthyr & Pan, 2003)

The total impact energy,: Bs recorded on the impact machine or on the energy-
time curve on the oscilloscope is thus the sum of the initiatiorggné& and
propagation energy, ,E A high-strength brittle material which has a large
initiation energy but a small propagation energy and a low-strengthleduct
material which has a small initiation energy but a lgsggpagation energy-may

have the same total impact energy (Naik, 2005).

It has being seen that impact on tubes was studied only toitadiextent in
recent years. There were investigations about burst streedgiction after surface
damage (impact, indentation or surface crack) on FW-GFRPCFRP and FW-
AFRP pipes (with/without “liner”).

Some researchers worked on identifying the effects of impamtsequent
delamination, and material properties such as specific emdagprption, maximum

peak load, maximum contact time, compressive strength aoil so

Doyum & Altay (1997) focused on the detection of damage aftervielacity
transverse impact loading on thin FW-GFRP (E- and S-gtagsey experimentally.
They used visual inspection and post emulsified fluorescent pensysteins for

damage detection and presented types and characterisiiefeofs.
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Karbhari, Haller, Falzon & Hersberg (1999) investigated postohgrush of
FW-GFRP, FW-CFRP, FW-AFRP and hybrid pipes which were @iffielayer. They
showed that impact damage causes a reduction in the specifify efisorption of

FW pipes.

Zou, Reid, Li & Soden (2002) developed a new model for progressive
interlaminar delamination of laminated composites (FW-GFRRgy used a stress-
based failure criterion for estimation of delamination iniatiand fracture
mechanics approach for propagation of delamination. In addition, nblgsés has
included matrix cracking which is significant intralaminar dge mode. They
determined deformation and delamination of laminated compositetigies with
finite element analysis (FEM). Test specimens had twatatiens and two radiuses.
Results of the studies on mesh size of the FEM model showedva relatively
coarse mesh size gives enough exactly results. Experiment&Edesults were
accorded. Hereby, it has being seen Zou et al.’s resul@vai@ble real structural

applications.

Chib (2003) studied on simulating the response of low velocity impattote
FW-CFRP pipes with finite element software LS-Dyna. In aoldjt parametric
studies such as impactor velocity, lay-up configurations and boundadjtions of
composite pipe etc. which affect the impact damage procewss inwestigated. The
model of impact test was illustrated and the mentioned parantest results were
shown up. The result of parametric (numeric) analysis waspa@d with
experimental results. Study of Chib verified the validity affdctiveness of finite
element simulation, because results of simulation had gsaatlarity of

experimental test and predicted good simulation.

Changliang, Mingfa, Wei & Haoran (2006) studied on low velocity imjamdtic
theory for the composite hybrid which is laminated with metarlivessel. FEM is
used to investigate the impact response of composite pipeamdthvithout internal

pressure and predict their damage distributions during and aftecimphey
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considered the damage styles-damage distributions of differgydct velocities,
geometric and material nonlinearities and the effect ofawbrih the analysis. They
noticed that the impact damage extent for composite FW Iveste internal
pressure is more severe than that without internal pressure andeglbcity impact

case with same kinetic energy.

Tarfaoui, Gning, Davies & Collombet (2007) investigated on dynaesponse
and damage characteristics of composite pipes. They aimedpabviement of
understanding the scale effects on the behavior of composite tsbruleture for the
design of underwater equipment. With the results of the tesg, dommented that
“Although the damage is of comparable nature for all the tubess necessary to
establish particular laws of similitude in order to predidteel damage of a model
cylinder from that of the prototype and vice versa”. The telstsv that the response
of the structure has the primary importance in establishingo#thence between

elastic deformation and local damage development.

Secondly, Tarfaoui, Gning & Hamitouche (2008) investigated fielEment
analysis of static and dynamic tests on thick FW-GFRP pipésprove the long-
term integrity of composite structures for underwater agfitios. The study consists
of two parts. First part is the validation of elastic prtipsrand identification of
damage initiation and its development in dynamic tests and speohid an impact
model, including material property degradation, used for damage cpoedi
Analytical models and finite element analysis are presentedexin The study
showed that there is a strong relationship between the strastdrenaterial. They
have expressed that it is important to control the influencéhefconditions of

development on the limiting values of material.
2.3.2 The Burst of Composite Pipes
Hydrostatic testing is universally known and accepted as ansnmed

demonstrating the fitness of a pressurized component for seAftege a test, a

pipeline or pressure vessel can be expected to safely caataitended operating
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pressure. The confidence level that a pipeline or presasselis fit for safe
service increases as the ratio of test pressure tatopepressure increases. This
highly beneficial aspect of hydrostatic testing applies not oolyat new
component to be placed in service for the first time. A sinmblenefit accrues to
an in-service component if that component is taken out of serftereagperiod of
time and subjected to a hydrostatic test. A “revalidati@st of the latter type
assures either that no significant time dependent detéoiorat the component
has taken place or that any segment that is significantlyadedrwill be revealed
and eliminated (Naik, 2005).

A test reveals weaknesses by causing ruptures or leaksest not indicate, for
example, other areas where active corrosion may be takaeg.pA limitation that
has both technical and economic implications is that a level sbfpiessure to
operating pressure sufficient to generate high confidence maly ireeumerous test
breaks or leaks. Repeated test failures may actually reshrdalence in the final
margin of safety demonstrated by the test, and such failukksceviainly add

significantly to the cost of the test and the time owden¥ice.

The pressure required to result in such a failure is known as tls¢ fvassure'.
Actual pipe samples are pressurized with water as theaiteredium and either air
or water as the external medium. The internal pressure in thesgipples results in
both an axial and a hoop stress. As the hoop stress is twiegi#thestress, it is the

stress in the hoop direction that results in failure. The hepssis given:

Pr
h — (2.2)
t
Pr
= — 2.3
= (2:3)

where; 1: Hoop stress, ,: Axial stress, P: Inner pressure, r: Radius, t= Thickness
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In the literature, the optimum winding angle for filament wound coitgos
pressure vessels is given as 54.B¢ netting (meshing-optimize) analysis. ....
Here, it is clear that the more the fiber orientationhianged from 55°, the more

the first-ply failure pressure drops (Yaylagan, 2010).

Sun, Du & Wang (1999) investigated on solid-rocket motor cases whéich a
kind of composite structure by using the nonlinear FEM. They havkedaurp to
detect the effects of material performance and geomietnicalinearity on the
relative loading capacity of the dome. So, they have calculagedttesses and the
bursting pressure of aforementioned vessel. From the view pomirsf, the design
method from the analogous case to its real one is not ratior@u&=in the model |
case, the conclusion obtained was contrary to that for the nllodake without
skirts. They decided that all affecting factors should beidered synthetically to

obtain the optimum structure.

Chang (2000) studied via the first-ply failure strength on symoady laminated
composite pressure vessels with various material properaed sfto-thickness
ratios, and different numbers of layers subjected to uniformnisitgoressure loads
by experimental and analytical approaches. Optimal angle-pbntations for
maximum stiffness were investigated. A comparison betwéen eixperimental
approaches and the analytical methods was made to demonstrat¢athigtguf the
failure criteria in predicting first-ply failure strengtim particular, the Hill criterion

can predict first-ply failure pressure load with error aroli$xd

Kim, Kang, Hong & Kim (2005) aim to establish an optimal desigrthod of
FW structures under internal pressure. In this research, etmeggodesic path
algorithm was used to calculate possible winding patterns takingaiccount the
windability and slippage between the fiber and the mandrel surfacaddition,
progressive failure analyses were performed to predidighavior of FW structures
on ABAQUS. In particular, suitable element types and failuieer@a for FW
structures were studied. Finally, the developed design codeappiéed to a

symmetric composite pressure vessel for verification.
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Zheng & Liu (2008) concentrates on a theoretical model of the cdt@pos
cylindrical laminates under internal pressure and thermal msisiuess. The
theoretical model based on the last ply failure criteriorsolution algorithm is
further presented to explore the damage evolution and the bunsgtistref the
structure. Effects of the winding angle and number of the compagées as well as
the thermal residual stress are explored. They calculatest strengths and also
compared with the experimental results hence the calculatstl $itengths are in
good agreement with the experimental results. The tests slabwhe thermal effect
increases the radial, hoop and axial stresses in the wingieig Jdut decreases the
hoop and axial stresses in the liner. Secondly, with increasingngiradigle, the

radial displacement and shear—stress decrease, but thestaadislincreases.

Khalid, Hamed & Sapuan (2007) is investigated bursting pressure hend t
carrying capacity of basic plastic tubes, composite tubes amfdnad plastic tubes
under internal pressure. They exposed of the effect of the nhaygaas filament

winding and woven roving and the effect of number of layers by expetatty.

Onder, Sayman, Dogan & Tarakcioglu (2009) examined on the influesfces
temperature and winding angle on FW-GFRP pipes for increasingnéx@num
burst pressure. Burst pressure of FW composite pressure vesdelsalternating
pure internal pressure was investigated. The hygrothermalotiiedt mechanical
properties were measured on E-glass—epoxy composite flat |®gme analytical
and experimental solutions were compared with the finite eleswuations about
verifying the optimum winding angles. Finally they appointed thatliurst pressure
of the composite pressure vessels varies at high temperatines the strength of

the composite material decreases and thermal stressesabtoe high temperatures.

In addition, Onder, (2009) is proved that related production steps of this
composite pressure vessel design approximately 20°C applicatiooreneint as the

best application temperature value.
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Velosa, Nunes, Antunes, Silva & Marques (2009) investigated WrGFRP
vessels with thermoplastic liner in their article whichpart of a larger study
concerning the development of a new generation of FW composielsyes be
applied on the storage of industrial uncompressed fluids under me$say used
FEM to predict the mechanical behavior of pressure vessglallyfr prototype
pressure vessels were produced and submitted to pressure t@sitamcenditions
to those used in the FEM simulations. Experimental results ebtain the produced
composite prototype vessels under internal pressure test cahtineéurst pressure
values obtained from FEM calculations.

Xu, Zheng & Liu (2009) studied on parametric finite element modethef
cylindrical part of composite hydrogen vessel (FW-CFRP witHirdr) to explore
the non-linear stress—strain relationship and the final failthrey aimed to find the
progressive damage and failure properties of mentioned composit¢tusts with
increasing internal pressure. The failure pressures (forreliffdailure criteria) are
compared with the experimental burst pressure of composite hydsigeage
vessels. By comparison, the failure pressure using the proposeds REM in
agreement with the experimental burst pressure of composiselvéiowever, the
Tsai—Wu failure criterion leads to most accurate failuresuresamong all failure
criterions.

2.3.3 The Burst of Composite Pipes After Damaged

Tarakcioglu, Akdemir & Avci (2001) investigated on the effectofface cracks
on strength for FW-GFRP pipes with analytically and experimgntéhey set the
specimens three different orientations with surface crackhwimwe several notch-
aspect ratios and notch-to-thickness ratios in the axial direclihey determined
critical stress intensity factors and compared the stresaties of pipes with surface

cracks are with internal pressure test results and thesinegsults.

Curtis, Hinton, Li, Reid & Soden (2000) investigated the damdgérmation
and residual burst strength of FW-GFRP pipes subjected to itmpasistatic
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indentation numerically and experimentally. They found that the behafigipes

subjected to quasi-static and low velocity impact loading tegtse same.
Experimental strain measurements in quasi-static indentatian gdhetved a large
degree of redistribution of strain with increasing deflection whisulted in local
buckling failure away from the indentation point. Damage in foren of matrix

cracking resulted from low energy indentation but did not reduce tlduat¢dburst

strength of the pipe. Low speed impacts caused the pipes to faitddyaxial shell

buckling, leading to local delamination and fracture some distanes from the
indenter. That failure reduced the residual burst strengtbbyt 60% from 10 to 4
MPa.

Naik (2005) realized great experimental priming on his malsésig that involved
many different effects of environmental conditions such as aéer wnmersion, dry
heat, salt spray, humidity and impact on the burst pressure penferofthe glass
fiber reinforced thermoset pipes (glass-epoxy and glass viaeg)esle calculated
and illustrated the failure pressures for different impactrggee and residual
pressure strength ratios. It can be seen that the resttaafth tends to decrease
with increasing impact energy delivered to the pipes. Heddacacterized a typical
curve of residual strength vs. impact energy by three maionggwhich can be
identified by the gradient of the residual strength curve. Thesieowed that; at
relatively high impact energies, where the impact danzmmes was relatively large
and the failure occurred by weeping. Low impact energiesteathe impact damage
zone was small, leakage, weeping or burst occurred from regicated generally
circumferentially 90° away from the impact zone or on the oppssi (180°) to

the impact damage zone of the GFRP pipe.

Arikan (2010) studied on the failure analysis of FW-GFRP pipds avitinclined
surface crack, numerically and experimentally. Tests aferpgzd at seven different
crack angles: 0°, 15°, 30°, 60°, 45°, and 75°. Arikan determmedurst strengths
of the specimens and examined the dependence of the bursthsventite crack
angle. He listed these determinations; Examination of the&k aaige has revealed

that the crack growth started with delamination. The faih&med was formed by an
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increase in delamination. After the separation of the biafldre ended with sudden
seepage at the crack zone. That is, cracks parallel tdiktbes started several
millimeters from the interlaminar zone located on the fitnendle crossing, leading
to seepage. As a result of the study, the influence of prnesisure on failure modes
and the impulse, work, and load at penetration were studied anel#tenship
between burst mode and inner pressure can be clarified.

The gradual studies are conducted by group of Department of Meghanic
Engineering in University of Manchester on improving the longitémtegrity of
composite structures for underwater applications. In all thredies, same FW-
GFRP pipe are used. Some indications of how this damage affectapacity of
cylinders to resist external pressure loading were alsoresséheir article. They
noticed that the impact damage is shown to reduce the resithlakion strength of
FW-GFRP pipes significantly.

Gning, Tarfaoui, Collombet & Davies (2005) showed the experimeatallts
obtained from quasi-static and impact indentation tests on FRPGipes intended
for underwater applications. In their study, they performed fatigwacts. Drop
weight impact tests was performed on thick pipes at energiés 4 J; ultrasonic
inspection was employed first to determine projected damages;aa large number
of samples were then sectioned and polished and the true daneageas revealed
by a dye penetrant technique. The influence of impact damageptwsion pressure
was described. Above a critical impact energy levebaifstant drop in implosion
resistance was noted, which is related to the appearamegatdminar cracks. Low
impact energies resulted in a large drop in implosion presssistamrgce. According
to test results; Impact damage has promoted a local implésione mechanism.
Damage in static indentation is similar to that notedripact tests but the damage
dimensions are not identical. Finally; modelling of damage devedoprand its
influence on implosion pressure is performed in parallel wigh éxperimental

studies presented.
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Gning, Tarfaoui, Collombet, Riou & Davies (2005) investigateddketification
and modeling of damage initiation and development in glass-reinfazpedy
composite cylinders subjected to drop weight impact. In thdicler some
indications of how this damage affects the capacity of pipesdwstrexternal
pressure loading were also presented. They noticed thahpiaet damage is shown
to reduce the residual implosion strength of glass/epoxy cylindgrdicantly. A
12-J impact reduces the implosion pressure by 40%. This provideatargentive

for the development of structures with improved damage tolerance

Tarfaoui, Gning & Collombet (2007) is resulted from static and dynaasts on
FW-GFRP pipes. The first part involves the identification of ageninitiation and
its development. Second part of the article is concernedthatrevaluation of the
influence of this damage on residual strength under hydrostatsupedsading. The
results show a threshold effect, even for damaged cylinderdh widicates a certain
tolerance to the damage. The damage influence becomesimupoetant as the
energy of impact increases. The reduction of the residwalgitr behavior does not

evolve regularly as a function of the damage in the tubes.

Chang (2003) investigated with numerical and experimental thedaiodes of
undamaged and damaged composite pipes subjected to internalrgorasduto
gualitatively determine the relative burst pressure dedgomadatPipes were
intentionally damaged by either a longitudinal-line cut or a sipgiat impact. Both
types of damage were intended to simulate fiber breakagedchysa local damage.
Testing was conducted under three conditions: hydraulic pressurizatieamatic
pressurization with solid inserts, and pneumatic pressurizatidnimett propellant
inserts. A pipe with a longitudinal cut can fail by three déférmodes: a local
leakage mode, a bursting mode with fracture initiating froendtt, or a bursting
mode with complete pipe disintegration. In testing of impact-dachgmpes, the
results show that the burst pressure decreases with imgdagact load. At an
impact load of 1493N the burst pressure decreases by 33% comparkd to t

undamaged condition.
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Kaneko, Ujihashi, Yomoda, &nagi (2008) studied on the impact analyses of
pressurized FW-CFRP vessels by simulation. He the impaaysms with the
general FE analysis code “LS-DYNA” and showed the qualitatialidity of model

and considered relationships between inner pressure, thicknefsslamredmode.

In addition, on same theme, some studies are revealed abouFRW®/iipes with

Aluminum liner.

Wakayama, Kobayashimai & Matsumoto (2002) investigated to improve the
residual burst strength of FW-CFRP composite pipes after inlpading, three
types of low-modulus pitch-based carbon fiber with high-compressian sto
failure were wound on the surface of the pipes. Impact and intpragsure tests
were conducted on the specimens to evaluate the effectiventss lofv-modulus
pitch-based carbon fiber. Impact damages, which consist of @barage and
delamination, were evaluated as functions of impact conditmearify the failure
mechanism of these specimens. The test showed that itheatdsurst strength ratio
decreased linearly with increasing effective damage depih cansidering the
contribution of the each plies to the burst strength. Consequeéntyclarified that
the residual burst strength was enhanced with the applicatidme dbw-modulus

pitch-based carbon fiber.

Kobayashi, mai & Wakayama (2007) studied on elasto-plastic analysis on the
filament-wound carbon fiber-reinforced plastic (FW-CFRP) hybdthposite pipes
subjected to internal pressure was proposed. They investigatecedt pburst
strength of the FW-CFRP hybrid composite pipes and residuaggtrafter impact
based on the maximum strain criterion and compared the resultregptally. The
stress distributions calculated based on the present analysis gowed agreement
with the FE results. The analytical results are consistéhtthe experimental results

in case of the lower deformation of the composite pipes.

Long-term data on glass-fiber reinforced polymeric composiibgected to cyclic

loading has not been well documented and is still poorly understood. Dheing t
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fatigue test, four damage modes were typically observedraiug stages of the
test: transverse matrix cracking, delamination, fiberfmatebonding and fiber
fracture. While matrix cracking and delamination occur earthéntest, the latter
two damage modes typically initiate and develop rapidly towardenideof life
(Naik, 2005).

A review of the literature revealed a number of studies fatosepipes but there
were fewer investigations about the fatigue and fatigue behaviter reinforced
pipes with surface crack. Experimental studies are conducted abouitidnee

behavior of FW-GFRP pipes with varieties of parametric appns.

Samanci, Avci, Tarakcioglu & Sahin (2008) studied on fatigue denteehavior
of FW-GFRP pipes with different surface cracks under alternatbegnal pressure.
The failure behavior of GRP pipes during the test was observedatigde test
results were presented by means of (S—N) curves and delaminat@gealazone
area-cycle (A—N) curves. The effect of notch depth-to-thickmates and hoop
stress level ratios were investigated. The relationshipvden delamination areas
versus fatigue cycle (A—-N) was also investigated. At higesstthe delamination
propagation rate decreased quickly and then propagation stopped, Minlesiress
delamination saturation takes much more time, and cycles tmidel#gon saturation

decreased considerably with increasing a/t ratio.

Tarakcioglu, Gemi & Yapici (2005) investigated fatigue behaviorfilaiment
wound composite pipes under alternating internal pressure is iratestig
experimentally. GRP pipes which made of E-glass/epoxy aredtestder open
ended conditions. Tests are performed at different load lé&weis 30% to 70% of
ultimate strength. Whitening (fiber/matrix interface debonding dekmination),
leakage and final failure levels of GRP pipes are obseRa@deach damage stage S—
N curves were found. There was no evidence of a fatigue umai¢r the frequencies
and stress evaluated. The applied stress ratio had a chmatige leakage curve,
ranging from a burst type of leakage to slow leakage initiatioh &islow increase
in the leakage rate until rapid leakage.
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Tarakcioglu, Samanci, Arikan & Akdemir (2007) investigated thdgtiat
behavior of FW-GFRP pipes with a semi-elliptical surfacelcrin addition, in these
tests, they investigated effects on fatigue failure behafimizes of surface crack
and applied hoop stress levels. Also, delamination area viatsyise cycle (A—N)
was plotted. The fatigue tests showed that the failure onlyr@xt at the region
where the surface crack cuts a glass fiber. This faillilenot exceed the crack
length, 2c or the boundary of £55° winding angle. Crack propagatiectietly

occurred in Mode II.

Gemi, Tarakcioglu, Akdemir & Sahin (2009) investigated thegtegi failure
behaviors of FW-GFRP pipes under pure internal pressure. Tespedormed at
different load levels from 30% to 70% of ultimate tangential streafjthe pipe. The
damage progression such as whitening, leakage and final faikisbserved, and S—
N curves of these damages were obtained. Whitening, leakdd@al failure levels
of FW-GFRP pipes were observed, and the results obtained weenja® by means
of S—N curves. They observed that when the applied load is thigHeakage and
final failure coincide, whereas when the applied load is lbe |l@éakage is followed
by the final failure and it is concluded that at high loads, itiex failure is important
and controls the final damage, while at low loads, the faikioontrolled by matrix

damage.

Avci, Sahin & Tarakcioglu (2007) examined the corrosion fatigusatier of
FW-GFRP pipes with a surface crack under alternating interaaspre. The surface
notches were formed on the outer surface of the pipe along thexpg®ilute (0.6
M) HCI acid was applied to the surface crack region bgreosion cell mounted on
the outer surface of the pipe. It is observed that the sucfac& grows through the
thickness of the pipe in a planar form. At the end of crackvth process, the
pressurized oil leaks from the surface crack as small amadfintd drops. The
variation of the crack growth rates and the stress injefesitor ranges shows a
linear relationship and the crack growth rates increase wrelecrdick grows and
stress intensity factor ranges increase. The surfack shagvs a tendency to change

its form to penny shaped. Microcracks are formed on the sudhdbe glass
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reinforcement during corrosion fatigue process and the corrosigndatracks grow

as steps.

Sahin, Akdemir, Avci & Gemi (2008) investigated the effect ohdimg angle
upon corrosion fatigue crack growth behaviors of the FW-GFRP pighssuiface
cracks, under pure internal pressure subjected to 0.6M HClTdwdvariation of the
crack growth rates and the stress intensity factor rangessteowed a linear
relationship and the crack growth rates increase while thek gews and stress
intensity factor ranges increase. The fatigue crack grevesh smooth even though
the crack is across the layer. Two different regions are sgen the fracture
surfaces of the fibers, namely corrosion dominated fractgierre and mechanically

dominated fracture regions.

On the other hand Bie, Li, Liu, Liu & Xu (2009) investigated thégtee
evaluation model which is associated with the finite elemealyais is proposed to
explore the fatigue lifetime of FW-CFRP hydrogen storage eVessder cyclic
internal pressure. The fatigue lifetime and S—N curves, nuataesults are also
compared with the experimental results. The searchers dotie the fatigue
lifetime is relevant to the loading amplitude, mesh sizaglc density and practical

stress status at the liner.

2.3.4 The Effect of Water Immersion on Composites

Pipes are often in contact with water either due to weathdéyngain or by
carrying moisture containing fluids and chemicals. Vinylestastaining the
ester group in their chain molecules are susceptible to hydralysise side
group, which might lead to cross-linking. Water has potentiallyatkgg effect
on matrix materials. Moisture in many of its forms-acidic,idaseutral are
known to affect the durability of composites. Moisture present in rfamnys and
eventually penetrates all organic materials by a diffusion cdedrobr by
instantaneous absorption until the moisture equilibrium concentratamhisved.

Usually the moisture concentration increases initially withetiand finally
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approaches the saturation point (equilibrium) after several ofagxposure to
humid atmosphere. The time to reach the saturation point demendbe
thickness of the composite and the ambient temperature.gocgin reverse the
process but may not result in complete attainment of original piregefhe
uptake of water by polymer composites in general follows the gkzedt Fick's
law of diffusion (Naik, 2005).

Liao, Schulthelsz. & Hunston (1999) simulated the pultruded glbss-fi
reinforced polymer (GFRP) coupons which aged in several diff@@nditions that
common outdoor environment. The tensile and flexural properties wemendetd
after these exposures. The effects of environmental aging oroetwhconstituents

(the fiber, the matrix, and the fiber/matrix interphase aegiwere studied. As a

result, both strengths and moduli were generally found to decreage wi

environmental aging.

Gellert & Turley (1999) examined ageing behavior which accompaniedethe
water immersion of four different composite laminates (isopitthablyester, a
developmental resole phenolic and two vinylester GRP). Watakeiffitehavior for
the GRPs and neat matrix resins, the mechanical propertes ffexural and
interlaminar shear testing, and creep behavior are repitdéaiminates which were
immersed in a loaded or unloaded condition in the laboratory. Asudt,rélexural
strength fell by 15-21% for the water saturated polyester and siayl&RPs, and
by 25% for the phenolic GRP. Loading at 20% of ultimate strainewhiider
immersion exacerbated only the phenolic laminate degradatiomadgahe loss in
strength to 36%. Interlaminar shear strengths fell by betweeamd221% for the

GRPs at close to saturation.

Davies, Mazeas & Casari (2001) examined to what extent |elistivater
accelerated aging can be used to simulate the behavior of typac@le composites
in sea water and how the shear behavior of composites withedifferatrix resins is
affected by aging. Additionally they assessed the applicabilifamage mechanics

parameters to follow wet aging of marine composites. Theyd agem and to
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recorded their weights for a long period of time (over 18 months)ttzamd tested
their mechanical properties. (They used an original applicatidarbge mechanics
parameters to quantify the changes in composite shear behawader to provide a
more complete representation of the inelastic responsete¥hshowed that, a large

part of the shear property lost after aging is recovered afying.

Davies, Riou, Mazeas & Warnier (2005) investigated FW-GFRPRN-CFRP
pipes for underwater applications. They described simple meehamd sea water
aging screening tests on flat specimens. Cylinders of both mvareifactured and
subjected to hydrostatic pressure tests, and results are cdmipartnose for
glass/epoxy and carbon/epoxy cylinders of similar geometry. Acuprth test
authors the FW-CFRP pipes appeared most promising. It repr&teslires in excess
of 90 MPa and was retained for damage tolerance assessmees.siidip weight
impact damage zones were smaller in carbon/PEEK than carbonfepdikg same
impact energies but the loss in residual collapse strengthmeas rapid in the
thermoplastic composite. This was attributed to a change lurdainode; impact

damage initiated a local buckling failure.

Kootsookos & Mouritz (2004) investigated the effect of sea waterersion on
the durability of FW-GFRP and FW-CFRP composites were expatatly. The
materials studied were glass/polyester, carbon/polyestess/glayl ester and
carbon/vinyl ester composites used in marine structures. Wheergadc in sea
water at a temperature of 30 °C for over two years, $een that the composites
experienced significant moisture absorption and suffered chemicaldagign of the
resin matrix and fiber/matrix interphase region. The massigghas compared
between the composites, and the mechanisms responsible foerdifferin the
durability behavior between the materials are investigatedddition, the effect of
water absorption on the fiber/resin interphase region is examined ssanning
electron microscopy and mode | interlaminar fracture testingeffeet of sea water
immersion on the flexural stiffness and strength of the comgsomsitalso determined.
It is found that fiberglass composites absorb more moisture taeborc fiber

composites, and this may be due to the emulsion size used on lggaissdcilitating
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greater water absorption at the fiber/matrix interphase thasildre size on carbon
fibers. The mode I interlaminar fracture toughness of the cotegasas not affected
significantly by sea water immersion, although the flexurdiiness and strength

decreased with increasing amounts of water absorption.

Gu & Hongxia (2007) investigated the effect of water immersionhenténsile
strength and bending behavior and degradation mechanism of the composites
experimentally. They put laminates into a distilled water Tti®e water uptake was
measured for each period. Then they tested the tensile strandtthe bending
behavior of the samples. It is revealed that as the imometisne of the composites
increased, the tensile strength of the specimens was tjyachduced, on the other
hand, the bending strength was increased and reasons wereednaiizen the
glass/polyester composites are immersed in the water, wateake would happen.
This is the results of capillarity of the materials and weter absorption of the
hydrophilic groups in the glass fiber and the unsaturated polyé’ter.weight
uptake would increase with prolonged immersion time as far asotmgosite is
unsaturated. The reaction between the water molecules and thie& wmauld
deteriorate the interphase resulting in a weaker materied. Bending resistance
showed an increased trend with increased water immersionTimaeauthor believed

that the entered water may act as a plasticizer malkenaminate a more entirety.

Gu & Hongxia (2008) aimed to find out the bonding behavior between theslay
after water immersion. They immersed Samples in distdlater for various period
which included 7, 14 and 21 days. Then they tested the peeling stréngth.
revealed that with increased immersion time, the peelirmgity of the specimens
was gradually improved in most of the cases. Authors commentedigmaficant
improvement of the peel bond strength after the water imomessiggests that water
environment improve the bonding strength between the layers. sSThisributed to
the function of the water molecules penetrated into the compoghespenetrated
water molecules are considered responsible for the incregesdithg strength with
increased water immersion time. The water molecules imtterial would fill most

or all the voids and crevices making the material more eventhieaoriginal penal,
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this would reduce the scatter factor during the peeling testinglly~the water may

act as a plasticizer to resist the peeling action iagudin increased peeling intensity.

Dhakal, Zhang & Richardson (2007) studied the effect of water abmoqmi the
mechanical properties of non-woven hemp fiber reinforced unsatupatgester
(HFRUPE) composites. The tensile and flexural properties derwianmersed
specimens subjected aging conditions were evaluated and compamgdidd dry
composite specimens. As a result, the percentage of moistafee upcreased as the
fiber volume fraction increased due to the high celluloseectniThe tensile and
flexural properties of HFRUPE specimens were found to decredlsenerease in
percentage moisture uptake. Moisture induced degradation of com@wsjikes was
significant at elevated temperature. The water absorptioaerpatf these composites
at room temperature was found to follow Fickian behavior, whestadevated
temperatures it exhibited non-Fickian. Water uptake behaviadisally altered at
elevated temperatures due to significant moisture induced dégradaxposure to
moisture results in significant drops in tensile and flexural prigsedue to the

degradation of the fiber—matrix interface.

Silva (2008) investigated a hybrid composite associating natbeisfiCuraua)
and synthetic fibers (E-glass). An investigation was conductedv&uate the
degradation of the mechanical properties due to water absorptigorption tests
were carried out and obtained the composite saturation curve for bollledliwater
and sea water conditions. A non-hybrid composite (just with Curbag fwas also
evaluated for comparison. The mechanical properties weraaggdlthrough tensile
and three-point-bend tests. After the mechanical tests, autir@dcaut a fracture
characteristic analysis of the tested specimens. Itoiscluded that the water
absorption of the laminated hybrid was higher for distilled w&td1006) than for sea
water (1.95%). However, the saturation time was approximatelysame for both
conditions. The more affected properties were the flexural modatusefr water

immersion and the tensile strength for distilled water @érgion.
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Farias, Farina, Pezzin & Silva (2009%imed to investigate the effect of bi-
dimensional orientation of leaf stalk fibers from peach paimimpact, tensile
strength behavior and water absorption profile of polyester/fimenforced
composites. They produced many varies of mentioned composites aeu st
izod impact and tensile test so they obtain that notices; the cdampagh only
weave showed moderately good water resistance compared tortiposite with
weave and powder. The influence of particle size in wgtn percentage had
distinct behavior. The micrographs of the fractured surfaceirpas revealed a

reasonable interaction between the reinforcement and matrix.

Akil, Cheng, Mohd Ishak, Abu Bakar & Abd Rahman, (2009) studied on the
effects of water absorption on mechanical properties of jute fdiaforced with
unsaturated polyester composites. They conducted water absorptisn bies
immersing composite specimens into three different environmeraaditions
included distilled water, sea water and acidic solutions at r@onperature for a
period up to 3 weeks. The effects of the immersion treatment ofietheal and
compression characteristics were investigated. The flexaral compression
properties were found to decrease with the increase in pageewater uptake. They
explained these flexural and compression behaviors by the plastinizof the
matrix—fiber interface and swelling of the jute fibers. Thieynd the water
absorption pattern is follow pseudo-Fickian behavior. In consequently of,egpos
of the natural fiber composite materials to aqueous environmestdtsrein
significantly drops in strength and modulus due to the weakening eifaoce
between fiber and matrix. However, a significant increasde maximum strain is
observed due to the increase in ductility of natural fiber &swatrof breakdown of

cellulose structure after immersion process.

All the studies showed that there is a significant degradatiomechanical
properties after water exposures. However, it became negdssdocus on the
testing of the pipes after being exposed to natural (salty waterditions. In
particular, the dry heat and sea water exposures. In casmoofgh exposure
duration, the material properties of FW-GFRP pipes are severe degraded.



CHAPTER THREE
EXPERIMENTAL SETUP

3.1 Production FW-GFRP pipes

In this study, The FW-GFRP pipes were produced by a lamemdiwy
machine, Izoreel Composite Insulating Materials Ltd., rizmurkey. FW-GFRP
pipes were manufactured at [+55°inding angles. Roving E-glass— ber with 600
Tex and 17mm diameter was as reinforcement. The matrix material Eyssxy
Bakalite EPR 828 EL resin. The hardener material wad Bgexy Bakalite EPH
875. Mechanical properties of these matrix and reinforcememtrialatare given in
Table 3.1. Before winding operation, resin was mixed for 4 — 5 aid0C
resulting in an appropriate viscosity with a 4-h gel time. Ther§ were wetted by
passing through a resin bath for impregnation just before wieeg wound onto the
mandrel. Helical winding was used for the desired anglex%%°;. Components
were cured approximately 13C along 3 hours. Afterwards; the composite tubes
are cooled to room temperature. The thickness of a fibergpmsy each layer was
approximately 0.3 mm. The length and the inner diameter of thespesimens
were 350 and 100 mm, respectively. The specimens were cut usimmand
wheel saw. Volume fraction, \\and density of specimens were measure as 65%,
2.075 g/cm.

The geometry and picture of the specimen is shown in Tahldé-gure 3.1 and

Figure 3.2, respectively.

Table 3.1 Mechanical properties of the fiber argirre

E(GPa) s.s(MPa) r(g/cm?®) e, (%)
E-glas: 73 240( 2.€ 4-5
Epoxy resil 3.4 5C-60 1.1 6-7

36
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@D

Figure 3.1 Geometry of the specimen (L= 350 mm, DZ& mm, a= 20 mm, b= 6 mm, c= 15 mm,

d= 100 mm, e= 60 mm, t= 1.8 mn 55°).

Figure 3.2 Photograph of typical test specime

n.

Totally, 32 specimens (pipes) were manufactured. For experintistribution of

specimens is given in Table 3.3. Four specimens are subjectedery impact

energy values both of dry and water immersed conditions.

Table 3.3 Distribution of specimens for experiment

Impact energy / . Water Immersed
Condition Dry Condition Condition TOTAL
Unimpacte: 4* 4 8
5. 4 4 8
7.5. 4 4 8
10. 4 4 8
TOTAL 1€ 1€ 32

* Number of specimens
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3.2 Sea Water Simulation

For sea water immersion tests, special barrel werectbd. Approximately
having 0.34% salinity rate, water was made with “rock sa’ pipes were put into

the barrel with simulated sea water (Figure 3.3).

Figure 3.3 FW-GFRP pipes under simulated sea veaiadition.

Every month, the specimens were taken from barrel thenr wateswashed by a

mixing apparatus for homogeneity (Figure 3.4 and Figure 3.5).

e

B 4

Figure 3.4 Drill with mixer apparatus.
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Figure 3.5 Application of homogenize.

After, the specimens have exposed to sea water three manapsyere taken out

from barrel and then subjected to impact and/or pressuse test

3.3 Impact Testing

In this study, the impact tests are performed using FracRIvis impact test
machine in the Composite Research Laboratory of Dokuz Eylil Usiiyeto

examine fracture surfaces of the tested specimens.

The Ceast-Fractovis Plus impact tester was used for laveitieimpact tests for
this study as shown in the Figure 3.6. Fractovis Plus tegtineawhich was suitable
for a wide variety of applications requiring low to high impaoergies which
generates maximum velocities up to 24 meters per second and enpagies up to
1800 Joules. The impactor, which was used to strike the pipe esmmpl a
hemispherical indenter nose with a 12.7 mm diameter spheread land is
connected with a force transducer with maximum loading capaci2?.df kN. The
total impact mass including impactor nose, force transducer anghesabwas 5.02
kg. The ranges of impact energies can be obtained by chaastagle combinations
of crosshead mass and drop height of the impactor. Impactor@shead mass are

given in Figure 3.7. The impactor was released from a chosghtleid dropped
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freely along the guide columns. The contact force is measttiedwad transducer
located on hemispherical nose. Instrumented impact test recontsn the entire
impact event so that the full impact force versus time profile be analyzed. The
Fractovis Plus impulse data acquisition system is the béartpact testing system.
It captures load information at very high speed from impact timsts data is
analyzed graphically. The tester can get 16000 data per secondnfijmant by
request. Data acquisition system records the electronic sgmélsonverts them into
the impact parameters. The software used by the impacigestichine was capable
of calculating time dependent velocity, deflection and absorbed\enatues from
load history given by the piezoelectric force transducer basddearon’s second

law and kinematics with the assumption that the impacioeri®ctly rigid.

The objective of impact testing is to determine an objedtikty to resist high-

rate loading, which is measured by the energy absorbed tarfactest piece at
high strain rate. Impact strength along with impact resistas one of the most
commonly measured properties and to quantify of composite strucflines.
impact resistance of a part is, in many applications,tealrimeasure of service
life. More importantly these days, it involves the perplexing mobbf product

safety and liability (Naik, 2005).
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Figure 3.7 Impactor and crosshead mass.
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The impact characteristics, such as peak load, contactiahjranaximum
deflection and absorbed energy were examined against the corresponpauj
energies.

The force vs. time curve can be characterized by the pead, fibre energy to
peak force, total energy, and displacement to maximum load. Maxi(peak)
load is the highest point in the load-time curve. Often the péimaximum load
corresponds to the onset of material damage or complete failos¥g\Eto
maximum load is the energy that the sample has absorbed up toitheoip
maximum load. It is the area under the load/deflection curve finentest start to
the maximum load point. Total energy is the energy that the sdraplabsorbed
up to the end of the test, when the load reaches zero agaithdtarea under the
load/deflection curve from the test start to the test 8dlection to maximum
load is the distance the impactor traveled from the point paanto the point of
maximum load (Naik, 2005).

Here the peak load is the maximum contact force betweeimtpactor and the
composite tube at the contact point. Contact duration is determirtad tstal time
of contact between the impactor and the composite tubes. The maxieflattion
of a composite tube is defined as the largest depth on therfagesfrom the initial
position. The absorbed energy is the energy consumed betweemp#wamand the

specimen through the formation of damage and friction.

Impact load as a function of time f(t) and projectile tip Bispment as a function

of time x(t) given by relation (3.1) and (3.2) respectively.
f) = m,a() (3.1)

xt)= (v, + a(dt)dt (3.2)

where; a(t): Acceleration, ¢nProjectile mass, v Projectile velocity just before
impact.
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3.3.1 Design of V-block

A V-block apparatus for the impact testing of the tube was degigrhe V-block
holder has a 90° included angle. It is fabricated using steelsitle supports is of
sufficient depth to support the specimen in the V and not on the top efdidpesV-
block. The specimen’s tubes rests on a V-block test fixture ngithly fixed to the

tower frame as shown in Figure 3.8

Figure 3.8 V-block test fixture and specimen fopant.

The first step in testing was determining of the impact gnrgds. So, some
specimens (out of 32 original specimens) were tested under vamedt energies
from 5J to 25J. Because if impact energy does not resulimiagh, in fatigue test,
fatigue life will be infinite or if impact cause largelamage areas, fatigue live
(fatigue cycles) will be small as much as not to compétie each other or not to
observe impact effect. In addition in static test, wrong chaseact energy can be

faced us with results which more closed each other caused) estimations.

Once the appropriate energy levels were determined, thetsnware performed

at three different energy levels as 5J, 7.5J, and 10J usingpactitest machine at
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temperatures of 25 °C (at room condition). After then impacted andmuacted

specimens were subjected to fatigue loading.

3.4 Fatigue Testing

Internal dynamic (fatigue) pressure testing method was applidte toomposite
tubes in close-ended condition by PLC controlled servo-hydrauliogestachine.
The procedure for determining burst pressure and fatigue life of camposssure
vessels is based on some standards. Test specimens oades Iwith internal
pressure using a 1 MPa/min loading rate up to burst pressurendesine has range
of 0-250 bars. It could test two pipes at the same time. Formdgnkading
conditions, the fatigue tests are performed maximum at Ofseldmency. There are
four type emergency stop on machine for safety and productivést machine is

shown Figure 3.9.

¥

Figure 3.9 PLC controlled servo-hydraulic testingafmne.
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3.4.1 Experimental Setup

During all the internal pressure tests, following test apparafs used to satisfy
the closed-end conditions of the composite tubes. The test apparadusts
equipments are convenient to create the closed-end condition to dhsure
generalized plane strain case. Photographs of test appanatdkeir set-up state in
Figure 3.10 and Figure 3.11, respectively. Sectional and gengealay views of a
part of prepared specimen are given in Figure 3.12 and Figuree3gdetively.

Figure 3.10 A photograph of test apparatus.



Figure 3.11 A photograph of set up state of tepaiggius.

A D

Figure 3.12 Cutaway view of a part of prepared spen for internal pressure
testing and subsections (Onder, 2009). A: Compogitssure vessel; B, D :
Compressing parts; C : Rubber seal element ;E teByslocking member

component; F : Flange; G : Nut.
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Figure 3.13 Cutaway view of prepared specimenriternal pressure testing (Onder,
2009).

A protective test box was manufactured for observing the tesinspe during
pressure tests. It protects the harmful effects of the hydraillduring bursting of
the specimens as seen in Figure. It provides the observerstiwatfrom the test
specimen while taking photos and videos. Figure 3.14 shows a photo of the

protective test box.

Figure 3.14 A protective test box.

After impacted and unimpacted specimens were prepared,tttafiose and burst
failure pressures of pipes were measured. In the dynamiatpadner pressure was
performed from 30% to 70% of burst strength of the pipe. Burst ypesssvere
found from average values of the tests results, given informaliout &orrelation

between impact induced damages and burst pressures.



CHAPTER FOUR
RESULTS AND DISCUSSIONS

4.1 Impact testing

In this study, 24 tests were performed under impact energied &s5J, and 10J
in order to examine damage process in stacking sequences 3[#85tpom
temperature. It is known that in composite tubes impacted with énergy,
degradation will be localized in the composite tube wall in tlea &losest to the
contact point. Inspection of fractured pieces was done aftertesiciFirst damage
created with 5J impact energies involves small delaminatretetjvely. At higher
energies these delaminations propagate and are accompaniéite byultiple
intralaminar delaminations. Images of impacted pipesgaen in Figure 4.1. It is
clearly seen that delamination (damage area) is increagbdinereasing impact

energy.

The impact characteristics such as peak force, maximumctiefieand total
absorbed energy are listed against the corresponding impagtesnir Table 4.1,
4.2. These parameters are very important for FW-GFRP pipescsedbjto impact
loading. Also, Impact test results of composite pipes for both aiiy water

immersed conditions are given in Figure 4.2, 4.3 and 4.4.

It is clearly seen that peak force, maximum deflection arad &ditsorbed energy
are increased with impact energy. The peak force values tdrvimmersed
specimens seem to be greater than dry specimens. In additiodeftestion and
total absorbed energy values have antipodal. This is likelyatleat, pipes behave

plastically and becomes more flexible as exposed to sea water.

48
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Figure 4.1 lllustration of impacted surface foreticorresponding energy levels of the compositesth) 5J, (b) 7.5J, and (c) 10J.

49



Table 4.1 Impact Properties of FW-GFRP composipepfor dry condition

50

SPECIMENS Peak Force | Maximum Deflection | Total Absorbeq
(Dry condition) (N) (mm) Energy (J)
5J1 1269.29 6.1384 4.13
5J2 1266.77 6.4306 4.34
5J3 1288.82 6.1466 4.18
5J4 1237.16 6.3603 4.28
5J average 1265.51 6.27 4.23
7.5J] 1561.57 7.547¢ 6.05
7.5J2 1457.00 8.5134 6.30
7.5J% 1512.44 7.530: 6.06
7.5J¢ 1532.28 8.029¢ 5.9C
7.5J average 1515.82 7.91 6.08
10J1 1615.43 9.8139 9.32
10J2 1721.57 9.5734 8.37
10J3 1705.82 9.6577 8.57
10J4 1752.44 9.4606 8.37
10J average 1698.81 9.63 8.66

Table 4.2 Impact Properties of FW-GFRP compospepfor sea water immersed condition

SPECIMENS
Peak Force | Maximum Deflection | Total Absorbed
(Immersed
iy (N) (mm) Energy (J)
condition)
5J1 1433.70 7.0504 2.92
5J2 1245.67 6.0767 3.58
5J¢ 142171 5.7552 3.03
5J¢ 134€.77 5.81¢ 3.42
5J averag 136246 6.18 3.24
7.5J1 1661.73 6.512 4.8C
7.5J2 1662.93 6.407¢ 4.54
7.533 1571.02 7.012 4.50
7.5J4 1570.70 7.126 3.55
7.5J average 1616.85 6.76 4.35
10J1 1834.96 8.9675 6.99
10J2 1775.43 9.102 7.26
10J: 178267 9.00z 7.67
10J¢ 182%.62 9.148¢ 6.91
10J averac 180417 9.06 7.21
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Figure 4.2 Peak force to impact energy graphsestiecimens in dry and immersed condition.
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condition.
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Figure 4.4 Total absorbed energy to impact energplts of the specimens in dry and immersed
condition.

The load—deflection curves give significant opinion about the imEsgonse of
composite materials tested. Characteristic of load-deftecurves also includes
some useful tips in assessing damage process of compositeAbbeshed energy

in an impact event can be calculated from load-deflectioresurv

Load-deflection curves, in general, can be classified agalype curve. As long
as a closed curve is observed it is possible to say that gectifoading does not
result in a serious damage to the specimen. The reboundingesadts in closed
curves indicating the rebounding of the impactor from the specimésacsurThe
load—deflection curve turned toward the origin of the diagram aéaching a

maximum force (rebounding).

In this study, typical load-deflection curves of the composite spgbjected to
impact loading have one situation, rebounding. These curvesamefa 5J, 7.5J,

and 10J in Fig. 4.5 to 4.9. Peak force is increased with inogepsrformed impact
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energy. Likewise the maximum deflection values increase witreasing impact

energy.
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Figure 4.5 Comparison of 5J, 7.5J and 10J impaa#sit Deflection curves for dry condition.
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Figure 4.6 Comparison of 5J, 7.5J and 10J impaotdL Deflection curves for immersed

condition.
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Figure 4.7 Comparison of condition type of LoadfIBetion curves for 5J impact.
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Figure 4.8 Comparison of condition type of LoadflBetion curves for 7.5J impact.
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Figure 4.9 Comparison of condition type of Load{flBetion curves for 10J impact.
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Load-Time curves were generated for impact tests andiiteés ¢h Figure 4.10 to
4.14. As can be seen from these figures the maximum timesvatharease with
increasing impact energy. Also the average position of eacle gives us a hint
about the impact sensitivity of tubes.

It is seen in all graphs immersed specimens have little mmmtact duration and

peak force than dry specimens.

z —5J
g —75]
| 10J

14 16

Time (ms)

Figure 4.10 Comparison of 5J, 7.5J and 10J imfawas- Time curves for dry condition.

z —1-5J
g —1-7.5]
4 -10J

Time (ms)

Figure 4.11 Comparison of 5J, 7.5J and 10J imphoad- Time curves for immersed
condition.
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Figure 4.12 Comparison of condition type of Loadh&icurves for 5J impact.
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Figure 4.13 Comparison of condition type of Loadh&icurves for 7.5J impact.
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Figure 4.14 Comparison of condition type of Loadh&icurves for 10J impact.

56



57

4.2 Fatigue Testing

In the tests, the average static burst pressure values ofethieest specimens
(subjected 10J impact) were calculated experimentally. Subsequegtiamic
(fatigue) tests were applied in 20% and 70% scale of mentimunstl pressure value.
This value is observed approximately 60 bars so that selectedsrahdatigue
loading were 12 to 42 bars. The low cycle tests were appliadOwb Hz frequency

and cycle type was selected punch type.

For fatigue tests, 32 tests are aimed to realizetibgtare given in Table 4.3.

Table 4.3 Distribution of specimens for experiment

Impact energy / . Water Immersed
Conditior Dry Condition Conditior TOTAL
Unimpacte: 4* 4 4
5. 4 4 4
7.5¢ 4 4 4
10. 4 4 4
TOTAL 16 16 32

* Number of specimens

After impact, they lose their load carrying ability and thekbed region becomes
the weakest link when fibers buckling. Failure will initiate fréms region from the
subsequent pressure loading. For impacted tubes, the failmednitated from the
impact location. The failure cases of unimpacted specimemsdiffierent from
impacted. It was apparent that the failure origins of thenpacted tubes were
initiated away from the middle location of the tube was lptahexpected. Figure
4.15 shows tubes subjected to 0J impact energy leaked on corner tfbée
subjected 7.5J impact specimen leaked on around of impactolgcdinally

subjected 7.5J impact specimen leaked on impact locagigpectively.

During the fatigue testing three damage mechanism stages atserved. The
first damage mechanism is perspiration. Matrix crackingestaat the inner surface
of the tubes then matrix crack’s size increased. The perspiragigins at the center

of impacted are region as a small oil droplet. Lattagesia a leakage that leakage
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initiates when the matrix cracks coalescence reachedpdiv in which the
pressurized oil can penetrate through these cracks to reachftee aafrthe tube as
surface wetting. Due to cracks coalescence from inner sutda@rds outer surface,
a leakage path is formed. After a few cycles, the tubash the point where small
matrix cracks turn into bigger cracks that allow an intenskealage. At each cycle,
the oil penetrates through the matrix cracks and helps to open thérheacracks
coalesce quickly and turn the slight leakage into intense leakagat is observed
that these cracks have opened and closed at each cycles by rheatesnal
pressure. Leakage increased gradually with continuing of cyadfigr then with
damage propagation, on the specimens, jet case is occurredompesie tubes
were loaded internal pressure until failure. Therefore,ststafter a few numbers of
cycles (about 2000-3000) the test is finished. Phases of fatigusf kpecimen are
demonstrated in Figure 4.16 to 4.24. Perspiration phases are not datednetr

figures due to needing camera with too much high solutias$erve oil droplet.



Figure 4.15

@) (b)

lllustration of fatigued specimens ftiree corresponding type of the

(c)
leakages (a) 1@), 453 and (c) 7.5J
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Figure 4.16 Leakage state of fatigue loading of posite pipe.

Figure 4.17 Advanced leakage state of fatigue fgadf composite pipe.
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Figure 4.18 Strong leakage state of fatigue loadingpmposite pipe.

Figure 4.19 Jet | state of fatigue loading of cosif@pipe.



Figure 4.20 Jet |l state of fatigue loading of casite pipe.

Figure 4.21 Jet Il state of fatigue loading of quosite pipe.
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Figure 4.22 Jet IV state of fatigue loading of casife pipe.

Figure 4.23 Exact jet state of fatigue loading aihposite pipe.
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Figure 4.24 Eruption state of fatigue loading afhposite pipe.

In order to determine the fatigue life, “the perspiratitates is selected for

utilization of the performance limit of the pipes.

In Table 4.4, perspiration and leakage failure cycles oémiatmersed and dry

condition specimens are given.



Table 4.4 Average cycle number for correspondinggiat energy on dynamic test of composite tubes
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. Dry condition 3rd month immersed
Specimens — —
For Dynamic Peé;ﬁg?é'on Leakage Failure Pe,i;ﬁg?;on Leakage Failurg
Loading Cycles Cycles Cycles Cycles
0J-1 47300 81447 60000 -
0J-2 17369 24200 - -
0J-3 - - - -
0J-4 51111 - 41000 60000
0J- Average 38593 52824 50500 60000
5.1 36 180( 1625C 2750(
5.-2 2952 360( 1970 3250(
5.3 2354 800( - -
5.-4 1028 1714 - -

5.- Average 3907 7631 1800( 3000(
7.5J-1 - 4532 - 29145
7.5J-2 30 1200 20000 21727
7.5J-3 30 - 11639 14014
7.5J-4 1805 2100 6373 -

7.5J- Averagg 622 2611 12671 21629
101 - 73 - 850(
10.-2 - 29 - 80C
10.-3 - 57t 350( 1508¢
104 - 61C - -

10.- Average 161 322z 350( 813(

Average fatigue cycle to impact energy curve graphs aendielow in Figure
4.33. Figure 4.34 are derived from above Table 4.4.
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Figure 4.33 Average cycle-impact energy curve fgrabndition.
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Figure 4.34 Average cycle-impact energy curve & water immersed condition.

The graphs show that the fatigue life cycles decrease indtleasing impact
energy. It can be clearly observed that the designs perforrd®d anpact shows the

lowest fatigue cycles values.
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4.2.1 Fatigue Observations

In general, about tests specimens within dry condition can be coniikent
below.

In total 16 experiments, result of completion dynamic loading, ohdhe
specimens (0J-3) had no damage (perspiration, leakage or erupiom)of the
specimens are shown regression and unstable leakage. Alsedhithat leakage on

8 specimens and jet on 6 specimens.

For unimpacted specimens, the owing to too much cycles than impacted
specimens some tests have being continued 30-40 hours. In genepalsgieation
is considered as first failure point. Since the damage prtpagaquired too much

cycles, advanced leakage and jet phases are not seen.

On second and third specimens of subjected to 5J impact energgsiegs are
seen. With the experiment that has too much cycle and maorengpes, estimations
will be closer to the absolute truth. Consequently, in someirapas progressive

fatigue mechanic has not been seen as estimated.

Results’ dynamic loading of 7.5J and 10J impacted specimens &aas @ut as
estimated so leakage and jet developed with gradually arestmorfor trend of
cycle numbers.

In general, about tests specimens within sea water immecsetition can be
comment like this. In total 16 experiments, result of completion rdi;éoading,
five of the specimens (0J-2, 0J-3, 5J-3, 5J-4 and 10J-4) have nod carrieecause
of they had no damage (perspiration, leakage or eruption). Gibes of water
immersed condition have displayed same trend like dry conditioe. dsparity

most of failure phase have higher cycle than dry condition spesim



CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

This section presents the conclusions obtained from the anabfsithe
experimental data of low velocity impact and fatigue testglucted on the filament
wound-glass fiber reinforced plastic (FW-GFRP) pipes. Alscsdswater effect on

the fatigue life is studied. The following results are natiftem study;

5.1.1 Results of the Impact Tests

Firstly, the transverse impact behaviors of the FW-GBIREs are examined.

The impact characteristics, such as peak load, contact atyratiaximum
deflection vs. impact energies are plotted.

Load-deflection curves of all impact tests have one cabeunding. So none of
specimens are perforated.

First damage created under 5J, caused small delaminatidoding matrix and
fiber cracking. At higher energies these delaminations peipagnd are
accompanied by the delaminations.

It is clearly seen that contact time, peak force, maximufteai®mn and total
absorbed energy are increased due to increasing impact émtinggf the type
of specimen, for all that the peak force values of water irsegespecimens
have trended greater than dry specimens in addition max defleatid total
absorbed energy values have antipodal. Because of mentiones ststienated
as sea water immersion has become more plasticize to pighatguipes are

behaved more flexible.

5.1.2 Results of the Fatigue Tests
For unimpacted tubes, the failures that initiated away tr@mmiddle location of
the tube were totally unexpected. On the other hand, natutadlfailure of the

impacted tubes was initiated from the impact area.
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Three damage mechanism stages were observed perspiraagage and jet
failure.

For every failure states, impact energy-cycle curves mdxddirom fatigue tests.

In order to determine the fatigue life, the perspiration siageonsidered to
determine load carrying capacity of tubes.

Some of the specimens have shown regression and unstablgdehking tests.

The graphs show that the fatigue life decrease rapidly (likarabplic) with

increasing impact energy.

5.1.3 Results of the Sea Water Effect

After definite time (term), water (#®0) immersion has damaged bonds of polymer
which provided interlaminar connection. It is seen that 3 monthsnkemough
for mentioned stage.

It the increase in the impact strength and fatigue strengtredfW-GFRP pipe is

due to plasticization of the matrix by the absorbed water.

5.2 Recommendations

Following are some of the recommendations for any future work taed out

on FW-GFRP pipes and effect of environmental conditions to FWtstas;

Voids within the composites are affected negatively on maéteraperties.
Production of these pipes including the void effects should be considered
Hence, improvement of FW-GFRP pipes production processes maatato
consistent results in future.

Carrying out of fatigue tests takes long time, in addition mountimd) de-
mounting of test apparatus have necessitated very high stgighime so that
development of test apparatus very important for productivity mfuatests.

Fatigue test consist from hybrid (manual and electronic) systentrolling are

required regularly by human. The test system can be improvgdafutbmatic
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computer-controlled and joined acoustic emission system foitigerabserving.

Microscopic analysis of the impact damaged specimens cearbed out to have
an in-depth failure analysis.

Test specimens must are exposed the sea water immerSiam®,12 months too,

for seeing further damage mechanism of it.
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