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Abstract. The use of steel pipelinesin industriesis generalized and adopted worldwide. In order to optimize the design
and the use of these components, there are experiments that are being carried out and the identification of sources of
errors is an important issue. Many techniques can be adopted to determine and control a list of causes of errors. In
this work, the Diagram cause-€ffect of Ishikawa and the Method of 5M, will be used in an experiment with low carbon
stedl pipes, closed with flat ends at both extremities and subjected to hydrostatic internal pressure. The specimens were
machined in the central region, to simulate a defect (i.e. thickness loss) and repaired with a carbon/epoxy composite.
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1. INTRODUCTION

Nowadays, the use of steel pipes in many industgators is extensive worldwide (Telles, 1997). doev, steel
pipes have surface problems due to corrosion @igihby external vapors, gases pollution and haynidigeneral. In
addition these components can be subjected tomeetieternal hydrostatic pressure. Thus, it is ingoarto develop
scientific and experimental research with indukfipes, to determine their properties, charadiessand mechanical
behavior. In order to optimize the design and tee of these pipes, there are tests that are bamga through in
many sectors of engineering.

However, any experimental technique and practicatgdure is associated with errors of measurenigrgse
errors can modify results, so they have to be stlidhnd, more important than calculate the asseditdtal error, is to
identify the sources of these errors, in order ilminmze or eliminate them.

In this way, many techniques can be used to deterrand control a list of causes of errors. In thgk, the
Ishikawa Diagram will be used, through the Meth6é8M. This method leads to all the causes of theeement errors,
including Human, Methodology, Machines and Matestidflanagement and Environment. In order to dematesthe
methodology of application of the Ishikawa Diagramthe analysis of a practical procedure, this waik consist of
analysis of the errors associated to an experifegiteat importance and high technological valuelie industrial, for
the preventive and maintenance sectors and for aoiap who carry through emergency repairs of tpegiln this
work the use of the Ishikawa Diagram will be exeifrgd with a pipe that needs a fast repair to avtsdburst.

In this direction, the experimental materials agdipments, procedures and sources of errors witliétailed, in
some experiments with steel pipes of low carbohlid been machined in the central region (to siteuh defect) and
had been repaired with composite material (epoginreith glass and carbon fibers).

A theoretical model concerned with the mectaibehavior of pipelines reinforced with advethcomposites,
including analytical equations for stress analygias presented by Toutanji and Dempsey (2001). Yeavs later,
Levy-Neto et al. (2005) presented some experimaartdl numerical results about the elastic behavialuminum
pipes repaired with carbon/epoxy layers. And, asafathe experimental and numerical predictionhef taximum
internal pressure that a steel pipe repaired wythrid composites is concerned, the work of Felippesl. (2007)
presents some new results. It was detected in fires@us studies that this kind of repair was ohthe most efficient.

Thus, experiments with the mechanical behavioripéq which have covers in their extremities arelsaromitted
by internal hydrostatic pressures, will be analygdising the Method of 5M.

2.METODOLOGY AND GENERAL SCOPE OF THE ANALYSIS

In the experimental analysis, including the linekastic as well as the burst behavior, the mechhnisponse of
steel pipes was verified. Both, theirs ultimatesgrees, as well as the longitudinal positions wiileeefailures occur,
were estimated. These results are very importarihétustries that need to select the type of refbait will have to use
in their damaged pipes. To carry through this loheéxperimental and to get the desired resultsait been analyzed,
in a test rig in the SG-9 Laboratory (UniversityBrasilia), the behavior of three kinds of steglgs: (i) perfect pipe
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(with constant thickness); (i) damaged pipe (maedipipe in the central region, see Fig. 1); aiifr@paired pipe
(machined pipe in the central region, which wasieal with composite material, see Fig. 2).

The test conditions and the basic specificationsatoy then out followed the ASTM A-53 standard, deneral use
(Telles, 1997). The perfect pipe will be consideasdthe ideal condition, since it represents oaigpipe that had not
suffered any type of problem.
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Figure 2. Repaired Pipe.
3. MATERIALSAND EQUIPMENTS

The main specimens, all with nominal wall thickne$2.5 mm were designated as: Tube 1 (for theegerdipe);
Tube 2 (for the damaged pipe, see Fig. 1) and Buffer the repaired pipe, see Fig. 2). The pipesstigated in this
study are made of steel, SAE 1010, 500 mm lond) maminal diameter of 100 mm and welded along ¢imgjitudinal
direction. All tubes (presented in Fig. 3) werengieed in the left extremity and closed with flat snd the right one,
having 10 equidistant screws in the flanges, whiehe fixed with TIG welding. More information abaiie specimens
can be seen in Table 1.

Table 1: Pipes used.

TUBE 1 Perfect pipe, without barbs, covered in
the two extremities.
TUBE 2 Pipe roughed-hew mechanically in the

central region (length of the machined region
=100 mm and depth of the machined region
= 1.15 mm), without barbs, covered in the
two extremities.

TUBE 3 Pipe roughed-hew mechanically in the
central region (length of the machined region
=100 mm and depth of the machined regipn
=1.25 mm) and repaired in the same centfal
region with composite material, without
barbs, covered in the two extremities.

Figure 3. Three specimens used.
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The glass and carbon fiber fabrics used were bathneith a volumetric fraction of 50% and a thicksef 0.25
mm and 0.50 mm, respectively. The resin epoxy wasodified Araldite LY 1316 BR (Huntsman, 2005), ¥ehthe
catalyser used to speed up its cure was HY 1208.

The equipment of data acquisition is an ADS 200ih &6 canals, connected to a microcomputer, thaties
through the tasks of gauging of data, compensatidg@emperature, balancing of electrical resistaraebreading of the
measures of axial and circumferential deformatieith precision of 0.1x18 (Faluhelyi, 2006). The procedures of use
of the equipment are enumerated:

« Bind the handles of the strain gauges circumtéakand axial in canals 0 and 1, 2 and 3, respelgt;

 Calibrate the system of acquisition of data byangeof the analogical entrance of signals, with hkie of
engineering in the system of acquisition of datat tlepends on the value of the measure of defovmadf the
electrical resistance of the calibration, supeaiod inferior excitement of the strain gauges with \2 and limits of the
scale more or less not to saturate the differend® @otential of V (that it is regulated by thetramce that can go up to
5000, in the system of the Lynx mark);

 Connect canal 5 to the pressure transducer, totandghe pressure during the test;

 Wait the system to stabilize (until values ofiloadtion approximately to remain constant); and

 Record the data for the necessary amount oftintiee experiment.

The test rig is composed of a metallic steel box01Qvith thickness of 3 mm, 1200 mm of length, 3@ of width
and 400 mm of height, with two columns, fixed i thase of the box. One of its functions is to supth® extremities
of the pipe and allow that they have the same ak&dlacement during the experiments. For measuseaurity, this
test rig prevents any accident with the operafoh& cover of the metallic box is of acrylic, withnfm of thickness,
that resists the impact of any part of the projggige or oil in the direction of the acrylic coyéeing transparent to
allow the visualization of the pipe in the experithé-ig. 4).

Figure 4. Test Rig.

The Enerpac hydraulic pump has power of ¥2 HP, aphdty of 70 MPa (700 bar), so it has capacitgday
through the tests. The oil of the used compress®$ Lub Schulz, being very used as lubrificantdtiernative air
COMpressors.

The hydraulic pump and the body of test are comukby means of a steel hose, with capacity of pressp to 30
MPa (300 bar). It is used to carry the oil from thenp to the pipe and is installed through coppemections in the
entrance of the pipe and the exit of the pump, ttbsits until the same capacity of the hose. Thesure transducer,
with band of operation between 0 and 40 MPa, mositoe pressure during the whole test and recainesccitation of
24 Volts.

4. ISHIKAWA DIAGRAM ANALYSIS

Different techniques can be used to facilitate deéermination of causes of errors. In this worle tdause-effect
diagram will be used, with grouping in familiescanding to Method of 5M, which leads to the attagminof a list of
all the causes of errors and includes: Man poweaathibds, Machines and Materials, Management andr&mwient.
This tool of analysis, also known as "diagramméstlkawa", allows a schematical form to visualibe trelations
between effect and causes in an experiment, asmiegsin Figure 5.
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Figure 5. Fishbone Diagram (Envision Software, 1998

Following, it can be verified the main causes operimental errors in this work, which are organizedthe
Method of 5M.

4.1 Details of the Applied M ethods

MANUAL IMPREGNATION OF RESIN IN THE FIBERS WITH COSOLIDATION IN VACUUM: The resin
impregnation of the fibers must be homogeneousutiirout the repair. Otherwise, the impregnation wemlify the
efficiency of the repair. Moreover, the thicknedstlie manufactured repair does not coincide acelyrawith the
theoretical ideal thickness, so this difference wadify the results. A method to manufacture theposite repair by
using machine in the next studies should be adopted

CUT OF THE PIPES: As it was carried through in nmanuay, it is possible to produce specimens wiffedgnt
lengths, and with lengths different from that orsediin the theoretical analysis. This can influethee analysis and
make the experimental results more distant fronttiberetical ones.

PROCESS OF GEOMETRIC CHARACTERIZATION OF THE PIPESBhis identification has many errors
associated, therefore the points of measuremettieirpipes are not regularly spaced between thepselad have
accumulation of instrumental errors (of calipederuradius meter - the measurement depends osehsor in the
surface of the pipe, and software), which haveediffit resolutions. These errors contribute for n@asurement
uncertainty. It can be minimized, by increasingcfical exercises with these instruments for therafoe.

PROCESS OF MEASUREMENT THE RADIUS AND THE THICKNESSF THE SPECIMENS IN SOME
POINTS, TO MEET THE AVERAGE: Certainly, it is eveonsidered that the pipe has a little variatiorit®fadius
and thickness. But it is not right, because themmampeters vary throughout the pipe (it has impédes due the
differences in the manufacture process). After,thia measurement instruments also have errorsiagsd. More
points measured, more real the value of the averatiee thickness and the radius.

VERIFICATION OF THE TYPE OF STEEL OF SPECIMENS: tlme analysis, the hardness of the steel pipe was
verified. It had the common imperfections in theaswement sphere, so the hardness results camipersers.
Moreover, this joined value is an approach of thedhess of the material, since it reflects the eafithe superficial
hardness of the material, and not necessarilyehthterial as a whole. It can be considered, iméhe studies, to add
other tests in the identification of the accurgtetof material of the specimens.

PREPARATION OF THE COVERS AND THE SPECIMENS: Itgessible to occur circumstances in the operation
of the specimens, in the lathe for example (as showFigure 6), that can modify the results. At tmement of
reducing the thickness in the lathe, for examgie,region machined in the pipe can be irregularsica great error of
circularity, due to vibration of the pipe and taded. Thus, the theoretical analysis does not sadbsconsider the
real pipe used in the experiment (it does not atmrsirregularity in the roughed-hew region). Sacén generate
differences between theoretical and experimen&llt® It can be used, in next studies, more mo@M& machines
and new tools in the preparation of the specimens.
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Figure 6. Preparing the specimens.
4.2 Test Conditions

POSITION OF THE SPECIMENS IN THE TEST RIG: The drftances and vibrations in the two supports can
modify the experimental results. Moreover, thesppsuts can not be accurately in the same heightifying the
position of the pipe. Moreover, there is frictioatlveen the support and the pipe, mainly duringathial displacement
of the specimen. This friction is not consideredthe theoretical analysis and can modify the expental results.
Moreover, as the left support is fixing the pipel dne right one is not (as shown in Figure 7),akemity of the pipe
in contact with the left support doesn’'t have tleene deformation than the other side (harming a lyemeous
deformation of the pipe). For next analysis, the supports must be, exactly, of the same type.

B |

Figure 7. Specimens fixed in the test rig with supg

EQUIPMENT FOR DATA ACQUISITION ADS 2000: As any eleic equipment, this device can present trend
and, when not correctly calibrated, it can modifg tesults. A necessary time must be waited, befsirgy it, to make
possible the stabilization of the system and it@sneed values. Moreover, it must be calibratedueatly and in
accordance with its manual.

PRESSURE TRANSDUCER: If the transducer or the rméter (that measure the stress used for exciterisemb)t
correctly calibrated and in good working conditiptteey can harm the results. These equipments frecaiently be
calibrated.

HYDRAULIC PUMP: The pump presents some errors dased that can influence the results. The pumpthde
in good condition, has to be used with the corfleidd, has to be kept in a good environment andtmos exceed its
allowed maximum pressure.

OIL OF THE COMPRESSOR AND INSIDE THE PIPE: It caergrate micron-modifications in the internal
surface of the pipe. Moreover, after years trartapgpoil, the pipe can have fatigue. Thus, the tgpéhe used oil can
modify the results. The viscosity of the oil usedsinbe checked frequently during the experimentprievent the
alteration of admitted pressure.

STRAIN-GAGES: The excess of pressure in the speatinoan generate a stretching of the terminals we(dee
Figure 8) and can generate a contact between timéngd and the steel pipe. This contact provokebs@t circuit and
avoids the correct performance of the strain gadereover, the composite material has irregular difterent
behaviors when submitted to pressure and it igcditfto fix the gages in the composite repair.

Therefore, the values obtained from gages in thaireone are not so trustworthy as the valuesirdxdan the rest
of the steel pipe. We have to take care aboutdiséipn of the terminals and strain gages in thpe pbefore starting the
experiment. Moreover, it is important to remembeattgages cannot be glue next to the sewing opipe or the
wrinkling of the repair. The methodology to glueetbages in the repair zone has to prevent thatethair surface
influences the measurements of the strain gage.
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Figure 8. Specimen ready for the experiments.

HOSES OF LINKING BETWEEN THE PUMP AND THE PIPE: Thwses have strengthened rubber walls with
steel mesh, beyond copper connections in the ex@rahthe pipe and the exit of the pump. They a#fes micron-
deformations that make it difficult the pressurii@atof the pipe. It is important to make good castimns for
preventing accidents.

4.3 Materialsand Equipments

AISI 1010 STEEL WELDED PIPE: The longitudinal welaf the pipe is characterized for presenting high
mechanical resistance, dimensional variations aodtéd microstructural alterations. The welded sgvimcreases the
local strength and stiffness of the pipe, minimigthe deformations in this region and modifying ttagural behavior
of the pressurized pipe. The sewing and other fadtdluence the axial and circumferential resulise sewing harms
the analysis of circumferential deformation, sirthe surface of the pipe next to the weld defornss lthan other
region, causing a pipe ovalization and an altenaitinits global deformation. About the axial defation, the sewing
also influences it, since, throughout the lengthtlod pipe, the region next to the weld deforms ldsmn the
diametrically opposing region. Finally, after thagldire of the repair, the pipe central region imses its volume and
then minimizes the internal pressure (it variespghessure very fast and can modify the resultsjait be suggested
that, for the next experiments, the steel pipe tmswveld, so it could be more homogeneous and haaehamical
properties more predicable.

REPAIR OF COMPOSITE MATERIAL: It has high efficiepclow weight and accessible cost. However, after
suffering high pressures, it can delaminate andifpdd mechanical behavior (as presented in Fi@)reMoreover, the
composite has variations due to hygrothermal effethe hygrothermal analysis in the repaired pijth different
materials can be developed in future studies.

4 (-
Figure 9. Repair delamination.
FIBERS WITHOUT PRECISE SPECIFICATION: It was neaaysto use elastic, physical and mechanical
properties for these materials, because we didwetihe technique specification for them. In néutlies we can try to
find out their properties by experimental analysis.

COVERS OF THE PIPES: Exactly after facing of thevars, it can remain barbs, that increase the sigrf
rugosity and difficult the covered of the pipe. Mover, the TIG welds of the covers, as illustrateBig. 10, can have
pores and problems that could hinder an adequédenal pressurization. Before the pressurizationthef pipe, an
inspection with a penetrating liquid in the weldtloé covers can be done.
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Figure 10. Preparing the covers.

LITTLE SPACES IN THE REPAIR: Normally, for higherrgssures, the values of pressure visualized in the
computer by ADS 2000 equipment, are practicallystamt throughout the time. But some pores canveter in the
results, mainly for low pressures. For higher puess, the pores are reduced and the values forrdafion read by the
gage are more steady and with lesser band of ia@ariat

O-RING'S: When the specimen is subject to highquness in the rupture behavior, we can see thaOtRéng is
intense and permanently deformed, so it can't leel s another experiment. In an elastic regimes QlRing does not
disaggregate itself and can be used again.

PLACE OF THE REPAIR FAILURE AFTER ITS RUPTURE PRBE3RE: It depends on the position of the
sewing (failure occurs far from the weld) and tlwsipon of the failure of the steel pipe (normathe failure of the
repair occurs next to the region of the pipe faiJurecause it is the place of higher deformatisrsh@wn in Fig. 11).

Figure 11. Place of the rupture in the steel pipe.

MASSIVE CYLINDER OF NYLON: This cylinder of nylonas illustrated in Fig. 12, can be deformed intdynal
and absorb oil, making it difficult to pressurizeetpipe. Moreover, in order to this cylinder does imfluence the
results, its central axis has to coincide accuyatéth the axi-symmetrical axis of the pipe. It che used cylinders
from other materials in the next experiments.

Figure 12. Adding nylon cylinder.
4.4 Environmental Conditions

EXTERNAL VAPORS, GASES, HUMIDITY IN GENERAL, POLLUON AND OTHER EFFECTS: They can
modify the material of the surface of the pipe,yoking points of corrosion.

CONSTANT TEMPERATURE AND HUMIDITY (IDEAL VALUE OF &°C and 50%, RESPECTIVELY):
During the experiment, it can have considerabléatians in the temperature and humidity of the emvinent, because
of the electric equipment, excess of operatorsansland door of the laboratory opened, for exanthk, provoke an
increase of the temperature. To control the actizaton of the laboratory, it was necessary to soea the
temperature and humidity constantly.
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NOISE IN THE ENVIRONMENT: Currently, the verificath of the beginning of the fibers rupture is madghw
acoustics emission (Hull, 1988). In a specific ptes, some staple fiber sounds start to be hedras, Thoise in the
experimental environment can harm this kind of pption and influence the analysis. To avoid thisyowe have to
inform officially, in the moment of the experimetitat it cannot have sounds next to the laboratory.

SPECIMENS SUFFERING CONTACT WITH WATER AND OTHER ABIENT AND CHEMICAL
VARIATIONS: A small corrosion can be started in timachined specimen, because when we machined pkens
removed the protective layer of the steel, whicladtiered to the external surface of the originpepWe have to
prevent the contact of the specimens with watertamptotect its surface with some anticorrosivessaince.

45 Human Errors

THE ADHESIVE OF THE STRAIN-GAGES AND CONNECTORS ANDHE WELDING OF THE STRAIN
GAGES TERMINALS ARE MADE MANUALLY: Any human errowhen he glues the strain gage and connectors in
the specimens, mainly related to its position ainelction, can modify the measured results of defdiom. Moreover,
the operator must have much ability to weld thenteals of the strain gages in the pipe, withountfiag it. No strain
gage can be located in the upper/lower part ofttaesversal section of the pipe, exactly to prevbat the small
deflection existing in the center of the pipe ieffices the results.

THE PROCEDURE OF THE REPAIR MANUFACTURE IS MANUALThe operator must have experience,
ability and caution to promote all the preparatidrthe composite repair (taking care of the corfiber mass, the way
to roll up the repair in the pipe, as shown in Hig, the way to make a resin impregnation and ithe bf cure), to
prevent problems in the repair. For example, toerthle matrix (resin + catalytic), the adequateorafithe mixture in
weight is of 100 (resin epoxy) for 13 (catalyti®he mixture must remain in clean containers anguieinto motion
during 3 minutes to get a homogeneous result. Blgn the operator doesn’t have practical experietinig mixture
may not be in the ideal accurate ratios, may natdsestituted during the adequate time and may delmpurities in
the process. All these errors can harm the effaieof the repair. It can be considered to autonthte repair
manufacture process, adding automated technologies.

Figure 13. Preparing the Composite Repair.

THE SETTING OF THE COVERS WITH SCREWS IS MANUAL: Arscrew badly pressed (see Fig. 14) can
modify the experiment. The maximum torque admittedt be calculated to avoid problems.

Figure 14. Preparing the Covers.

THE CALIBRATION OF THE DATA ACQUISITION SYSTEM DEPEDS BASICALLY ON THE
OPERATOR: When calibrating the system of data asition, it automatically chooses the best resistasfacalibration
for the work limits, depending on the sensitivity @ain) of each sensor connected to the systemvekder, the value of
this gain is selected and adjusted for the opemratdr in some cases, the operator must readjusatbe of the gain. It
is necessary that the operator knows how to cadilitas equipment, to avoid selecting wrong valaed harming the
experiments.
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THE MEASUREMENT WITH CALIPER, THERMOMETER, RULER AN SPHEROMETER IS BASICALLY
VISUAL: There are many errors associated of hysisréor radius meter case) and of parallax (viemsdr because of
human position). To prevent these errors, the ¢pe@nnot be stressed and must have visual coatient at the
moment of the measurement.

5. CONCLUSIONS

Within the context of this work, the actual nectssd repair damaged steel pipes, in practicalsibms, could be
verified. Because of its excellent properties, thate verified in the composite repair used in ékperiments, it was
possible to see why it is increasing the use ottmaposite material over the world.

Then, to make an analysis of the complete expetimhenethodology, the Method of 5M was selected Kinithe
scope of Ishikawa diagram), which is very efficiamthe determination of the causes of the erroas tan influence
the experimental results, and, in addition, helgongrevent them.

This Ishikawa Diagram was also important becausaritpresent some suggestions of improvement iry siages
of this experimental methodology described. Morepwéth the description of the experimental analysibtained with
the Method of 5M, it could be verified that thene &ome disadvantages in this methodology of coitgospair
manufacture, which is the crucial and critical sta§ the experiment.

Finally, it could be understood how to make an eixpental analysis by using the Method of 5M. Andaimumore:
it was verified that using a methodology to detbet causes of measurement uncertainty and err@isy procedures
and materials can be improved, in order to optimiflethe experimental methodologies adopted, imimgun
consequence some results and conclusions needeg area of engineering.
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