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Abstract. Flexible pipes, demanding intense technological development, are commonly used as a solution to explore
ultra-deepwater oil fields. The structural complexity of flexible pipes is based on multiple independent layers of
polymeric and metallic materials, each layer performing a specific function, e.g. the tensile armor wires, which provide
the pipe’s axial tension resistance. These layers need to be anchored into the end fitting during the assembly process.
Currently, during manufacture it is necessary to submit the tensile armor wires to a folding/unfolding process, which
generates high levels of plastic strain on the wires,which can therefore reduce the fatigue life of the flexible pipe in the
field. In the comparison described in this paper, strain gages and fiber Bragg grating sensors were installed along the
length of the tensile armor wires to measure the levels of strain occurring during the folding and unfolding process.
This paper evaluates the high strains generated along the wire length during the standard folding/unfolding process
and correlates the performance of both methods to assess high strain levels.

Keywords: Fiber Bragg grating, strain gages, high strain monitoring, flexible pipe, tensile armor layer.

1. INTRODUCTION

With the growth of oil and gas exploration in ultra-deepwater, the use of flexible pipe has gained headway due to its
good bending capacity related to its axial stiffness and structural integrity. Flexible pipes are used in many applications
such as oil and gas production, water and gas injection, and fluid control services. Depending on the application, and for
example in the case of top risers, flexible pipes can be subjected to high tension levels and fatigue loading (Xavier,
2009).

Flexible pipe has a structural complexity based on multiple independent layers of polymeric and metallic materials,
each layer performing different and specific functions. Basically, polymeric layers provide a sealing function while
metallic layers provide a structural function (Santos, 2008). The tensile armor layers provide the flexible pipe’s tensile
strength, and comprise two layers of carbon steel wires, helically wound in opposite directions. These layers are folded
during the end fitting assembly process to allow access for sealing rings to be applied to underlying extruded polymer
layers. The small curvature radius on the wires, necessary during end fitting, can generate high levels of plastic strain,
which can result in residual stresses, reducing the fatigue life of the flexible pipe in the field (Sheldrake, 2008).

As these high strain levels are difficult to predict with accuracy, there is an interest in studying this background area
in greater depth. Once the data is obtained, it will be possible to improve flexible pipe fatigue design, providing
increasingly reliable design conditions. For the strain measurements in this work, the electrical extensometry method
using strain gages and the optical extensometry method by Fiber Bragg Grating (FBG) were utilized.

The purpose of this work was to evaluate the strain levels in the areas of tensile armor wire defined by small
curvature radius of the wire during the end fitting process, using both electrical and optical instrumentation techniques.
In order to achieve a good approximation of real strain levels on the specimens, the tests were performed using a device
that simulates the curvatures applied to a tensile armor wire.
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2. CURVATURE DEVICE

A curvature device was developed to simulate the steps of the tensile armor bending during the end fitting process.
The device consists of a former (introducing a specific radius), spider lock and a base (Lopes, 2013). Figure 1 shows a
schematic drawing of the curvature device. The tests were carried out bending high carbon steel tensile armor until they
were locked in the back position (in the spider lock), after which, the tensile armor was released from the back position
and fixed on the base for the final configuration.
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Figure 1 — Curvature device sketch. (Lopes, 2013)
3. EXPERIMENTAL METHODS

The tests were carried out using two different strain monitoring systems to evaluate the capacity for high strain level
monitoring. A comparative assessment is presented describing the advantages and main characteristics of each method
for this application.

3.1 Tests Using Strain Gages

The most common type of strain gage consists of an insulating flexible backing which supports a metallic foil
pattern. Usually, the strain gage is bonded to the object by adhesive, such as cyanoacrylate or similar. When the object
is deformed, the foil is also deformed causing its electrical resistance to change. This resistance change, usually
measured using a Wheatstone bridge, is related to the strain by the quantity known as the gage factor (GF). The
relationship between strains (¢) and electrical resistance variation (4R) can be seen in Equation 3.1; the relationship
between voltage output (V) and strains (&) can be seen in Equation 3.2

AR
¢=—-GF 3.1
R G.1)

o 1

V, = (%)Vs (3.2)

Where, R is the strain gage resistance and V; is the voltage input.

Once the position of the strain gages had been determined, the process of installing them could begin.The first part
of the process was to clean the tensile armor with a sandpaper grain size 200 finishing with a 400 grit sandpaper. Marks
were then made on the sanded surface where the strain gages would be attached. A neutralizing agent (isopropanol) was
used as the final part of the cleaning process. Lastly, the strain gages were bonded with Loctite 401 and connected to the
Wheatstone bridge using a 4 bridge, three-wire configuration (Lopes, 2013).

A total of 22 strain gages were bonded to the tensile armor, eleven on top of the tensile armor and eleven on the
bottom of the tensile armor, coincident with those on top. Figure 1 shows the critical regions where the strain gages
were bonded, some of which can also be seen in Figure 2.
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Figure 2 — Strain gages bonded on tensile armor specimen.
Uniaxial strain gages manufactured by Kyowa were used, the main characteristics of which are shown in Table 1.

Table 1. Strain gages characteristics

Strain Gage
Model Base dimensions (mm) Length (mm) Resistence (2) | Maximum strain (%)
KFEL-2-120-C1-L30C3R 8x4 2 120 10

For loggin, conditioning and storage of the strain data was used together, an acquisition controller, model 2122 CA
and a signal conditioner, model 2164 Al from Lynx. After balancing, a calibration procedure, using a shunt calibration
circuit, was performed. This circuit provides an imbalance known at the Wheatstone bridge, which is used to check
gain. Also a preliminary test was performed with a known weight, as shown in Figure 3.

Figure 3 — Preliminary test. (Lopes, 2013)

The preliminary test was executed using a short tensile armor specimen. The strains were measured from a strain
gage installed near the fixed end of cantilever beam, with a known mass at free end. The result are compared with an
analytical model using Mechanics of Solids. The results showed little difference between the experimental and
analytical calculation, with good results confirming the gain selection.
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Figure 4 shows the strain experimental output of the preliminary test shown in Figure 3.
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Figure 4 — Experimental output of Figure 3 preliminary test. (Lopes, 2013)
The main tests were performed in steps. Initially, the tensile armor was folded back and secured into the spider

lock; the wire was then released allowing it spring-back elastically; finally the wire was bent back down and locked
onto the Base, as shown in Figure 5.

Locked on Spider

Locked on base

Figure 5 — Test steps. (Lopes, 2013)

The data acquisition was performed at 5SHz, at ambient temperature using a filter of 100Hz to bend the wires.
Figures 6 and 7 present the test results by percentage, obtained from the division of the measured strains by the material
yield strain limit, multiplied by 100. Figure 6 presents the results measured when the tensile armor was locked into the
spider lock. Six tests were performed at each position along the tensile armor and it can be seen that the strains repeat at
all points. It is noted that the strains measured at all points were relatively high with the most critical point achieving a
peak strain of approximately 7.5 times greater than the yield strain. Furthermore, the strains showed a rapid and
significant decrease away from the most critical region; this resultwas expected as the radius increases along the tensile
armor. Finally, in those monitored areas more remote from the critical region the strains diminished to almost zero.
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Figure 6 — Strains at back position - strain gages. (Lopes, 2013)
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Figure 7 presents the results measured when the tensile armor was locked onto the base. Six tests were performed at
each position along the tensile armor making it clear that the residual strains present in the tensile armor exceeded the
yield strain limit at most locations, and at the most critical point reached approximately three times the yield strain.
Again, the measured strains showed a significant decrease when moving from the critical region.
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Figure 7 — Strains at base position - strain gages. (Lopes, 2013)

3.2 Tests Using FBG Sensors

FBG instrumentation is based on light transmitted between different locations in the form of beams. In many
circumstances it is advantageous to transmit optical beams through dielectric conduits, rather than through free space.
The technology for achieving this is known as guided-wave optics and in this case is the optical fiber.

An optical waveguide is a light conduit consisting of a slab, strip, or cylinder of dielectric material embedded in
another dielectric material of lower refractive index. The light is transported through the inner medium without
radiating into the surrounding medium.

For the purpose of this comparison, an optical fiber was used as the optical waveguide, comprising two concentric
cylinders of low-loss dielectric material, such as glass. The optical fiber comprises core, cladding and buffer coating.
The core is the central region of the optical fiber where the light is conducted; typically the diameter of the core is
approximately 9 pm.The cladding around the core is made of dielectric material with a refractive index less than that of
the core material. Covering the cladding is a buffer coating layer of polymeric material providing protection against
mechanical damage (Cunha, 2007).

Because of the refractive index difference between the core and the cladding, this waveguide provides a good
conduit for light rays. Figure 8 presents the optical fiber structural configuration.
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Figure 8 — Structural configuration of a monomode optical fiber. (Classroom notes, 2013)

The Bragg Grating itself is a section of fiber, or another fiber spliced into the first, in which a pattern of notched
reflectors is cut or etched. The operation of a FBG sensor is based on a change of reflected wavelength, known as
Bragg’s wavelength, as a function of strain and temperature. Bragg’s wavelength or reflected wavelength (Ag) is related
to the material’s refractive index (n) and the band period (A), as shown in the following equation:

Ap = 2n4 (3.3)
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Sensor systems involving such techniques usually work by conducting light into the optical fiber from a wideband
spectral source, where part of the wavelength goes through the grating and the other is reflected, generating a peak in
the spectrum with a small width. Figure 9 shows the circuit operation.
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Figure 9 - Sensor operation principle based on the Bragg grating technique. (Quintero, 2005)

One of the most important functions of FBG sensors is the capacity of strain measurement and monitoring, which
can be static, semi-static or dynamic (Grattan, 1995). When tension is applied in a FBG sensor a uniform linear
variation of the modulation period occurs. Therefore, there is a reflected wavelength variation, which has a linear
relation to applied strain based on equation 3.4 as follows:

M5 _k-e+a-AT (3.4)

ABo

Where, A)z is the reflected wavelength variation, A, is the initial reflected wavelength i.e., without tension, k is the
gage factor, usually 0.78, AT is the temperature variation in Kelvin and a is the refractive index variation.

Part k- of equation 3.4 describes the influence on the strain generated by the tension applied while part aAT
indicates the influence caused by temperature. Figure 10 shows how the reflected wavelength variation, measured when
the FBG sensor is tensioned, occurs changing linearly with strain (Antunes, 2010).
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Figure 10 — Relation between applied tension, reflected wavelength variation and strain. (Quintero, 2005)

The FBG test sequence on the strain gage tests and the procedure to plot the graphs were performed
identically.The only differences between the strain gage curvature device and the FBG curvature device were some
additional precautions regarding their application to prevent the fiber from breaking during bending.
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For the FBG instrumentation, high strain optical fibers were chosen to support the real strain applied in the test to
avoid any sensor spectral loss. To optimize the data analysis, the instrumentation was used with one sensor per fiber,
i.e., without multiplexing. Figure 11 presents the FBG sensor instrumentation.

Figure 11— FBG sensor instrumentation.

Figure 12 shows the strain results when the tensile armor was locked into the spider lock. Only one set of tests was
performed at each position along the tensile armor and it can be seen that the strains repeated on the top and bottom
sections. It is noted that the strains at all critical points were very high and at the most critical point, achieved
approximately seven times the yield strain. The strains again show a significant decrease when moving from the most
critical region. This result was expected as the radius increased along the tensile armor away from the critical area.
Finally, remote from the critical region the strains were close to zero.
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Figure 12 — Strains at back position, Bragg Grating. (Vargas, 2013)

Figure 13 shows the results when the tensile armor was locked onto the base. It can also be seen from Figure 12 that
the strains repeated at the top and bottom sections. Only one set of tests was performed at each position along the tensile
armor. It is clear that the residual strains present in the tensile armor exceeded the yield strain at almost every critical

point, and that at the most critical point achieved approximately 2.5 times greater yield strain. The strains showed a
significant decrease away from the most critical region.
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Figurel3 — Strains at base position, Bragg Grating. (Vargas, 2013)
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4. COMPARISION BETWEEN STRAIN GAGES AND FBG TECHNIQUES

Figures 13 and 14 shows a direct comparison between these two different techniques. Also the principal
advantages and disadvantages of both techniques are commented. Note that vertical axis of Figures 13 and 14 are
obtained by the division of the measured strains by the material yield strain multiplied by 100.
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Figure 14 — Strain comparison between Strain Gage and FBG techniques at back position.

Strain Gages x FBG - Comparison Chart at Base

BT Mol by FAG

300% -+ misetem et y FG

50
200% |
3
<
=
150%
100% -+
.n _ : .
ars 150 158 280
counor

110

= Tog Modulua by Svae Gages

= Brrrnm Mt by Sren Gaper

oo ecotoen
ey pnge
50% -
Senaos Besition (mem)

Figure 15 — Strain comparison between Strain Gage and FBG techniques base position.

The results presented in Figures 14 and 15 show almost the same reliability. Strain gages are less expensive than
FBG, with around 20 times less being spent on strain gages than was spent on FBG. The epoxy adhesive used for the
FGB sensors performed better than the cyanoacrylate adhesive used for the strain gages, though epoxy adhesive can
also be utilized for strain gages. It is important to note that epoxy adhesive requires a curing process. During the strain
gage tests some were lost when the strains reached high levels. This was a result of the difficulty in choosing the correct
adhesive parameters for the strain levels and as a result some tests needed to be repeated.This did not occur in the FBG
tests where all sensors were measured during the entire test without loss of any fiber. Both techniques took almost the
same length of time to perform the installation, test and data analyses.
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5. CONCLUSION

Based on the above data, it can be concluded that the test methodology used in these tests presents coherent results
in detecting the high residual strains introduced into the tensile armor during manufacture, which can significantly
impact the fatigue life of the tensile armors. This comparison shows the necessity of increasing the radius during the
pipe end fitting processes to reduce the residual strains generated by the bending of the tensile armors.
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