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ABSTRACT ter. Additionally a 7,000 foot deep sensor station was #italc

This study investigates new methods to improve deepwaterto a flowline with the aid of a remote operated vehicle. Vasiou
monitoring and addresses installation of advanced senears  sensor to pipe coupling methods were tested to measurédetensi
"already deployed” risers, flowlines, trees, and other deeper load, shear strength and coupling capability. Several ailree
devices. A major shortcoming of post installed monitoripg- s bonding methods in a subsea environment were investigated a
tems in subsea is poor coupling between the sensor and struc-subsea testing yielded exceptionally good results. Temsid
ture. This study provided methods to overcome this problem. shear properties of subsea application were approximasély
Both field testing in subsea environments and laboratort tes percent of those values obtained in dry conditions. Additily,
ing were performed. Test articles included actual flowlimgep a carbide alloy coating was found to increase the shear gien
and steel catenary risers up to twenty-four inches in dimmet  of metal to metal clamping interface by up to 46 percent. This

A monitoring device resulting from this study can be instll study provides valuable data for assessing the feasilnfityte-
in-situ on underwater structures and could enhance pragiuct  veloping the next generation fiber optic sensor system thatic
ity and improve safety of offshore operations. This papégite be retrofitted onto existing subsea pipeline structures.

the test results to determine coupling methods for attagfiber
optic sensor systems to deepwater structures that havadire
been deployed. Subsea attachment methods were evaluated INOMENCLATURE
a forty foot deep pool by divers. Afterword, structural iegt APC Advanced Process Control
was conducted on the systems at the NASA Johnson Space CerA Cross-Sectional Area of Tendcémz)
CTEs Coefficient of Thermal Expansion for Pipe
(um/m—°C)
*Address all correspondence to this author.
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CTEr Coefficient Thermal for Sensor
(um/m—°C)

E Young’'s ModulugGPa)

FEA Finite Element Analysis

Fc Gauge Factor

Sr Temperature Sensitivity

g Strain - ratio of deformation per original lengt# )

Ap Bragg wavelengtfinm)

Ao Baseline wavelengttnm)

AAs Wavelength shift from strain gaugam)

AAt  Wavelength shift from temperature compensation gauge
(nm)

pe  micro-Strain(10-61)

per  micro-Strain due to thermal expansifto—°1)

of Expansion

FIBER OPTIC LOAD SENSORS

The Echo and Foxtrot Tension Leg Platforms (TLPs) are in
277m and 500m of water, respectively. Both platforms areqfar
the Okume complex located 250km south of Malabo, Equatorial

Guinea and are operated by Amerada Hess Equatorial Guinea,

Inc. (AHEGI). As a replacement to the original tension moni-
toring system with load cells, fiber optic load advanced sens
were installed on the tendons. Each TLP has eight tendons ar-
ranged in four pairs, one pair at each of the four corners ®f th
hull. One tendon in each pair is instrumented with load senso
This projectinvolved several innovations including postalled
subsea load sensing with fiber optics, laboratory testirtigeod-
hesive and sensor strength in sub-sea conditions, anccetiofi

of sensor adhesion through bend, tension, and compresgion ¢
cling up to 70% of ASTM A36 steel yield strength. The newly
installed load sensors are a first of its kind innovation than
actual operation.

Much progress has been made in the last decade to moni-
tor subsea operations. Critical parameters such as sstesis,
temperature, pressure, vibration, leaks, and flow asseiasges
are of great interest. The first subsea fiber optic sensingrmsys
was installed as part of the Troika project in the Gulf of Mex-
ico in 1997. Troika used Fiber Bragg Grating (FBG) sensors
with a very early and elementary signal conditioning unikisT
early project was tasked to monitor the pressure withoudipta
any penetrations into the 14 mile pipe-in-pipe subsea tiebia
addition to pressure, the temperature and strain were oredit
in real time. Since then other deployments utilizing fibetiop
sensors were deployed on deepwater drilling risers and date
deepwater steel cantenary risers. An important aspecaighb
sensors do not require penetrations into the flow strearaspre
vessel, or pipe wall. The sensors use light to interrogaédiltier
optic measurement devices so no electric current is redjuliiee
sensors can be installed many miles away with little attéona
of the signal strength. The fiber optic strands themsehesg@r
nerable to damage so they are ruggedized with multiple $ayler
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protective sheathing for installation and long-term sggviMon-
itoring of subsea pipelines and structures provides neided
mation for managing offshore oil and gas operations andshelp
prevent environmental damage and catastrophic failure.
Another aspect of this project is in the analysis, display,
and dissemination of results for early fault detection. Whe
retrofitted measurement devices are installed on existibgesa
equipment, fatigue life must take into account prior infation
that is not typically available. This study employs methéals
extrapolating fatigue life to estimate the prior unknowrergi-
ing data. Vibration analysis and strain are used to preitie to
failure. Temperature, pressure, strain, and other noetpating
sensors are used to predict flow assurance. Dynamic data rec-
onciliation is used to align the observed measurementsdeth
tailed process mathematical models of the system. The addtw
complements the measurement devices to synthesize amdrdeli
real-time process information to operators, engineers,naan-
agement. Web-based streaming of the results from the produc
tion facility allows world-wide access to current condit®and
summary reports.

TESTING OF LOAD SENSORS

Three fully integrated test articles were used for the labor
tory tests and consisted of three 24” diameter test pipdstwib
nominally 36” long segments and one nominally 14’ long seg-
ment. The two 36" test articles consisted of steel (ASTM A232
steel for the ends and ASTM A36 steel for the mid-sectionk Th
manufactured fiber optic sensor stations were integratédtive
pipes for each of the above test articles (see Figure 1), avith
combination of friction and adhesive attachments. All effibber
optic sensors were integrated with the software monitosiysy
tem to collect data at two samples per second for each of the
sensors in raw format and calculated results for strain and t
perature.

Each of the test articles were constructed to emulate the con
figuration of the TLP clamp system. Preparation of surfacelbo
ing included cleaning, grinding, and bonding. Bonding was p
formed in a simulated subsea environment with the aid of dlsma
water pool. Resistive strain gauges were bonded directbyito
face of the steel to verify the fiber optic strain sensor negsli
After the attached sensors were installed, a repeat stredg-a
sis was conducted with a two mil thick coating of polyuretdan
between the sensor and the bare steel pipe. This testingowas t
ensure that time and temperature shift factors were indude
determine stress relaxation modulus effect of the polymeged
A 70% of yield stress was achieved and stress relaxation msdu
occurred from zero time to one month of constant stresshaadi
This analysis compared the elastic region of the carbor &iee
the viscoelastic properties of the polyurethane coating.

To test the functionality of the monitoring system, sensor
stations were installed on the test article pipes as shoviigin
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Polyurethane body

Band clamps

i Handle
Exiting cables

FIGURE 1. CLAMP AND FIBER OPTIC SENSOR STATIONS.

FIGURE 2. INSTALLED CLAMP AND FIBER OPTIC SENSOR
STATIONS.

SIMULATION OF LOAD TESTING

A Finite Element Analysis (FEA) was conducted to ensure
that the test samples would be able to withstand the tessload
without failure and to distribute the stress evenly acrbsssim-
ulated tendon. A number of designs were evaluated to engure a
even distribution of strain under tension as shown in Figuiar
the two 36" test samples as shown in Figure 3.

50005 .58
4526859
4053161
BETE4.63
31057 .64
2632068
21583.68
16846 7

121009.71
7372720
2635748

FIGURE 3. SUCCESSIVE DESIGNS FROM LEFT (INITIAL) TO
RIGHT (FINAL) FOR THE TENSION TESTING.

Red indicates stress up to 50 l{:ﬁo, 00022—2) which would

cause inelastic deformation. The final design on the rigFkign

ure 3 showed a more even distribution of tension with fewer po
tential local failure points. The objective of the FEA was/&y-

ify a design that could provide a uniform tension or compigass
up to 70% of failure. The end caps are ASTM A232 steel with
a yield strength of 50 ksi and the midsection is ASTM A36 with
a yield strength of 36 ksi. The FEA of the first three designs
revealed non-uniform loading and potential for inelastod-
mation. The final design (far right) showed uniform loadirfg o
approximately 25 ksi, which is approximately 70% of yield.

The FEA was also conducted for the compressive loading,
although it was expected that there would be a more even-distr
bution of stress under compression because of the abilipto
ply a consistent load at the end caps that would distributalgv
across the load specimen. The results of the stress analgsis

ure 2 (with the same type and dimensions as the actual tehdons shown in Figure 4.

and were tested under bending, tension and compressioi cond

tions. Each sensor station consisted of four sets of sendoch

The final design confirms that there is uniform distribution
of strain at the sensor location under compression withoumif

were placed on 0, 90, 180 and 270 angle degrees along the crosstress of approximately 25 ksi. With ASTM A36 steel, 25 ksi is
section of the pipe. Each sensor set consisted of one stdin a 70% of yield (36 ksi).

one temperature compensation sensor. Temperature compens

tion accounts for changes in the reported strain due to the te
perature effect on the fiber optic cable, thermal expansidineo
base material, and thermal expansion of the optic sens@serh
tests were performed at the Versabar Company test faaility i
Houston, Texas.

A similar analysis was conducted for the 4-point bending
tests. The purpose of the bending test was to confirm the fiber
optic sensor performance under lateral strain. Combindd wi
the prior two tests on compression and tension, the bendstg t
confirms sensor performance under three principle modds tha
may be encountered with the TLP sensor stations (see Figure 5
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DATA ACQUISITION AND ANALYSIS

Data acquisition software was designed which was based on
the data collected from an optical sensing module and was up-
dated at the frequency of 2 Hz that was optimized to allow a suf
ficiently strong source signal and capture the appropriaem
dynamics. Measurements were returned to the optical s@ssor
a range of magnitudes over a limited frequency. Individuaam
surements were characterized by peaks in the power speagum
26339, shown in Figure 6.

- 32062,
29564.
26177.
22789,
19402,
+ 16014,
12627,
- 92308
58523
24647
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FIGURE 6. PEAK DETECTION AND CONFIGURATION INTER-

FIGURE 4. SIMULATION OF THE COMPRESSIVE LOADING FACE

ON THE 36” TEST SPECIMEN.

Only a single channel (top channel) is active in this figure
that shows pairs of strain and temperature compensatidspea
The peak location is identified and recorded for comparison t
baseline values.

Strain Calculations

55000
42500.13
44000 .27
385004

22000.54
27500 67
2200081
1650094
11001.08
5501.213
1247616

FIGURE 5. SIMULATION OF THE 4-POINT BENDING TEST.

Changes in strain at the fiber Bragg grating (FBG) and along
the fiber optic line cause the frequency of the pagko shift by
AA (= Ap — Ag) which is used to calculate strain and ultimately
the load. The strain sensors are sensitive to temperatargels
and include temperature compensation due to changes iniahate
thermal expansion (see Equation 1) and thermal sensitifiitye
fiber optic cable (included in Equation 2).

(DA /Ao)r

per = (CTEs—CTEy) (1)

Sr

The thermal expansion causes a change in micro-styasm)
that is the strain induced by thermal expansion differerees
Figure 5 shows the anticipated areas of high strain. Sensorstween the sensor and the test article and depends on the- coeffi
were placed at 0, 90, 180, and 270 degree azimuth to detaict str  cient of thermal expansion for the strain sen$o¥ Eg), the coef-
for all bending modes of the article. ficient of thermal expansion for the test arti¢leT Er ), the shift
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in wavelength from the nominal valyéA ), the nominal wave-
length(Ag), and the temperature sensitivity that relates changes
in wavelength to changes in micro-strgf®r). One of the most
important advantages of FBG sensors is the direct relaten b
tween the Bragg wavelength and the fiber strain, which makes
absolute measurements of the strain possible. The shiften t
Bragg wavelengtliAA ) can be observed and related to stram

as shown in Equation 2.

(AA /Ag)s— (AA/A0)r
Fc

pe =10° (2)

Equation 2 is the basis for the strain and load measurements
used in this analysis. The source of temperature compensati
(AA /Ag) is a series of FBGs on the fiber optic line that is not
purposefully attached directly to a surface although bogdd

the polyurethane coating may occur. In this disconnectedieo
tion, only fluctuations in load affect the probe location dese

the temperature effects are removed. The deformation due to
changes in load produces a strain in the tendon wall. Using
Hooke’s law and compensating for temperature, a load is cal-
culated from the strain data according to Equation 3.

F = ueEA 3)

In this caseE is the Young's Modulus andis the cross-sectional
area of the test article. The lodd is monitored in units of
kips(= 1000bs) on the TLP to ensure that the pilings are not
pulled out due to over-pull or the connectors are not unkdch
due to under-tension. The load monitoring is especiallti-cri
cal during drilling rig loading and movement across thefplan
where up to a million pounds of additional weight is supporte

Fiber Optic Sensor Description

Fiber optic sensors have many different configurations and
the fiber Bragg grating (FBG) is one of the most common. Other
configurations could be similarly used for the work desatibve
this project but FBGs were selected due to some key advantage
Some of these advantages are that a FBG has high sensitivity
to temperature and strain [1]. A FBG contains gratings that a
etched on an optical fiber to create periodic changes in thexin
of refraction as shown in Figure 7. The FBG sensor depicted in
this figure consists of a single-mode optical fiber with grgs
positioned at various locations along its length. The gotiare
produced by doping the fiber with Germania and exposing ihto a
interference pattern of coherent light. Each grating isgiesi
to reflect a certain frequency of light. Multiple such gratitan
be placed along a single fiber optic strand. The system ig'gite
gated with a broadband light source and the multiple wagglen
sensors within this source are detected [2].

Broadband Source in Grating Period determines
Wavelength reflected

N\, E >

e

Reflected Wavelength Back

Broadband Source out

V4 A

Core diameter
~8 micron

Cladding diameter
~125 micron

Relationship between Strain (¢ ) and Change in Wavelength (A )

Ay [ dp= (I-I)Q)S. where Pe is the photoelastic constant for glassand Ay, is the base wavelength

Multiple Gratings (sensors) can be placed on a single
fiber, enabling high sensor count per fiber channel

FIGURE 7. ILLUSTRATION OF A UNIFORM FIBER BRAGG
GRATING WITH CONSTANT INDEX OF MODULATION AND PE-
RIOD.

The FBG wavelength is sensitive to dimensional and tem-
perature changes. The instrumentation senses the refkeeted
guencies and in turn determines the grating location andithe
mensional change. Grating can be incorporated at any positi
along the fiber length. Changes in strain or temperature tolwh
the optical fiber is subjected will consequently shift thisagg
wavelength, leading to a wavelength-encoded optical nreasu
ment. Table 1 details working ranges for typical FBG sensors

TABLE 1. TYPICAL RANGES FOR FBG SENSORS.

Description Typical Range

1520-1570 nm

Working wavelength range

Number of sensors along

a single strand (FBG) up to 32
Resolution lue
Accuracy Sue
Sampling Rate up to 1kHz
Temperature range -40to 300C

Figure 8 shows a schematic of the typical response of a FBG
when subjected to strain and resulting in a wavelength.sRift
detecting this strain induced wavelength shift, a deteatiom of
absolute strain is made. Similarly, temperature inducétssire
detected resulting in absolute temperature.

Temperature compensation is provided by placing an addi-
tional FBG in the strain field area so that it is exposed to &mp
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FIGURE 8. FUNCTIONAL PRINCIPLE OF A FIBER BRAGG
GRATING.

ature but isolated from the strain field. The temperatureded
shift is then subtracted from the strain measurement. Bwcau
multiple FBG sensors can be incorporated into a single fiper o
tic strand, each provides a unique reflected signal as shown i
Figure 9.

Multiple Gratings (sensors) can be placed on a single
fiber, enabling high sensor count per fiber channel.

bl 32 23 a4 x5 %6 » 18
T T

Optical

Power

1530 1540 1550

Wavelength (nm)

1560 1570

FIGURE 9. EXAMPLE OF MULTIPLE FBG SENSORS WITH
UNIQUE REFLECTION CHARACTERISTICS.

Fiber optic sensors have several distinct advantages over

conventional sensing systems. Some of the major advardages
as follows:

Are safe to install and operate

Low vulnerability to water ingress and “shorting”

Non intrusive with no penetrations required into pressure
vessel as per convection electronic sensors

No electric current required

Are immune to electromagnetic interference (EMI)

Sensors are easily multiplexed

Entire sensor system has little or no impact on the physical
structure

Are multifunctional - can measure strain, temperaturesre
sure and vibration

Have long-life

Contain compact electronics and support hardware
Have high strain sensitivity
Can provide continuous real-time monitoring

Many of the advantages make FBGs a natural choice for ap-
plications in remote deepwater locations [3] and extrem&lo
tions such as this TLP load monitoring project.

Calibration of Load Sensors

The post-installed load sensors are installed on pre-
tensioned systems and must be calibrated to current load con
ditions at steady-state conditions [4]. Web-based coranal
troubleshooting features were added to the software tttédei
control and monitoring of data acquisition system from gpoer
rate network. For example, the calibration feature was dne o
the capabilities of the software in the web interface andesdk
possible for the operators to calibrate the load values afs¢al-
lation of the Trident Monitoring System. The monitoring &ra
includes interfaces to allow access from a corporate nétasr
well as a distributed control system as shown in Figure 10.

i MysaL TRIDENT,
I Database '
n 1
| | I - 1
I - TCP/IP - «—{Sensors |
! | | ror" e {Sensons
:: ! DAQ Module Sensors !
I : <{Sensors '
:: 1 OPC Server :
no>==7_____>=="_1  coamua | Modbus Slave !

1

! Client Sidef’rograming Modbus R232

[
[ Corporate Network |

[ Distributed Control System (DCS) |

FIGURE 10. PEAK DETECTION AND CONFIGURATION IN-
TERFACE.

The sensing module simultaneously interrogates multiple
channels or fiber optic lines where the sensors are instalfed
this case, the four tendons of the TLP are on a separate chan-
nel each. The sensing module communicates with the data ac-
quisition (DAQ), historian (MySQL database), OPC served a
Modbus slave to make the data accessible for web access and
industrial system integration.

TEST RESULTS AND DISCUSSION

In addition to the fiber optic sensors, four resistive (canve
tional) strain gauges were attached directly to the tegtlest
The strain gauges were oriented to measure uniaxial strain o
the two 36 inch specimens. The location of the sensors was in a
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Resistive Strain Gauge

region near the fiber optic strain gauge section so as to peodu 2000 ‘
= = = Fiber Optic Strain Gauge

nearly equivalent results. The location matched the sfiglith of g °M

that analyzed (by finite element analysis) for the mid pipisa -2000] - . - - - . )

containing the fiber optic sensors. The strain gauges waced| 2000 o

at 0, 90, 180, and 270 degree azimuth to detect all of the hgndi =00 =N\ =

modes and stress and compression of the article. % 110 210 ‘_33 4:0 5:0 s:o 70
The fiber optic sensors included temperature compensation e o N

N T

L L L
10 20 30 40 50 60 70

to correct the raw wavelengths in the calculation of straip.

-2000

ensure valid test results, a constant temperature enventwas 2000 : : : : : :
attempted during test runs. For any variation in the tentpegaa g e e
continuous record of the temperature was collected dueisitiigy 2000, 5 - - n p F

Time (minutes)

to provide temperature compensation for the sensors aacgdat
quisition variations. Sensors were placed in pairs andiposd
to avoid overlap of the peak wavelength values. As the strain FIGURE 12. RESULTS OF THE 4-POINT BENDING TESTS
increased, the peak wavelength associated with the staaigeg WITH RESISTIVE AND FBG SENSORS.

increased and the strain decreased when the strain dropped.

position of the unstrained peaks was chosen to avoid pessibl

overlap of the peak values during normal operating ranges. One aspect of the comparison was the time stamping of the
data acquisition so direct measurement comparisons cauld b
made between the fiber optic gauges and the resistive gauges.
Without the time stamps, the resistive strain gauge datauat f
points were synchronized for the results provided by eash te
article by aligning the leading edges of the initial peaks.

4-Point Bending Test

In the bending test, the sample pipe was pulled from the
both ends at 280 kips (1 kip = 1000 Ibs) and was held for 5 min
resulting in a bending force in the sensor locations. Theip
bending test was performed on the test article as shown iré&ig
11. The pipe was placed in the test fixture and tested with pipe
at 0 degree azimuth facing up. The test was then repeated with
rotated pipe and at 90, 180, and 270 degree azimuth aftezxycl
of that lasted approximately 15 minutes.

Tension Test
Tension loading was achieved by pulling the test article in
uniaxial tension to a strain level of 70% of yield stress imsien.
The strain levels were recorded and repeated through a mumbe
of cycles with equivalent strain level in compression (siggife
1 l 13). The tension cycle was repeated for a total of ten cydes f

e first a slow rate of change followed by ten cycles of a fast rate
............................ of change. Testing was conducted at a strain rate of one inch
per minute and then at the completion of the cycle tests the "a

rest” strain values were recorded. Any relaxation effectsew

observed by recording the data for one hour following thesstr

and compression tests. The final values after the stresatizia

FIGURE 11. BENDING TEST WITH LOADS AT FOUR POINTS. were then compared to the data from pre-testing. The emetite t
sequence was repeated again with a reduced strain rate of 0.1
inch per minute which is referred to as the fast rate of change

A direct comparison between the fiber optic sensors and re- tests.

sistive strain gauges shows excellent agreement as shdvigrin

ure 12. It is noted that an error in the software configuration

caused the 270sensor measurement to report bad values dur-

ing the last of four bend tests on the fourth subplot. It i®als

noted that the strain recorded by the FBG sensor was less than — —

that recorded by the resistive strain gauges. This occuause ‘

the clamp serves as an extensometer to transfer strain frem t H

pipe to the FBG sensors and as a result, the FBG sensors do not

measure the actual strain directly. In the case of the cossfme

and tension testing, an additional fiber optic sensor was i FIGURE 13. TENSION TESTING WITH SLOW (1"/MIN) AND

directly to the surface of the pipe for verification purposes FAST (0.1"/MIN) RATES OF CHANGE.
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In both tension and compression tests the load was increasedCompression Test

up to 1000 kips and was held up to 5 min. Each experiment was
repeated 10 times to ensure data consistency and to vaiidate
sensor robustness for large cycles in the strain. Bothdaresid
compression tests were performed in fast and slow ratesitRes
for the tension testing are shown in Figure 14

Resistive Strain Gauge
= = = Fiber Optic / Polyurethane
Fiber Optic / No Polyurethane

Mﬂﬂﬂﬁ I L b

1! 200 250 300

LA INL

o, 600
= 400
9 200

0

.
0 50 100
. 600 T
& 400t
§ 200
0 .
0 50 100
T

1000

50

T T
A 2

150 200 250 300

50 100 150 200 250 300

50 100 150 200 250 300
Time (minutes)

He at 180°

He at 270°

FIGURE 14. FIBER OPTIC AND RESISTIVE STRAIN GAUGES
UNDER REPEATED TENSION LOAD CYCLES.

All sensors showed some level of inelastic deformation due
to the polyurethane coating used in the bonding and coatimg p
cess. A comparison with the unbounded sensors in the fourth
subplot of Figure 14 reveals that there is some hysteresiwh
compared with the pipe-bonded sensors. For sensors etstall
with a polyurethane coating, this implies that there is #isgt
period where the sensors may need to be recalibrated affter in
tial cycles of operation. The recalibration is built inteethoft-
ware design to allow for adjustment of both the absolute Emd
well as the sensitivity of the load measurement to changes. T
avoid recalibration concerns, a protective lubricant wagliad
to the sensors to prevent bonding of the sensors to the visco-
elastic polyurethane encasement. This modification is eepe
to show improved performance for the sensor clamps instalte
the TLP.

The sensors returned to pre-load conditions after the com-
pression load was released demonstrating the ability of¢ime
sors to withstand loads at least up to 70% of failure. Therexte
someter configuration of the clamps and polyurethane apatin
caused a slight lag in the strain readings during the loadend
laxation periods. Note that the strain values continueighgy
decrease during the plateau period. The load sensitivitiyran
laxation time is nearly immediate for the resistive and FBG-s
sors attached directly to the pipe.

Compression loads were achieved by pushing the test article
in uniaxial compression to a strain level of 70% of yield stre
in compression. The strain levels were recorded and regeate
through a number of cycles with equivalent strain levelshat t
tension tests. The compression cycle was also repeatedder a
tal of ten cycles for first a slow rate of change followed by ten
cycles of a fast rate of change. Testing was conducted aaia str
rate of one inch per minute and then at the completion of the cy
cle tests the "at rest” strain values were recorded. Anyedian
effects were observed by recording the data for one howvell
ing the stress and compression tests. The final values ager t
stress relaxation were then compared to the data from ptiexge
The entire test sequence was repeated again with a reduaed st
rate of 0.1 inch per minute for the fast rates of change. As ex-
pected, the resistive strain gauge reading became nedativig
the compression testing as well as the FBG compressivargadi
on each of the four sensor stations as observed in Figure 15.

Resistive Strain Gauge

T T = = = Fiber Optic / Polyurethane
Fiber Optic / No Polyurethane
g e
100 150 200 250 300
T T T
Eggu‘u deJ Jw uL 1 I\}
100 150 200 250 300
T T T T T T
0 100 150 200 250 300
T T T T T
0 50 100 150 200 250 300
70 T T T T
=S
£
8 50 | I I I I I
0 50 100 150 200 250 300
Time (minutes)

@
=}
So

He at 0°
AN
)
]
3

-1500

0
-500
-1000

1000
500
0

peat1gee HeEatoo’

-500

0
-500
-1000

Me at 270°

FIGURE 15. FIBER OPTIC AND RESISTIVE STRAIN GAUGES
UNDER REPEATED COMPRESSION LOAD CYCLES.

The fast and slow rates of compression load had little effect
on the outcome of the sensors that were attached directheto t
pipe. The fast compression cycles did have a more pronounced
effect on the clamp sensors with polyurethane coating asrsho
in Figure 15. These tests reveal that the installed sensitirs w
have varying levels upon initial installation due to theinfigu-
ration as extensometers of strain. After calibration, tessrs
will be adjusted to report the same base-line level of loadl an
have equal sensitivity to load changes. It appears that thels
ibration values cannot be predicted a priori but likely degpen
a number of factors related to construction and instaltatio
Regardless of the rate of strain, it was observed that the sen
sors responded nearly the same in the two cases. The figures
show relaxation to original values after each cycle and #exin
for calibration when initially installed. The sensors skealgood
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repeatability and relaxation to original values.

Load values obtained from the fiber optic sensors were com-
pared with the ones from Versabar strain gauge sensors. Good
agreement was found between the two data sets with the multi-
plication factors to account for the polyurethane extrusiffect.

To check the polyurethane extrusion effect on the data ngadi
sensor set was attached to the pipe body without the protecti
of external coating material. The results in Figure 15 shioat t
the aforementioned sensor set is much more sensitive otesr ex
nal forces than the ones encapsulated in the polyurethaioé wh
require a multiplier factor.

It was concluded that installation on external clamps and en
capsulating the sensors in polyurethane decreases tirestra
sor sensitivity over external forces. To overcome this, #iplis
cation factor was added to the calculations and its optiralkales
was found from the aforementioned tests. This additiorzbfa
compensates for the extensometer nature of the clamp inglud
the polyurethane effect by increasing sensitivity of thedeal-
ues due to changes in the wavelength values. After the iastal
tion of the fiber optic strain sensors, the gauges will bebcated
with historical and current available values from opemgimad
cells before the aging system is replaced.

Button Test

A button pull test is currently slated for completion but fi-
nal results have not yet been obtained. The button test ish fin
evaluation of the test articles to determine the bondingnsfth
up to failure. For this test, six buttons will be preparedhiro
each of four surface preparation methods used in four pirelim
nary tank tests for a total of twenty-four samples. The tests
also include an additional six buttons from each of the saspl
that underwent stress testing in the bending, compresaiuh,
tension cycles. The button pull tests will measure the Idaalo
samples to failure as shown in Figure 16.

RECOMMENDATIONS

Significant progress and technology advancement was
achieved on this TLP monitoring project. There were se\aial
ditional advancements that should be pursued, primarithén
post installation area [2]. A Joint Industry Project (JIPasw
founded to address these issues along with a multitude ef oth
deepwater innovations. The Clear Gulf JIP relies on exgperti
provided by subject matter experts from the oil and gas itrdus
in conjunction with technology experts from NASA. Much oéth
development work for Clear Gulf JIP is currently in prograss
NASA facilities and at Astro Technology in Houston, Texas.
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FIGURE 16. BUTTON PULL TEST TO EVALUATE BONDING
STRENGTH UP TO FAILURE.

CONCLUSIONS

As deepwater fields in the Gulf of Mexico, West Africa, off-
shore Brazil, and elsewhere are developed it becomes Bicrea
ingly important to detect crucial engineering propertitsubsea
equipment and environmentally induced conditions. Tetdmo
described in this paper provides actual operational in&ion
and data for improved design and structural integrity.

A new innovative post installed sensor clamp as been devel-
oped and intergrated into an advanced monitor system to-accu
rately measure (in real-time) strain, load, and tempeeatlihe
stress tests confirmed that the fiber optic sensors are agégua
bonded to test articles in underwater conditions. The Stiest-
ing also confirmed that the fiber optic sensors function as de-
signed under loads of at least up to 70% of the failure stratim w
fast or slow rates of change. The sensors returned to the pre-
stress state after the loadings and were in agreement wath th
strain gauge sensors that were installed for independeifiteae
tion. The test results provided the calibration data forsesors
that will be deployed on the Okume TLPs.
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