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Prototype fatigue tests simulate in-place working conditions of dynamic umbilicals that are usually conducted to verify fatigue life. The fatigue failure hot spot locates on the top segment of the umbilical. The umbilical reaches a maximum curvature at the hot spot. The hot spot position of the umbilical is always inside or near the bend stiffener. The radial gap between the umbilical and the bend stiffener is very small, making it difficult to put traditional sensors in the gap. In this work, a prototype umbilical tension-bending test is conducted, and the optic frequency domain reflectometer (OFDR) technology is utilized to measure the distributed strain of the umbilical inside the bend stiffener. The curvature of the umbilical is obtained to locate the fatigue hot spot in order to verify the feasibility of this approach. The test results show that the umbilical curvature can be measured well with the use of OFDR technology. The influence of tension and swing angle on the position of the maximum curvature is studied. The method proposed in this article provides a valuable approach for curvature monitoring in the application of dynamic umbilical fatigue tests.
Keywords: optic fiber sensor, curvature, dynamic umbilicals, bend stiffener, prototype fatigue test
INTRODUCTION
Dynamic umbilicals play an important role in offshore oil and gas development. They are used to connect the upper floater and the subsea Christmas tree system supplying necessary control, energy, and chemicals. The fatigue life of the umbilicals should be predicted to ensure dynamic application. Prototype fatigue test of umbilicals is the most reliable and acceptable method to verify the predicted fatigue life, which must be conducted before the in-field application. The key of the prototype fatigue test is to simulate the behavior of the umbilical during its in-place working condition accurately. Proper measurement methods should be applied to monitor the umbilical behavior and performance during the fatigue test.
The in-place working condition of the umbilical is shown in Figure 1. The top segment of the umbilical is believed to be a critical area in fatigue analysis and test, which is simulated in the prototype fatigue test. The fatigue failure hot spot is in this area as the structure in this area sustains the highest tension load and the maximum alternating curvature (He et al., 2020a).
[image: Figure 1]FIGURE 1 | In-place working condition of dynamic umbilical.
The umbilical behavior of this area is difficult to predict due to the complex contact and interaction with the bend stiffener. The bend stiffener is a polymeric conical shape structure with nonlinear mechanical characteristics. The polyurethane material of the bend stiffener is viscoelastic. The shape of the bend stiffener and the cross-section of the umbilical are shown in Figure 2. The radial gap between the bend stiffener and the umbilical is illustrated in Figure 2A. The size of the gap is normally 5–15 mm. The gap leads to different deformation and curvature of the bend stiffener and the umbilical. Figure 2B shows the cross-section of an umbilical; the components are unboned and free to slip in the umbilical, which leads to its nonlinear bending stiffness. Several studies have been conducted to obtain the curvature and bending behavior of umbilicals in this area. Tang et al. (2015) have developed an analytical model considering the material and geometrical nonlinearity of the bend stiffener to calculate the curvature of the top segment of the flexible riser. Vaz et al. (2007) and Caire (Caire et al., 2016; Caire and Vaz, 2017) have proposed analytical formulation for bend stiffeners considering nonlinear viscoelasticity. Ruanet et al. (2017) have conducted a dynamic analysis of a flexible riser with bend stiffener. However, the above researches were mainly focused on obtaining the behavior of bend stiffener instead of the umbilical. Determining the location of the maximum curvature is challenging using analytical methods.
[image: Figure 2]FIGURE 2 | Shape of bend stiffener and Cross-section of the umbilical.
Different measure methods were utilized to obtain the curvature of the umbilical by fatigue tests. He et al. (2020b) have applied an image-based technique using the optical target tracking method to measure and monitor the curvature distribution of a bend stiffener in full-scale bending-tension tests. Leroy and Estrier (2001) have used parallel strain gauges to obtain axial and transverse strain variations in tension armors and calculate the bending behavior of a flexible riser. However, the curvature of the umbilical is different from the bend stiffener. The location of the maximum curvature is different in the two structures, which leads to different analysis results for fatigue. The curvature of the umbilical inside the bend stiffener cannot be measured directly by traditional measure methods. The radial gap between the bend stiffener and the umbilical is small, making it difficult to place the sensor. It is necessary to develop a method to obtain the curvature of the umbilical and locate the hot spot in the fatigue test for a more accurate fatigue life analysis.
Optic fiber sensing technology has been applied in many domains for its advantages in parameters measurement in field and laboratory tests. Fiber-optic sensors are used to transmit and sense signals such as strain, temperature, and pressure. Compared with other sensors, the fiber-optic sensor has a small size, which makes strain measure or monitor in small spaces possible. The sensor can be multiplexed along the length of a fiber for more measurement points. The optic fiber sensing technology also has advantages of high accuracy, low loss, and immunity to electromagnetic interference (Li et al., 2014). Different kinds of sensing technology using fiber-optic sensors were developed, such as fiber Bragg grating (FBG) sensors (Li et al., 2011; Gautam et al., 2016; Matveenko et al., 2018) distributed and dominated by Brillouin optical time domain reflectometer (BOTDR) (Moffat et al., 2015; Wu et al., 2015) and by Brillouin optical time domain analysis (BOTDA) (Inaudi and Glisic, 2010). Ren et al. (2014) and Jia et al. (2019) have proposed methods to detect pipeline leakage and its localization by FBG sensors. Feng et al. (2019) have applied BOTDA technology to measure the strain of the geotechnical structure with less than 4% accumulated errors. Gao et al. (2018) have applied the OFDR technology to measure the strain of the cast-in-place concrete pile (PCC) by installing the optical fiber onto the surface of the PCC pile. Ren et al. (2018) have applied the OFDR technique to monitor pipeline corrosion and leakage. With the advantage of the small size and continuous characteristics of OFDR technology, a direct measurement of umbilical curvature may be achieved.
This article presents a curvature distribution measurement of dynamic umbilicals using high-accuracy OFDR-based strain sensing technology. A prototype fatigue test of umbilical was conducted with the fiber-optic sensors installed on the outer sheath. The strain distribution on the tested umbilical inside the bend stiffener was measured. The maximum bending curvature spot of the umbilical was found and located. The influence of tensile load and swing angle on the position of the maximum curvature is studied.
PROTOTYPE FATIGUE TEST DESCRIPTION
A summary of the test method, test rig, test specimen, and test setup are described in this section.
Test Method and Test Rig
The goal of the fatigue test is to simulate the true behavior of the umbilical and bend stiffener system on the top segment of the layout. The curvature of the umbilical is a critical parameter to evaluate the accuracy of the simulation. The real working condition behavior of the umbilical is simplified as a combination of tension and in-plain bending. Constant tensile load and alternating bending moments should be applied to the umbilical in the fatigue test. The principle of the fatigue test is to guarantee the similarity of strain where the maximum curvature is reached, which leads to two critical control parameters of the test: the location and value of the maximum curvature.
The maximum curvature always locates in the area where the umbilical is inside of or near the bend stiffener. The curvature of the inside umbilical is difficult to be calculated using the theoretical analysis model due to the complex contact behavior and the nonlinear characteristics of the bend stiffener and the umbilical. It is necessary to obtain the curvature of the umbilical for an accurate fatigue test. As the curvature is the response of the umbilical, trail tests should be conducted to obtain the loading parameters.
To guarantee the accuracy of the prototype fatigue tests, the following items should be taken into consideration and met. The curvature at the end of the tension actuator should reach zero by designing the length of the test specimen. The length of the swinging head from the installation end to the rotation center should be designed. Under the condition that the fatigue response of the umbilical remains unchanged, the test frequency should be increased properly to shorten the test duration.
A prototype tension-bending fatigue test of a system involving umbilical and bend stiffener was conducted by the fatigue test rig from Dalian University of Technology (DUT). The schematic picture of the test rig is shown in Figure 3. The test rig simulates real in-place working conditions of the umbilical by applying constant tensile load by hydraulic actuators. The reciprocating bending moment is applied by a swing head linked to a rotation center. The test rig is adjustable with a test length of umbilicals or flexible risers up to 20 m. The swing head of the test rig is also adjustable from 1 to 3.5 m. The test rig can meet most of the testing requirements for dynamic umbilicals, cables, and flexible risers. The maximum tension capacity of the test rig is 500 kN. The maximum bending capacity is 150 kNm with a swing angle within ±15°. The tension and bending actuators are free to rotate in the bending plane with a hinge joint, which leads to a more accurate simulation. The test frequency of the test rig can reach up to 0.1 Hz.
[image: Figure 3]FIGURE 3 | Schematic and picture of the test rig.
Test Specimen and Test Setup
A dynamic umbilical was applied in this test. The key parameters of the umbilical are listed in Table 1. A bend stiffener was assembled on the umbilical. The geometry shape of the bend stiffener is illustrated in Figure 2A. The geometry parameters of the bend stiffener are listed in Table 2.
TABLE 1 | Key parameters of the umbilical.
[image: Table 1]TABLE 2 | Geometry parameters of the bend stiffener.
[image: Table 2]A global Cartesian coordinate system (X, Y) is adopted to describe the measurement location of the umbilical, as shown in Figure 2A. The origin point (0, 0) is at the top of the bend stiffener. The distance from the origin point to the swing center of the swing head is 2.5 m. The length of the test sample is 16 m. The length of the bend stiffener is 2.92 m.
The constant tensile load applied in the test is 100 kNN. The swing angle applied in the test is from 0° to 8°, which is measured by a tilt angle sensor placed on the swing head. Each test was repeated three times to verify the accuracy of the results. The average environment temperature and humidity during the test are 23°C and 70%, respectively.
Fatigue failure of the umbilical typically occurs instantaneously. The behavior of the umbilical should be measured during the fatigue test to infer and analyze the failure. Load cells and tilt sensors are applied to monitor the loads applied to the umbilical. Curvature distribution, change of the tension stiffness, temperature, pressure of tubes, and continuity of photoelectric signal should be monitored during the test. Four groups of tests were conducted as listed in Table 3.
TABLE 3 | Test conditions.
[image: Table 3]DISTRIBUTED OPTICAL FIBER SENSING TECHNOLOGY
Methods of Curvature Measurement
Different measure methods were attempted to obtain the curvature distribution and the location of the maximum curvature.
The measurement of the direct shape and deformation of the structure is believed to be the best method to measure the curvature due to its accuracy. Linear Variable Displacement Transformers (LVDT) or potentiometers are standard sensors for distance measurement. A large number of sensors are needed to draw the distribution of the curvature. Advanced sensors such as laser displacement sensors and optical target tracking technology can be employed for curvature sensing. However, this method can only obtain the external shape of the bend stiffener whose curvature is different from that of the umbilical, as stated before.
Considering the contact between the umbilical and the bend stiffener, a matrix piezoelectric sensor can be applied to measure the pressure distribution of their interface. The curvature can be obtained by analyzing the relationship between pressure and curvature through the numerical model. Moreover, the contact behavior can be different with the use of the sensor. The accuracy of this method needs to be verified.
The strain of the outer sheath can reflect the curvature of the umbilical when a simple load is applied. The traditional way of strain sensing is by the strain gauge. The strain gauge can only be pasted on the interface of the umbilical with single point measurement. The curvature distribution measurement requires a large number of sensors. Moreover, the space between the umbilical and the bend stiffener is limited, which leads to the difficulty of the lead-out conducting wires. The fiber-optic sensor has a small shape and can sense multiplexed points along the fiber. This sensing technology requires no conducting wires. The advantages of the fiber-optic sensor make it a potential method for curvature measurement.
The comparison of different methods of curvature measurement for umbilical is listed in Table 4.
TABLE 4 | Comparation of different methods of curvature measurement.
[image: Table 4]Principle of Distributed OFDR Technology
Distributed OFDR technology was developed by Eickhoff in 1981 (Eickhoff and Ulrich, 1981). The principle of ODFR is shown in Figure 4. The laser source emits continuous and tunable lights. The lights go through an optic fiber coupler and are divided into two parts. One part of the emitted lights is sent to the fiber-optic sensor. The Rayleigh backscattering light is produced as signal lights. Light frequency and spectrum change when strain or temperature changes on the sensor. The other part of the emitted lights is reflected back and passes through polarization controllers, used as the reference beam. The reflected signal lights and the reference beam are coupled by the optic fiber coupler and sent to the detector.
[image: Figure 4]FIGURE 4 | Principle of ODFR.
The light spectrum changes with the strain or temperature change. The light spectrum between the reflected Rayleigh backscattering light and the reference beam can be measured, compared, and analyzed in the detector. Meanwhile, the optical frequency of the Rayleigh backscattering light at different positions is different due to the tunable laser source. The light frequency can be detected and analyzed by the detector. The following relationship between spectrum, strain, and temperature can be given:
[image: image]
where ε and ΔT are the variations of strain and temperature, Kε and KT are the sensitivity coefficient of strain and temperature, Δλ is the change of the resonance wavelength, Δν is the spectrum shift, and λ and ν are the mean wavelength and frequency. Based on the above principles, the strain and temperature at different positions of the fiber-optic sensor can be obtained.
Layout of Fiber-Optic Sensor
The layout and protection of the fiber-optic sensor are very important. The umbilical and the bend stiffener may have a large contact force and friction force during the fatigue test. The fiber-optic sensor is fragile and has a low capability of resistance to shear stress. The fiber-optic sensor may break off if it was glued on the surface of the umbilical. Several attempts were made to find a method to protect the fiber-optic sensor. The layout of the fiber-optic sensor and system is shown in Figure 5. The main steps are introduced as follows.
[image: Figure 5]FIGURE 5 | Layout of the Fiber-optic sensor and system.
Take off the bend stiffener and reserve enough measurement length for the fiber-optic sensor. The reserved length should be longer than the length of the bend stiffener, so the end of the fiber-optic sensor can be out of the bend stiffener. Then, draw a line along the outer sheath of the umbilical, which is the location of the sensor. Cut a U-shape notch along the line with a depth of 2–3 mm. The whole fiber-optic sensor should be placed inside the notch, as shown in Figure 5A. Clean the notch and lay the fiber-optic sensor inside it. The fiber-optic sensor should have enough reserved length on both ends for the follow-up connection with the measure instrument. Fix the fiber-optic sensor at one end of the notch with glue 502 or similar glue with a short coagulation time. After the sensor is fixed at one end, gently stretch the fiber-optic sensor on the other side of the notch with a small weight. Fix several points along the sensor using glue 502. Pour the epoxy resin into the notch and cover the fiber-optic sensor. The fiber-optic sensor will be well prepared after the coagulation of the epoxy resin for 24 h. Put back the bend stiffener after all the sensors are prepared.
The advantage of this method is that the fiber-optic sensor can be protected. The sensor is sensitive to measure the strain change of the umbilical. Moreover, both ends of the fiber-optic sensor can be connected to the measurement instrument if one end of the sensor is broken.
The sensing fiber used in the test is a standard single-mode optical fiber coated by Hytrel® 6,356 material. The diameter of the optical fiber is 0.9 mm. LUNA ODiSI 6000 was applied as the measurement instrument in this test. The schematic of the curvature measurement system using fiber-optic sensors in the fatigue test is shown in Figure 5B. Three fiber-optic sensors were installed on the umbilical. The angles between the fiber-optic sensor and the neutral surface are 0°, 45°, and 90°. The length of each fiber-optic sensor is approximately 6 m. Each point on the fiber-optic sensor can be seen as a sensing point. The gage pitch on the fiber-optic sensor was set to 2.6 mm with a 25 Hz sampling frequency. The position of the start point of the measure segment can be set by pressing the gauge pitch before the test.
Curvature Algorithm
The strain on the outer sheath of the umbilical can be measured through the fiber-optic sensor. As the umbilical sustains the combination of tension and bending, the measured strain can be written as follows:
[image: image]
The curvature of the umbilical is caused by the bending stress and can be written as follows:
[image: image]
where y is the distance from the fiber-optic sensor to the neutral surface, θ is the angle between the fiber-optic sensor and the neutral surface, d is the outer diameter of the umbilical.
Fiber-optic sensor No. 1 lays on the neutral surface. When the umbilical is under the combined load of tension and bending, the longitudinal stress and strain caused by bending are zero. The strain measured by sensor No. 1 represents the pure tension strain.
[image: image]
The average curvature is calculated in this test and can be written as follows:
[image: image]
where ε1, ε2, ε3 is the measured strain of fiber-optic sensors No. 1, No. 2, and No. 3.
TEST RESULTS AND ANALYSIS
Pure Tensile Test and Static Trial Test
To observe the performance of the applied fiber-optic sensor on the umbilical, a trail pure tension test was conducted. In this test, the swing head of the test rig is in the horizontal position. There is no contact between the umbilical and the bend stiffener in this trial test. A pure tensile load of 0–90 kN was applied to the umbilical. The test results are shown in Figure 6. The strain of the three sensors was recorded to verify if the sensor is fixed well onto the umbilical. The tension strain on the umbilical should be stable along the umbilical. Figure 6A shows the strain along the umbilical on different pure tensile loads of the No. 3 fiber-optic sensor.
[image: Figure 6]FIGURE 6 | Strain results of tension test.
As shown in Figure 6A, the strain along the arc length of the umbilical tends to be stable and changes in a small amplitude. The strain increases linearly on each point with the increasing tensile load. There is a loss of strain at the location of 1.7 m along the arc length. The decrease of strain is caused by the loose bond of the sensor at this point. However, as the tension stress will be subtracted during the test, the fluctuation of the tension strain will not affect the test results. The results of the trial test prove that the fiber-optic sensors are well fixed on the umbilical and the measured strain meets the theoretical tendency. Figure 6B shows the tension strain of the three different sensors at the same arc length of 2 m. The error between the sensors decreases with the increasing tensile force. The maximum error is 6.1% at the load of 90 kN.
A follow-up static trial test 2 was conducted to compare the measured curvature through two different measurement methods. A tensile load of 100 kN with an 8° swing angle was applied in this test. The deformed shape of the bend stiffener was measured by using a laser displacement sensor as stated in Methods of Curvature Measurement section. The curvature of the umbilical is calculated by the tested shape information of the bend stiffener. The maximum curvature and its location in the two measurement methods are compared, which is shown in Table 5. The maximum curvature obtained by the two methods is almost the same. However, there is still a difference between the location of the maximum curvature by the two methods. The pitch of different measuring points by the laser displacement sensor is smaller than the fiber-optic sensor. The maximum curvature and its location will be measured more accurately by applying a more densely measuring point by OFDR. As the fiber-optic sensor is placed on the umbilical, it is believed that the data of the OFDR method are more reliable.
TABLE 5 | Maximum curvature and its location measured by OFDR.
[image: Table 5]The Influence of the Swing Angle on the Curvature
Test 3 was conducted with a constant tensile load of 100 kN and swing angle up to 8°. The test results are shown in Figure 7. Figure 7A shows the curvature of the umbilical on different swing angles. The curvature shows an increasing trend at the starting area of the umbilical. The curvature reaches the maximum point at the area between 0.16 and 0.27 m along the arc length. Then, the curvature shows a decreasing trend. If the bend stiffener is not applied with the umbilical, the maximum curvature happens on the umbilical end. The location of the maximum curvature moves towards the middle segment along the umbilical by the influence of the bend stiffener. The decrease rate of the umbilical increases after 0.45 m, which is the length of the root of the bend stiffener. The outer diameter of the bend stiffener decreases at the location of 0.45 m along the arc length.
[image: Figure 7]FIGURE 7 | Curvature results with different swing angle.
The value and location of the maximum curvature are shown in Figure 7B. The maximum curvature increases linearly with increasing swing angle. The location of the maximum curvature moves to the end side with increasing swing angle. The test results show that the location of the maximum curvature of the umbilical is not at the same place with the change of swing angle, the area in which the maximum curvature lays is determined. Rigorous monitoring of the umbilical should be conducted in this area, such as more dense distribution of sampling points and damage monitoring of the umbilical.
The Influence of the Tensile Load on the Curvature
Test 4 was conducted with a constant swing angle of 8° and the tensile load changes. The test results are shown in Figure 8. Figure 8A shows the curvature of the umbilical with different tensile loads and the same swing angle of 8°. The maximum curvature and its location are shown in Figure 8B. The result shows that the curvature increases linearly with increasing tensile load. The location where the maximum curvature happens differs with the different tensile loads. The maximum curvature location decreases with the increasing tensile load. With the increase of the tensile load from 40 to 80 kN, the location of the maximum curvature moves from 0.27 to 0.15 m along the arc length. When the tensile load is larger than 80 kN, the location stays stable with the increasing tensile load.
[image: Figure 8]FIGURE 8 | Curvature results with different tensile loads.
CONCLUSION
In conclusion, a new measurement method based on OFDR technology was developed for monitoring the maximum curvature in the dynamic umbilical fatigue test. A tension-bending test was conducted to verify the feasibility of this method. The experimental results of this study lead to the following conclusions:
(i) The distributed OFDR technology was proved to be feasible to measure the curvature of the umbilical inside a bend stiffener in a prototype fatigue test. The maximum curvature and its location can be measured successfully by utilizing this method.
(ii) The curvature of the umbilical measured by the fiber-optic sensor is different from the direct displacement measure outside the bend stiffener.
(iii) The maximum curvature of the umbilical increases linearly with increasing tensile load and swing angle.
(iv) The location of the maximum curvature is in a specific area instead of a fixed point with the change of tensile load and swing angle. The location of the maximum curvature moves to the end side of the umbilical with increasing tensile load and swing angle.
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