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Abstract

:

In this study, a resonant bending fatigue test rig, designed and implemented by the University of Pisa, is presented, providing a detailed description of the set-up of the machine, the strain gauges calibrations, and the control system used with the main electronic devices. Several geometries of drill pipe connections and pipe samples made of different materials were tested, and all the obtained experimental fatigue results are presented in the paper and compared to previous experimental data. Fractographic images are provided to clearly show that, in two kinds of drill pipe connections, the crack initiation was found at the connection zone, whereas for another connection geometry, it was found at the pipe body. In order to interpret these latter results, a discussion about the section modulus of bending of the various sections of the drill pipes was provided, along with an FE model of a specific zone of one of these connections.
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1. Introduction


Drill pipes are the main components of a drill string, which is the long tubular structure that connects the drilling bit to the rig. The dimensions of the rotary drilling elements are defined by the American Petroleum Institute (API) standard [1]. Drill strings can be used for oil exploration, but they can also be employed for scientific drillings, as utilized by JAMSTEC on the drilling-equipped science vessel Chikyu. As described in refs. [2,3], these long tubular elements can serve to investigate the most active earthquake zones near the Japanese coasts.



The two mating parts of a drill pipe, named, respectively, the “pin” and the “box” tool joints, are connected through a conical threaded connection with single or double shoulder seal faces. The connection zone is characterized by a larger external diameter and a smaller internal diameter with respect to the pipe body. An intermediate region (upset) is required to provide the attachment, generally realized through a friction welding process, between the pipe body and each tool joint to smooth the stress distribution at the transition from the threaded zone to the pipe body. A drill pipe is so generally composed of three parts: the connection, the upset, and the pipe body. As resumed in ref. [4], in drill pipes there are some stress concentration points, which can be classified as:




	
Surface irregularities,



	
Section variation at the upset,



	
Corrosion pitting,



	
Stress concentrations at the threaded region.








The surface irregularities can be caused by inappropriate handling with the gripping systems or by slip-cuts. In refs. [5,6] the stress concentration effects caused by the die-marks on the static and fatigue failures were investigated. Alternatively, the upset zone can be a potential point of cracking in a drill pipe. In ref. [7], the erosion caused by the drilling fluid on the internal upset was examined using the CFD software FLUENT 13.0 to obtain the shear stress and the pressure at the contact between the fluid and the upset in order to investigate the flow erosion. In ref. [8], a stress analysis of the upset region was conducted through an FE software, and a geometric optimization of this zone was proposed. In ref. [9], an FE simulation of the upset region was developed trying to understand which are the geometric features with the most impact on the stress distribution of the upset region. The authors eventually developed an optimized geometry for the upset region of the 5” connection according to the API drill pipe standard [1].



Corrosion pitting is generally caused by the removal of the internal coating caused by the drilling fluid, which exerts an erosive impact. This issue was investigated in ref. [10], where it was stated that the irregularities of the internal surface and the employment of a material with a low resistance to corrosion could have a significant impact on failure due to corrosion. The threaded connection zone of the drill pipe received great interest from the researchers. In ref. [11], FE simulations were carried out, showing that the maximum stress concentration factor occurred at the root of the first engaged thread (FET) of the pin and at the last engaged thread (LET) of the box. The simulations aimed to reproduce the pre-load, the axial load, and the bending load caused by the dog-leg imposed bending, which severely deteriorate the fatigue strength of the drill pipe [12]. In ref. [11], fractographic observations of the failed drill pipes were also included, showing that the crack nucleated at the first thread root of the pin and propagated through the wall of the tool joint. Several other research papers showed that the first and the last engaged threads of the pin and the box, respectively, are potential sites of failure [13,14,15,16,17,18,19]. In ref. [20], a method to predict the fatigue life of the threaded connection of drill string was proposed. This latter included a preliminary study to assess the stress tensor at the first and the last engaged threads of the connection, and the Dang Van criterion was then used to calculate the fatigue strength. Although the use of a purely elastic constitutive law, the authors suggested that the eventual elastic-plastic behavior of the most stressed thread roots during the cyclic loading should be investigated. This last proposal can be accomplished following two different methods: the first would employ FE simulations while the second would make use of closed-form expressions as the Neuber rule or the Zarka rule [21]. Other analyses of the threaded connection [22,23] were also carried out on the drill collar, where the connection is clearly the weakest point given that the pipe body has the same inner and outer diameters of the threaded zone. In ref. [23] it was highlighted the strong influence of the make-up load on the mean and on the alternating stress of the FET of the pin because a high make-up torque led to a later contact loss so, given that this thread generally experiences the maximum bending load, a lower alternating stress. Careful monitoring of the make-up operation is recommended for fatigue initiation prediction. After these studies related to the connection, some geometric optimizations were discussed in order to reduce the stress concentration factors of this region, as in [14,15,16,24,25], and in ref. [26] it was proposed to generate, through an over-make-up torque, a controlled compressive state at the most stressed zone of the connection. The various mentioned stress concentrations can be crucial for the fatigue strength, which is the main cause of failure for drill pipes, as stated in refs. [4,18,27,28,29,30]. In addition to this, the vibration of the drill string can result in further fatigue damage, and there are three principal mechanisms of vibration: bit bounce (axial), stick/slip (torsional), and lateral (bending). Various approaches can be used to analytically model the dynamic behavior, in ref. [31] the differential quadrature method was used, in ref. [32] a model that included axial and torsional drill string dynamics and the damping of the structure was performed to investigate the stick-slips vibrations, while in ref. [33] a three-DOF model was used to study the torsional vibrations of drill strings. The vibration analysis can be crucial for long drill strings, given that the natural frequency of axial vibration can be close to that of the heave motion, as shown in ref. [34]. In order to reduce the torsional oscillations of the drill strings, the use of Multiple Scales Lindstedt–Poincaré method was used to design an optimum damper in ref. [35], whereas in ref. [36] an optimized Linear–quadratic–Gaussian control was accurately designed.



In order to experimentally characterize the fatigue strength of drill pipes, it is possible to perform quasi-static tests, as shown in refs. [37,38], whereas in ref. [39] two kinds of resonant fatigue test benches were presented. The first is suitable to test short regions of heavy sections, such as drill collars, and it employs two couples of counter-rotating eccentric masses, providing an in-plane alternating bending on the tested samples. The second is generally used to test long tubular specimens as drill pipes by means of a single rotating eccentric mass at one end, along with two fixed masses at both ends. The rotation of the eccentric mass provides a rotating bending, which in principle, is quite small according to a quasi-static analysis. However, in both kinds of these test rigs, the eccentric masses rotate at a frequency near (but lower) than that corresponding to the first natural frequency of the structure. These two proposed resonant test rigs were able to reproduce a fully alternating load (  R = − 1  ), so the mean stress was null. The second idea of the resonant fatigue test was also applied in other research regarding pipes, as in refs. [40,41,42,43]. Moreover, the concept of exploiting the resonance to obtain fatigue failure was employed to test various other mechanical components. In ref. [44], a resonant bending fatigue test for large-scale structural components, in particular a railway, was presented, showing a lower duration and a lower energy cost than a quasi-static hydraulic test. An interesting point of this proposed test rig was that the authors made use of springs to also apply a mean stress to the tested samples. Another resonant bending test was applied to marine risers connected by a flange joint in ref. [45] and by welding in ref. [46]. In addition to this, in ref. [47], a biaxial resonant test method was exploited to simultaneously perform fatigue tests on a wind turbine blade in the flap and edge direction, and in ref. [48] a novel rotor blade fatigue test set-up (with elliptical biaxial resonant excitation) was proposed. Nevertheless, not only large-scale components can be tested in this way; in fact, the concept of a resonant test rig can be applied to assess the fatigue strength of small-scale specimens too. For example, in ref. [49], a vibration-based test was proposed on small specimens. The sample was jointed to the shaker armature through a specially designed support, and a successful validation of the equipment was conducted on specimens of 6061-T6 under fully reverse bending. In ref. [50], a computerized electrodynamic resonant fatigue test machine was employed to assess the fatigue strength of automotive components, such as crankshafts and in ref. [51] a resonant plate test bench with I-beam topology was used to reduce the time related to shaft testing. This kind of test can even be applied for structures that are outside of the field of mechanical engineering, such as in ref. [52], where resonant fatigue tests were conducted on samples of concrete. Other examples can be found in ref. [53] to obtain the bending fatigue properties of Polycarbonate and in ref. [54] to characterize the fatigue behavior of a medical rehabilitation exoskeleton device. In this study, the resonant bending fatigue test rig designed by the University of Pisa in collaboration with ACTA Srl is initially presented, including a global overview of all the principal components of the machine, such as the control system, the employed electronic devices, and the strain gauges calibrations. After that, four types of drill pipe geometries tested on this test rig are introduced, and the experimental fatigue strength results of their corresponding samples are shown. Finally, a discussion to interpret the main causes behind the locations of the fatigue crack initiation is provided with some suggestions for further research.




2. Materials and Methods


2.1. Description of the Resonant Test Rig


The test rig designed by the University of Pisa, in collaboration with ACTA Srl, is shown in Figure 1. Two supports were settled at the two nodes of the first natural frequency of the structure, so they were only functional to support the weight of the pipe. Two fixed masses were added to reduce the first natural frequency of the structure. In order to obtain this, an alternative solution was to make the drill pipe longer instead of adding mass, but this was difficult to accomplish. An asynchronous electric motor, driven by an inverter, spun an eccentric mass at a frequency near to that of the first natural frequency of (bending) vibration of the drill pipe. The link between the electric motor and the eccentric mass featured homokinetic joints to freely allow angular and displacement misalignment. Pictures of the two lasers employed to measure the horizontal and vertical displacements at a specific location and about the rotating mass during the motion are shown in Figure 1b,c, respectively.



An FE model, obtained with the Ansys Workbench software 2021 R2 was performed to find the correct lengths of the two sides of the drill pipe and then the positions of the two nodes corresponding to the first natural frequency. The correct lengths of the two sides were set to have the same stress values at the two referenced points in Figure 2. These two points are in correspondence with the strain gauges locations, which will be described below.




2.2. Calibration of the Strain Gauges and Laser Signal Set Up


The main signal to control during the tests was the alternating stress at a point of the pin or at a point of the box close to the connection edge. These two values would nominally be the same, but some differences generally occurred for experimental reasons or geometry inaccuracies. For this reason, the controlled quantity during the tests was the average between the alternating stresses at the pin and box strain gauges’ locations. Therefore, the calibration of the strain gauges was crucial in order to record reliable values of the stresses. During this operation, the static load was applied through a hydraulic actuator, and the load cell at the end of the actuator was previously calibrated. The positions of the applied load and of the supports were accurately recorded, and the three strain gauges to be calibrated were set at the pin, at the box, and at the connection, as shown in Figure 3a. Once the static load was applied, the voltage signals of the strain gauges were recorded, and the ratios between the stresses, calculated through the beam theory, and the voltages were evaluated and recorded. These ratios are indeed the conversion factors to be employed during the test, and this was repeated for each sample of the testing campaign. It might be argued that the stress calculated with the beam theory at the connection did not accurately represent the state of stress at this location. However, as explained below, the strain gauge at the connection was not considered as the stress reference of the tests. Nevertheless, it could be employed in case of failure of both the strain gauges at the pin and at the box. The procedure for applying the strain gauges is shown in Figure 3b–d. Given the pulsating load during the tests, the electric wires of the strain gauges were subjected to a push-pull load; thus, in order to enhance their fatigue lives, the fixing process required particular attention. As shown in Figure 3b, they were initially mounted loose, forming an omega shape. Then the strain gauges were glued to the samples using a Teflon tape with a layer of neoprene, which allowed us to uniformly distribute the pressure, during the glue curing, with a thin sheet of metal and two magnets. After that, the two layers of Teflon and neoprene were removed, and a slice of HBM ABM75 was employed, as shown in Figure 3d, to avoid large vibrations of the electric wires during the test. Despite these precautions to avoid the rupture of the electric wires, sometimes the signal had a failure after a certain percentage of the test duration, mainly due to the fatigue of the strain gauge grid. In order to reliably continue the test, the controlled signal was switched on a strain gauge not damaged or on a laser. The measures of the internal and external diameters at the locations of the strain gauges were of fundamental importance in order to perform the correct stress calculations during the strain gauges calibrations. As concerns the internal diameter, a comparator rod was conceived and produced, as shown in Figure 4. The measurement with the internal diameter rod comparator required three steps: first, it was inserted to reach the strain-gauge position; second, through a leverage system, the two adjustable side contacts were pushed until the internal diameter was reached. Then, the diameter span was registered, the comparator was extracted, and the desired measure was finally obtained with a caliper. According to Figure 4c, the alternative way was to cut the samples in correspondence with the strain gauges’ locations and to measure the internal diameter, as done for the samples of the second kind of geometry. This operation could only be done at the end of the tests and required a more onerous set-up and a back-calculation of the actual stresses applied during the test. The external diameters were simply measured through the employment of a caliper.




2.3. Control System to Regulate the Test Rig during the Test


The control system to operate the test rig is shown in Figure 5. The boxes of Figure 5a briefly summarize the logic behind the control system. In the first part of the tests, the objective was to reach the imposed alternating stress at the pin and at the box designed locations, and the voltage signals to perform this task were extracted from the strain gauges. The previously introduced calibration constants for the strain gauges are used during the dynamic run. Given that the experimental stress at the pin and at the box could be slightly different, the average between these two quantities was generally controlled. Once the target value of the alternating stress    σ  a , ref     was reached, the control was kept on the strain gauge acquisition or switched either to the connection strain gauge, or alternatively to the laser displacement signal whenever the strain gauge started to be unreliable. The reference value of the alternating laser displacement    δ  a , ref     was registered at the laser position once the alternating stress reached the target value during the initial minutes of the run. The voltage signals obtained from the strain gauges and the lasers were converted to digital and, through the calculated scale factors, the corresponding values of the alternating stress   σ a   and alternating laser displacement   δ a   were then obtained. In both situations, the alternating signals were compared with the corresponding desirable values obtaining the related prediction error e, and a Proportional Integrative (PI) control continuously produced a pulse-width modulation (PWM) voltage signal. Given that the inverter was set to work with an analog voltage input, a conversion of the PWM voltage signal to a fixed averaged signal to dialogue with the inverter was required. This last conversion was conducted considering that, generally, during these tests, a small portion of the available scale of the inverter was exploited, so the converted voltage quantity directly fell into this interval in order to enhance the resolution. The inverter output was a power alternating current with a frequency f. However, the working frequency of the motor (  f ′  ) scaled from that at the inverter (f) by the sliding factor (k), so the excitation frequency of the eccentric mass eventually was   f ′  . In Figure 5b, there is an overview of some of the electronic devices employed during the tests. An ARDUINO card provided the analog-to-digital conversion and vice versa, whereas the ethernet cable allowed to send the information to the control software (on a PC and managed with MATLAB R2021b), where the PI controller was implemented. Finally, on the right of the figure it is shown the card to enhance the resolution of the voltage signal before entering into the inverter.



In Figure 6a, the qualitative trends of the stress obtained at the pin, at the box, and at the connection during a test are reported, whereas in Figure 6b, the qualitative trends of the horizontal and vertical displacements at the laser position are shown, and a phase shift of   π / 2   is evident. In Figure 6c the recorded alternating amplitudes during a particular test are presented, and they were obtained as half of the difference between the minimum and the maximum values of the related quantities during the test. Figure 6c, is referred to the type of geometry Connection with 5-1/2×0.415” pipe body, which will be better introduced below. In the samples belonging to the last mentioned kind of geometry, the desirable alternating stress was not equal to    σ  a , ref   = 270   MPa, given that the strain gauges were not located at the pipe body, but they were placed at the upset region.




2.4. Types and Geometries of the Tested Specimens


Five types of geometries were tested by means of the introduced test rig, and their technical drawings are reported in Figure 7 and Figure 8, while the nominal diameters of the various sections of the drill pipes are reported in Figure 9. The nomenclature of the investigated geometries refers to the nominal external diameter and the wall thickness of the pipe body. The first type of geometry was named as Connection with 5-1/2×0.415” pipe body, and it presented either a regular upset or a longer upset as explained in Figure 7a,b. The second type of geometry, named Wired Connection with 5×0.374” pipe body, presented an internal hole to accommodate a wire sensor, while the third type of geometry was named Connection with 6-5/8×0.750” pipe body. Finally, the fourth type of geometry was a pipe specimen 6-5/8×0.750”, for which the test was focused just on the pipe body instead of the connection region. In Figure 7 and Figure 8, the positions of the supports, determined through the FE analysis explained in Section 2.1, and the positions of the strain-gauges are reported. The strain-gauges were not always applied to the pipe body of the drill-pipe as in Figure 7a,b, but at the (pin and box) upset regions instead. This last accommodation of the strain gauges was motivated by the fact that there was not a pipe body zone on one half of the longer upset samples, so the strain gauges were both located at the upset region for uniformity. The third type of geometry presented a heavier section than the other two types with a connection zone. This had an effect on the value of the first natural frequency. Additional fixed masses were thus applied to lower the natural frequency of the structure, as shown in Figure 8. The measured external and internal diameters differ from the nominal values; for example, for a sample belonging to the category Wired Connection with 5×0.374” pipe body, the measured external diameter resulted equal to    D ext  = 127.8   mm, whereas the measured internal diameter was equal to    D int  = 105.8   mm. In the case of the wired samples, all the measured diameters resulted in a smaller value of the measured internal diameter than the nominal value and a bigger value of the external diameter than the nominal value. The samples of the first kind of geometry were made of AISI 4340 steel, those of the second kind were made of S135 steel grade, with a yield stress of    S Y  = 135   ksi, and those of the third and fourth kinds of geometry were made of Z140 steel or UD165 steel grades, corresponding to a yield stress of    S Y  = 140   ksi and    S Y  = 165   ksi, respectively. The reported values of the yield stress are the minimum guaranteed during the tests.





3. Results


The fatigue crack initiation regions are listed in Table 1 for each type of connection. The Connection specimens with 5-1/2×0.415” pipe body and the Connection with 6-5/8×0.750” pipe body, failed at the FET of the pin side, whereas the failure of the Wired Connection samples was located at the pipe body. The fatigue test results of each specimen are also reported in Table 1 in terms of the stress amplitude and the number of cycles to failure. As mentioned before, the strain gauges were placed on the upset zone for the Connection with 5-1/2×0.415” pipe body while at the pipe body for all the other geometries. The imposed amplitude stress in correspondence with the pipe body of the specimens was    σ  a , ref   = 270   MPa. In order to keep the same stress amplitude at the pipe body, the target stress to be imposed at the upset region was rescaled by means of the beam theory combined with the modal distribution of the bending moment. The numerical values of the stress amplitude presented in Table 1 are referred to the imposed alternating stress at the pipe body, about the connection samples with 6-5/8×0.750” pipe body, and to the stress at the upset region regarding the Connection with 5-1/2×0.415” pipe body. On the other hand, the values of the stress amplitude of the Wired Connection samples, reported in Table 1, substantially differ from the nominal    σ  a , ref   = 270   MPa because the measured values of the internal diameters obtained at the end of the tests were different from the nominal ones and, in addition to this, the locations of the fatigue cracks were not exactly in correspondence of the strain gauges positions. The bending moment at the initiation positions was lower than that at the strain gauges, so the material was expected to be not perfectly uniform; otherwise, the failure would have been obtained near the upset region where the load is higher. According to this, the bending moment acting on the section corresponding to the failure was obtained from that at the strain gauge location, and a rescale factor was calculated from the modal FE distribution of the bending moment. The fatigue strength data of the tested samples of all the geometries involved in this research, and that of the previous tests presented in ref. [43] (for comparison), are reported in Figure 10. In addition to the S-N data, fractographic images about the initiations and subsequent propagations of the cracks are shown in Figure 11 for all the drill pipe connection types involved in this research.



An FE model was implemented to investigate the effect of the through hole on the structural strength of the Wired Connection, and the results are presented in Figure 12. As shown in this figure, a Global FE model was initially solved after applying a bending moment corresponding to one of the fatigue tests, while a fixed support was applied on the other side. A Submodel of the transaction region between the pipe body and the upset was then implemented, as shown in Figure 12b. Both the Global model and the Submodel exploited one plane of symmetry. The loading displacements then applied to the Submodel were obtained at the interface surfaces by interpolating the Global model. Both the Global and the Submodel maps of the axial stress, Figure 12a,b, show that the maximum is located far from the hole zone. The distribution of the axial stress obtained from the Submodel was extracted along a path on the hole’s internal surface, and it is shown in Figure 12c where it is evident the absence of a high gradient stress concentration. The FE analysis presented in Figure 12 clearly shows that the presence of the hole was, therefore, not detrimental to the fatigue strength of the Wired Connection samples. In Figure 10, which compares all the results with previous tests, it is shown that the samples belonging to the Wired Connection type and those of the Connection with 6-5/8×0.750” pipe body (both Z140 and UD165), together with the samples referred to the previous tests of ref. [43], follow a common trend of fatigue failure. On the other hand, the samples of the connection type with 5-1/2×0.415” pipe body showed a noticeably higher fatigue strength than the common trend of the other specimens. Moreover, the samples belonging to the category Pipe specimens 6-5/8×0.750” failed at a number of cycles higher than that of the samples of the connection with the same size pipe body. This is coherent with the fact that the connection specimens experienced failures at the threaded zone, which is indeed the weakest link of the entire specimen structure. An additional detrimental effect on the fatigue strength of the former samples, discussed by Santus et al. in ref. [43], was provided by the corrosion, whereas it apparently less influenced the fatigue strength of the present Pipe specimens 6-5/8×0.750”. It is important to highlight that the values of the imposed stress amplitude on the Connection with 5-1/2×0.415” pipe body reported in Table 1 are referred to the upset region, whereas those reported in Figure 10 are referred to the pipe body. The rescale factor between these two values was obtained by considering the modal distribution of the bending moment and the different sections of the two zones.




4. Discussion


The comparison of different connections and sizes put in evidence how the ratio between the section modulus of bending (namely   π  (  D ext 4  −  D int 4  )  / 32  D ext   ), between connection, upset region, and pipe body, has a significant role in driving the position of fatigue crack initiation. It is worth noting that the modulus of bending depends on the cubic power of the external diameter, and also the internal one has a significant role. This justifies the employment of accurate instruments to obtain the true dimensions of the internal and external diameters. The fatigue crack is more prone to initiate at the connection, in particular at the FET of the pin, whenever the bending modulus at the connection is just slightly larger than that of the pipe body, and then the stress concentration at the thread root can be critical. On the contrary, the Wired Connection, which features a larger bending modulus, resulted in a safer condition than the pipe body, even with a passing-through hole, as evident in the present fatigue campaign. The trends of the bending moment, corresponding to the imposed amplitude stresses during the tests, for all kinds of the geometries investigated, are reported in Figure 13 and Figure 14, along with the corresponding nominal bending stress amplitude at the various zones of the drill pipe, calculated with the beam theory. Points A, B and C are generally referred to the pipe body, the upset region and the connection region, respectively, while points A’ and B’ are the symmetric of A and B. In the Connection with 5-1/2×0.415” pipe body—Longer upset, point A is referred to the upset region, point B to the connection region and point C to the pipe body, while A’ is the symmetric of A. It can be noticed that the Wired Connection drill pipes experience the highest value of the ratio between the maximum bending stress amplitude at the pipe body and the maximum nominal bending stress amplitude at the connection. This ratio is higher than three, mainly due to the much larger outer diameter at the connection. In ref. [55], the stress concentration factor for connection geometries, similar to the wired tool joint samples of this study, was calculated through a 3D FE model. The obtained values of the stress concentration factor fell into the range between two and three, so this can justify the failure at the pipe body instead of at the connection. The corrosion state of the pipe can play a significant role in steering the crack initiation. The Connection with 5-1/2×0.415” pipe body tested in the present fatigue campaign reported the fatigue initiation at the connection (pin FET). However, a similar connection was previously tested on connection specimens with corroded pipe bodies, and results are reported for a comparison in Figure 10, as previously discussed. The failures of these former tests were observed at the pipe bodies since the connection surfaces were properly coated and then not affected by corrosion. On the contrary, the latter specimens reported an appreciably higher strength and failure at the connection instead of the pipe body. A longer upset was also tested, for comparison with respect to the standard geometry, in which the upset has a regular (short) length. An evident result was that the failure remained at the connection pin FET and approximately at the same fatigue life. Therefore, the main conclusion that can be formulated is that the longer upset manufacturing did not produce any detrimental effect on the material and its fatigue strength of the connection. Large-size specimens were also tested (6-5/8×0.750”). Among the specimens of this size category, two grades were investigated, namely 140 ksi and 165 ksi, which define the (minimum) yield strength. Despite this appreciable grade difference, the fatigue strengths that resulted were quite similar. This evidence can be explained by considering that after a certain (static) strength, the fatigue of the steel does not keep increasing linearly with the yield stress or the ultimate tensile strength.




5. Conclusions


In the present paper, a resonant test bench is presented along with four series of tests with different connection geometries and sizes. This test rig is based on the principle of resonance, which is quite efficient in enhancing the working test frequency and avoiding a heavy structure to produce a static load with a closed path. Several aspects of the testing procedure are presented in detail in the first part of the paper. Accurate testing requires a calibration of the strain gauges, and this can be performed statically with a dedicated procedure and an actuator with a calibrated load cell. However, attention must be paid to the actual diameters of the sections to which the strain gauges are attached. The external diameter can be easily measured with a common caliper, while a remotely adjustable comparator was devised and produced for the internal diameter measurement. After using this tool, the actual bending modulus can be accurately evaluated at the calibration stage. A specific control system was also designed and implemented by creating and interfacing different electronic devices, and then to have a closed-loop control on either the stress amplitude (at the strain gauge positions) or the laser vibration amplitude. The control in terms of the stress amplitude was obviously preferential after the accurate calibration previously mentioned. However, the control on the displacement amplitude, which was measured by contactless laser sensors, was assumed whenever the strain gauge experienced damage, which can be attributed to the fatigue itself of the strain gauge grid, being the strain amplitude quite large during these tests. The fatigue results highlighted that three out of four connection drill pipes failed at the FET of the threaded zone, whereas just one failed at the pipe body. This comparison highlighted the great role of the section modulus of bending in driving the fatigue failure; in fact, for the wired connection samples, which presented a massive section at the connection zone, the failure was located at the pipe body. A more comprehensive study of the connection zone could be performed, in future work, by means of FE analyses and eventually involving the modeling of the cyclic plastic behavior of the steel, in particular at the thread root of the FET. After a material calibration, for example, by following the procedure proposed in ref. [56] to find the Chaboche kinematic hardening rule constants, the possible thread root relaxation can be modeled, and investigated in terms of the applied Make-Up torque preload, to obtain a more direct comparison between the loading condition at the pin FET and the pipe body.
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The following abbreviations are used in this manuscript:



	API
	American Petroleum Institute



	FE
	Finite Element



	FET
	First engaged thread



	LET
	Last engaged thread



	PI
	Proportional Integrative



	PWM
	Pulse-width modulation



	RU
	Regular Upset



	LU
	Longer Upset



	SG_B
	Strain gauge at the box



	SG_C
	Strain gauge at the connection



	SG_P
	Strain gauge at the pin
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Figure 1. (a) Test rig during testing operation, (b) laser sensors to measure the horizontal and vertical displacements while vibrating, (c) eccentric rotating mass during testing operation. 
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Figure 2. Bending displacement and stress, obtained through FE simulation, corresponding to the first natural frequency vibration modal shape. 
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Figure 3. (a) Set-up of the test rig during the static calibration of the strain gauges, (b) layers of Teflon and neoprene to preliminarily press the strain gauges to the samples, (c) employment of a thin sheet of metal to press the strain gauge during the curing of the glue, (d) employment of a slice of soft material to stabilize the electric wires. 
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Figure 4. (a) Schematic explanation of the insertion of the comparator rod, (b) picture of the remotely adjustable side contacts of the comparator, (c) cuts at the strain gauges locations to measure the internal diameters. 
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Figure 5. (a) Control scheme to explain the driving of the test rig, (b) electronic devices employed during the tests. 
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Figure 6. (a) Qualitative trend of the stresses during the tests at the pin, at the box and the connection strain gauge locations, (b) qualitative trend of the horizontal and vertical displacements obtained by the laser sensors and (c) saved stress and displacement amplitudes during one of the tests along the accumulated number of cycles. 
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Figure 7. (a) Connection with 5-1/2×0.415” pipe body—Regular upset, (b) Connection with 5-1/2×0.415”—Longer upset, (c) Wired Connection with 5×0.374” pipe body. 
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Figure 8. (a) Connection with 6-5/8×0.750” pipe body, UD165, (b) Connection with 6-5/8×0.750” pipe body, Z140, (c) Pipe specimen 6-5/8” Z140 and UD165 and application of additional masses to both the connection and the pipe specimens for lowering the first natural frequency. 
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Figure 9. External and internal diameters of: (a) Connection with 5-1/2×0.415” pipe body—Regular upset, (b) Connection with 5-1/2×0.415”—Longer upset, (c) Wired Connection with 5×0.374” and (d) Connection with 6-5/8×0.750” pipe body. 
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Figure 10. Fatigue strength data of all the presented and tested samples compared with the data obtained during a previous testing campaign [43]. 
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Figure 11. Fractographic images of (a) crack initiation at the pipe body of the Wired Connection with 5×0.374” pipe body, (b) crack initiation and propagation at the FET (pin side) of the Connection with 5-1/2×0.415” pipe body and (c) crack initiation and propagation at the FET (pin side) of the Connection with 6-5/8×0.750” pipe body. 
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Figure 12. (a) FE map of the axial stress of the Global model, (b) map of the axial stress of the Submodel, and (c) plot of the axial stress along the path realized through the hole. 
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Figure 13. Bending moment with corresponding beam theory maximum nominal amplitude bending stress of: (a) Connection with 5-1/2×0.415” pipe body—Regular upset, (b) Connection with 5-1/2×0.415” pipe body—Longer upset and (c) Connection with 6-5/8×0.750” pipe body, UD165. 
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Figure 14. Bending moment with corresponding beam theory maximum nominal amplitude bending stress of: (a) Connection with 6-5/8×0.750” pipe body, Z140, (b) Wired Connection with 5×0.374” pipe body and (c) Wired Connection with 5×0.374” pipe body—True dimensions. 
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Table 1. Fatigue strength amplitude and number of cycles to failure for each sample of the four specimens types.
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Specimen Type

	
Specimen ID

	
Imposed Stress

	
Number of Cycles

	
Location of Crack




	

	

	
Amplitude    σ a    (MPa)

	
to Failure,    N f   

	
Initiation Point






	
Connection with 5-1/2” pipe body

	
RU W0581-1

	
   187.3   

	
   279.7 ×  10 3    

	
FET of the Pin side




	
RU W0581-2

	
   191.5   

	
   291.0 ×  10 3    




	
LU W0579-1

	
   194.6   

	
   247.3 ×  10 3    




	
LU W0582-1

	
   187.1   

	
   310.0 ×  10 3    




	
Wired Connection with 5” pipe body

	
A51136

	
   202.2   

	
   135.9 ×  10 3    

	
Pipe body




	
A51155

	
   201.9   

	
   218.7 ×  10 3    




	
A51168

	
   194.9   

	
   214.7 ×  10 3    




	
A51167

	
   244.6   

	
   439.0 ×  10 3    




	
A51140

	
   242.8   

	
   272.5 ×  10 3    




	
A51119

	
   191.7   

	
   220.9 ×  10 3    




	
Connection with 6-5/8” pipe body

	
Z140-14012

	
270

	
   47.9 ×  10 3    

	
FET of the Pin side




	
Z140-14030

	
270

	
   116.3 ×  10 3    




	
Z140-14041

	
270

	
   99.2 ×  10 3    




	
Z140-14076

	
270

	
   116.9 ×  10 3    




	
Z140-14099

	
270

	
   110.5 ×  10 3    




	
Z140-14110

	
270

	
   116.5 ×  10 3    




	
UD165-9250

	
270

	
   922.0 ×  10 3    




	
UD165-49267

	
270

	
   107.5 ×  10 3    




	
UD165-49218

	
270

	
   109.5 ×  10 3    




	
UD165-49221

	
270

	
   136.7 ×  10 3    




	
UD165-9257

	
270

	
   96.7 ×  10 3    




	
Pipe specimens 6-5/8”

	
UD165-49267

	
270

	
   256.5 ×  10 3    

	
Pipe body




	
Z140-14076

	
270

	
   238.5 ×  10 3    
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