	
	
	


10
 MACROBUTTON NoMacro Author name / Procedia Technology 00 (2011) 000–000


 MACROBUTTON NoMacro Author name / Procedia Technology 00 (2011) 000–000
9
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Abstract

This paper presents an experimental investigation into the shakedown and possible ratcheting behaviour of 90 degree single unreinforced mitred pipe bends subjected to cyclic in plane closing moments with a non-zero mean value. Examination is focused on the possibility of ratcheting under a single load in combination with the weakening mechanism from the ovalisation of the mitre. Material response is considered both locally and globally from strain gauges at the location of highest stress and by measuring the displacement of the mitre end. Post yield behaviour comprised of elastic shakedown followed by plastic shakedown until failure. No ratcheting was observed in the experiments.
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1. Introduction
Mitred pipe bends can be found in a wide variety of applications in a number of industry sectors. While mitred bends are generally used for less demanding operating conditions, clearly the behaviour of these structures must be fully understood to quantify safety margins against all failure mechanisms. 
Pressure system components are often subjected to stresses greater than yield at discontinuities under normal operating conditions and this raises questions relating to the permissible level of yielding and also how the component responds under cyclic loading. If the maximum load in the cycle is lower than that to cause first yield, the response is wholly elastic and the structure may eventually fail by high-cycle fatigue. If the maximum load exceeds the static load carrying capacity of the structure, gross plastic deformation and plastic collapse will occur during the first load cycle. If the maximum load lies between yield and plastic collapse, either shakedown or an accumulation of plastic strains known as ratcheting can occur. Ratcheting leads to failure from incremental plastic collapse and must be avoided in pressure component design. The cyclic behaviour will also result in low-cycle fatigue, to some extent.
To date no investigations have been made into the shakedown and ratcheting behaviour of mitred pipe bends. Studies into the ratcheting-fatigue failure of smooth pipe bends subject to internal pressure are well documented in the literature however Suneel K Gupta [1] Chang-Sik Oh et al [2] Hany et al [3]. Unlike smooth bends, mitred bends have the additional interest of discontinuity stresses at the joint and the possible influence of welding on failure.
In this paper a mitred pipe bend subjected to a cyclic in-plane closing moment with a non-zero mean value will be considered. Investigation will be made into whether the secondary stress field due to the resulting ovalisation of the mitred joint will combine with the primary stress both induced by a cyclic closing moment with a non-zero mean value, to satisfy the dual loading conditions observed in ratcheting examples. Experimental results will be compared with idealised finite element predictions.
2. Experiment
2.1. Mitre Bend Specifications
A bend specimen was arbitrarily selected from a number of "identical" bends that had been manufactured for a collapse and shakedown experimental programme. The nominal dimensions of the specimen used in the current study are show in Figure 1.  A similar bend was used to develop and refine the test procedure reported herein (results not reported). The mitred pipe bends were manufactured from cold finished seamless steel tubes. To remove the residual stresses from the welding process these mitres were stress relieved. The mitres were soaked at 600(C for approximately an hour at a heating rate of 200(C per hour and a cooling rate of 100(C per hour. The mitres were allowed to cool in air, of course as temperature reduced the rate of cooling declines.
Fig. 1. Mitre subjected to cyclic bending: specimen details.[image: image1.png]Lug and
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2.2. Test Set-up and Procedure
The experimental configuration can be seen in Figure 2. The tensile test machine used a servo controlled hydraulic ram to move the bottom crosshead in the upwards direction, effectively closing the mitre while the top crosshead remained stationary. The mitre was secured into the test rig using the lug supports on the mitre itself and steel pins to connect it to the test rig. Using the load cell within the tensile machine the applied load was measured along with the displacement of the lower crosshead.

The test rig was controlled by a computer which allowed full control of the testing bed. Using load control the user specified load values and the load application rate, also the minimum and maximum displacements of the moving crosshead could be recorded. 
Four strain gauges were used in the test. A 90 degree pair at a location 60 degrees from the intrados at the mitre intersection which is the location of the known highest stressed region. Two equally spaced longitudinal gauges were placed at a location away from the mitre intersection on the mitre leg for performing a symmetry check on the loading condition. The strain gauge numbering is shown in Table 1.
The displacement of the mitre joint as the mitre angle closed during loading was measured using a linear displacement voltage transducer (LDVT) located at the extrados of the mitre. All the data strain gauges, LDVT, load level and displacement reading were logged using the labview package on a separate laptop.
Using fast logging on labview and under load control, the load was increased on the mitre till the load vs. displacement graph showed a divergence from linear behaviour. The load was then held till the readings hold a stable value. The load was then cycled from the held load to zero at a rate of 30 seconds per half cycle. Once the maximum displacement for each cycle is seen to be steady and not growing for a reasonable number of cycles and the hysteresis loops are seen to be stable on load vs. strain graph in labview, cycling is then stopped. The load was increased and held. The above steps were repeated until the collapse load was reached.
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Fig. 2. Test Arrangement and Instrumentation.
Table 1. Strain gauge numbering
	Strain gauges
	Location
	Manufactures specification

	Strain gauge 1
	Longitudinal Mitre leg
	CEA 06-230UZ-120

	Strain gauge 2
	Longitudinal Mitre intersection
	N11-FA-1-120-16

	Strain gauge 3
	Longitudinal Mitre leg
	CEA 06-230UZ-120

	Strain gauge 4
	Circumferential Mitre intersection
	N11-FA-1-120-16


3. Results and Discussion
3.1. Symmetry check
Symmetry checks of the two longitudinal gauges on mitre leg, performed during initial loading into yielding, showed unsymmetrical responses from the strain readings. This can be seen in Figure 3 Symmetry check during initial loading. Gauges 1 and 3 show slightly different gradients. By examining the gauge positions it can clearly be seen they are not symmetrically placed with one gauge several millimetres out of alignment with the other. As seen on Figure 4 Unsymmetrical gauge placement on the mitre.
[image: image2.emf]
Fig. 3. Symmetry check during initial loading.

[image: image3.emf]
Fig. 4. Unsymmetrical gauge placement.

During the test the wiring of strain 1 was detached during a dye penetrate test for cracks. Therefore results from strain 1 of cycles at 21.5KN are not included; the wire was reattached after this load level for further cycling. The test showed no cracking after load step 20KN as can be seen.
3.2. Displacement
Graphs of load against time, displacement against time and the outwards movement of the mitre perpendicular to the loading machine (LDVT) can be seen in Figure 5. As an indication of global strain, the displacement of mitre remained unchanged during each load holding period at lower levels of load cycling. This indicated the shakedown behavior of the pipe bend. However at the higher levels of load cycling, it would appear that ratcheting was occurring. This result will be confirmed by comparison with the strain response over each cycle. 

Many more cycles were performed in this test to increase the validity and accuracy of results. 150 cycles were performed and the maximum displacement was recorded for 3 cycles at intervals of no greater than 5-10 cycles apart. The majority of data was collected at every cycle. Data points can be seen in Figure 6. A 6 point moving average curve was then fitted to the results.
Initial gradients increase with higher increases in load and then tend towards 0 rate of change which indicates global shakedown. The last load level 22.5KN before collapse shows a steady increase in displacement with load as would be expected in ratcheting. Again this needs to be proved by examining individual strain gauge results. 

There was also little difference in the displacement of the ram to collapse in comparison to the plastic collapse tests carried out by Neilson R.,Wood J., Hamilton R. & Li H. [4]. The displacement of the ram over the whole duration of this test was 33mm. The plastic collapse tests found displacements of about 27- 30 mm. Accumulaed plastic strain during cyclic loading therefore accounted for little of the final displacement.
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Fig. 5. Mitre subjected to cyclic bending only: crosshead displacement and load over the entire test. 
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Fig. 6. Maximum displacement each cycle vs. number of cycles at each load step
3.3. Strain
Picking out the first, last and second last cycles at each load level and plotting load against strain at each gauge for these cycles showed no ratcheting. Results from the first load level of 14KN, Figures 7 and 8, display only plastic shakedown showing the region of elastic shakedown has already been passed. at As the collapse load was known from Neilson R., Wood J., Hamilton R. & Li H [4] collapse tests of identical mitres, load was initially taken higher to allow a greater number of load increments in the region of possible ratcheting. Plastic shakedown i.e. the last and second last cycles following identical paths on all gauges continues until collapse load, as seen in Figure 9 for load levels of 22.5KN.
[image: image6.emf]
Fig. 7. Alternating plasticity strain 2 cycling at 14KN, the last 2 cycles line on near identical paths.

[image: image7.emf]
Fig. 8. Plastic shakedown strain 4, cycling at 14KN.

[image: image8.emf]
Figure 9 Plastic shakedown at last load level before collapse 22.5KN, strain 4
Collapse load of the Mitre was reached when increasing the load to 23KN. No ratcheting behaviour was observed in this experiment from the strain gauge results. Examination of individual strain gauge results in areas of high strain showed clearly that plastic shakedown was in fact occurring. The apparent ratcheting, as evidenced by the increasing displacement levels on load cycling in Figure 5, is instead most likely due to widespread plasticity affecting the bend stiffness. 

Ratcheting required 2 different types of loading [coming from the Bree Diagram with pressure (primary) on one axis and thermal on the other (secondary)]. ASME VIII Div2 section 5.5.1.6 [5] also states that "protection against ratcheting is satisfied if one of the following three conditions is met: a) The loading results in only primary stresses without any cyclic secondary stresses..."  the cyclic bending load is in effect a cyclic primary stress (with a mean level as it cycled between zero and maximum). However the stresses due to ovalisation at the mitre join are in fact secondary stresses (similar to the thermal case) as they are deformation controlled and arise from compatability requirements. Hence such a test set-up has a possibility to ratchet.
4. Conclusion
The elastic shakedown limit had already been passed by the first cycle. Plastic shakedown was observed until failure at 23KN. No ratcheting was observed in the experiments. Therefore, the requirement of the combination of primary stress and secondary stress is not fulfilled by the ovalisation of the mitre intersection resulting from a cyclic closing moment with a non zero value mean value. However the above conclusion was just based on the strain gauge results at a suspected high strain area near mitre intersection. From the argument that a cyclic secondary stress was present during the loading cycle, the mitre might ratchet. Thus a finite element analysis is required to predict the strain results for the whole mitre, and this will be done in the future work.
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