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The basic idea of this paper concerns numerical investigation on the reduction in bolt clamping force of aerospace structural bolted specimens subjected to a longitudinal tensile load and introducing a novel simulation and analysis technique for the models of this type, which has been discussed and studied in a previous paper through experimentation and very simplified FE simulation. In the aforementioned experimental study two holed plates of aluminum alloy 7075-T6 were first clamped with two different tightening torques and then loaded with a longitudinal load. in the numerical method, a precise (3D) finite element simulation of the geometry of the was carried out using the new ANSYS WORKBENCH package platform, and then loaded with the same real test load magnitudes and conditions, then the clamping forces were calculated. Both results show that the bolted plate's initial clamping force under longitudinal load reduces drastically in both of the specimens and the more the tightening torque, the more the reduction is. This may be due to the transverse reaction of the plate's flexible material which causes the clamped material of the plate to reduce the initial compression due to clamping and release the resulting clamping force.

Introduction:

Bolted joints have been used widely in mechanical and aerospace structures, due to their flexibility and ease in case of maintenance. Inevitably, every process of drilling in these fasteners in order to create a hole for bolt and nut fixtures is a source of stress concentration, which has always been an area of great concern to designers and engineers. Accordingly, researchers always have been looking forward to find appropriate methods to alleviate these detrimental stresses around the drilled holes. Meanwhile, methods like cold expansion and interference fit were employed and applied to reach the goal [START_REF] Chakherlou | An experimental investigation on the effect of short time exposure to elevated temperature on fatigue life of cold expanded fastener holes[END_REF][START_REF] Chakherlou | Experimental and numerical investigations into the effect of an interference fit on the fatigue life of double shear lap joints[END_REF][START_REF] Chakherlou | The effect of cold expansion[END_REF][5]. Bolt clamping force, as a preload and of course a positive factor has been the field of research and study for years. It produces some opposing stresses around the hole compared to those detrimental ones, thus, causes an increase in fatigue life of the parts during cyclic loading [6-8].

Previous researches approved the effect of bolt clamping force on stress concentration reduction around the holes at bolted plate, which possibly results in a better tensile strength and longer life. Previous researches showed that the clamping force leads to beneficial tangential compressive stresses around the hole, and the more the clamping force applied, the more the compressive stresses appear. Furthermore, some of the researches revealed that clamping force increases the fatigue life up to an extent, based on the magnitude of the clamping force applied [9][10][11].

In one hand a high magnitude of clamping force is desirable and crucial to maintain a better tensile strength for the plate, on the other hand the continuous presence of this force while the plate is subjected to a longitudinal tensile stress is of paramount importance.

This paper presents both a precise 3D finite element model and technique to numerically solve this model and the resembling other models, including bolts and nuts of different standard and size with a good and reasonable approximation to prevent the inevitable expensive costs of experimental researches and tests.

The performed finite element simulation in the referenced paper and possibly the other ones on resembling assemblies, have carried out the task by simplifying the model. They use the symmetry option available, which adds some unrealistic and additive equations to the solution and is based on the assumption that all of the other symmetrically omitted pieces exactly have the same behavior in confronting with the load cases. However, this symmetry-included simulation is not obviously the case in real condition. Appositively, the following model simulates everything in steps just the same as it happens in real condition with a full, precise model.

Finite element modeling

The assembly includes an M5×0.8 bolt, M5×0.8 nut, two washers and a plate with the dimensions depicted in Figure 1. The plate material is aluminum alloy 7075-T6 and has a precise empirically derived nonlinear behavior graph, which is modeled in the solution through multi-linear kinematic hardening plasticity model. The bolt, washers and nut used in the test are steel and remain elastic in the test, so their material is modeled with a linear elastic behavior.

To achieve the best numerical solution for the conducted test, a precise measurement of the dimensions of the hexagonal bolt and nut threads and faces along with a study on the defined criteria for their size in concerning ASTM standards was carried out and the final dimensions were used to model the parts.

Figure 1.Full test plate geometry and dimensions (mm) [1]

In order to simulate the real condition of the test in the model, connections were needed to define the interactions among surfaces and the way they treat and transfer forces between themselves.

Hence, frictional type connections were utilized for bolt-washer, washer-plate, plate-washer, washer-nut and bolt thread-nut thread to model the slipping that happens while the nut is being tightened. Friction Coefficients have always been a major concern both in experimental works and numerical ones, due to the limitations in precise measurement. As tested in experiment, a friction coefficient of 0.288 was measured between the plate and the washer; since then, a number of 0.175 was obtained as the friction coefficient between each of the bolt-washer and washer -nut contact faces, using a trial and error method, knowing that this should result in a specific clamping force under a specific tightening torque.

To generate a mapped mesh on the assembly, 3D solid element type in ANSYS named SOLID185 was used. This element is used for the three-dimensional modeling of solid structures and is defined by eight nodes having three degrees of freedom at each node: translations in x, y, and z directions [12]. The element has plasticity, stress stiffening, large deflection, and large strain capabilities.

Also, CONTA174 and TARGE170 element types were used in the regions of contact. This element is used to represent contact and sliding between 3-D "target" surfaces (TARGE170) and a deformable surface, defined by it. The element has three degrees of freedom at each node: translations in x, y, and z directions and has the same geometric characteristics as the solid or shell element face with which it is connected to. Contact occurs when the element surface penetrates one of the target segment elements (TARGE170) on a specified target surface. Coulomb and shear stress friction is also allowed [13]. It's worth mentioning that a thorough investigation and trial and error method was used in the analysis on the effects of element type and size along with drawing some graphs to maintain a solution independent of mesh size and properties. As a result, 119221 elements were generated, utilizing "bias" option available in the meshing module, which provides the ability to fine the mesh in areas anticipated to have more intense stresses, without fining the other parts of the same line which are not necessary to be fined. Apparently, the mentioned number of elements for such a model is considered to be a substantial amount.

In a real case, nut is tightened over the bolt with a wrench to squeeze the plate, while the bolt head face and one transversal side of the plate is fixed. After that, it is used as part of a machine or vehicle, in which it might be subjected to longitudinal loads. Thus, in the analysis, the loads were applied in 3 steps. In the first one, two tangential forces were applied to two opposing sides of the nut's hexagonal faces, the magnitudes of which, were calculated using the simple definitions of torque and force, while the bolt head face and one transversal side of the plate were fixed in all directions. The second step was a mode of relaxation in which the tangential forces and the bolt head face's fixed constraint were removed. It's worth mentioning that the resultant clamping force stayed still in the analysis even though the forces were removed. In The third step, a longitudinal 400MPa tensile stress was applied to one transversal side of the plate, opposite to the one which was fixed. Although the test specimen was subjected to a cyclic 240MPa pressure, first, but to embolden the impacts of the longitudinal load on clamping force reduction, a magnitude of 400MPa was chosen, which was applied in 20 sub steps with restart options to record the resulting clamping force, along with each increase in the longitudinal load and draw the reduction graph.

Due to the strength limit of the parts, it was loaded by two torques with different magnitudes of 7N.m and 3.5N.m experimentally, which resulted in initial clamping forces with magnitudes of 6818 N and 3409 N. Using the definition of torque and the dimensions of the nut, the magnitude of the tangential forces around the center of the nut was calculated to be 931.84 N.

Finite element analysis results

Contour of transverse stress distribution (in z-direction), on the plate after applying a clamping force of 6818N is illustrated in Figure 3(a). As it is evident in the figure, compressive stresses are generated around the hole as a result of bolt clamping, starting from a magnitude of 126MPa. Contour of stress distribution for the plate with the same clamping force after being subjected to a 240MPa longitudinal cyclic load is depicted in Figure 3(b), which apparently asserts that the compressive stresses around the hole have had a 79MPa reduction at the maximum amount and a different distribution, slightly. This may be due to the transverse reaction of the plate's flexible material which causes the clamped material of the plate to reduce the initial compression due to clamping and release the resulting clamping force, in case being exposed to the longitudinal force [START_REF] Oskouei | Reduction in clamping force due to applied longitudinal load to aerospace structural bolted plates[END_REF]. In a comparison with the experimentally attained results, Figure 4 elaborately demonstrates the reduction in clamping force of the plate, clamped with two different clamping forces. Evidently, the one with a clamping force of 3409N, faces a 34% reduction in the experimental test and 33% in the numerical one; while the one with a clamping force of 6818N confronts a 48% reduction in the experimental test and 45% in the numerical one [START_REF] Oskouei | Reduction in clamping force due to applied longitudinal load to aerospace structural bolted plates[END_REF].

Moreover, a deviation in the trend of the graph for the clamping force of 6818N is observed compared to the empirical one, which might be due to the special behavioral characteristics of the chosen element type in higher stresses, since it is not happened in the reduction graph of the lower clamped one.

Nomenclatures

Fcl the resultant clamping force in bolt shank due to applied tightening torque

Greek symbols

 Normal stress

Conclusions

• The performed numerical and finite element simulation and analysis, was validated against the experimental results well and up to a good extent.

• The higher the preload as clamping force is applied, the more the beneficial compressive stresses around the hole appear, which aid in a better fatigue and tensile strength for the plate.

• The higher the tightening torque and clamping force, the more the reduction in the magnitude of clamping force after being subjected to a longitudinal tensile stress.

• Due to the high compatibility and reliability of the numerically attained results and the empirical, ones -in a way that both of them lay nearly on each other-it is more efficient to perform such an analysis in future cases instead of experimenting.
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 232 Figure 2. Finite element, meshed model
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