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The influence of various factors affecting the severity of runway debris lofting mechanisms was investigated by performing numerical simulations and drop weight impact experiments to assess the likelihood of a stone impact. Geometrical characterisation of stones collected from airfields led to a generic model of a tyre rolling over stones of various shape with different overlaps, orientations, and densities. In numerical simulations of a 0.4 m diameter aircraft tyre rolling at 70 m/s, a 10 mm diameter spherical stone was lofted at a maximum vertical speed of 35 m/s. For equivalent mass prolate spheroid stones, the loft speeds were 11 to 34% lower depending on the stone orientation. Objects with flat surfaces exhibited different lofting mechanisms and lower angular velocities. The conditions most conducive to stone lofting were very stiff, small diameter, sharp cornered tyres rolling on ground with a high friction coefficient over spherical stones such that just under half the stone diameter was covered by the tyre. The stone loft speed was approximately proportional to the square root of the tyre tread stiffness. Finally, tyre tread grooves could throw stones upwards at the tyre-ground separation speed, which was 17 m/s for the conditions mentioned earlier.

Introduction

Stones and foreign objects on runways or roads can cause considerable impact damage to vehicles and high repair costs if thrown up by the wheels onto vulnerable structures [START_REF] Herszberg | Structural Health Monitoring for Advanced Composite Structures[END_REF][START_REF] Chadwick | Airport runway debris detection study[END_REF][START_REF] Duó | A Predictive Study of Foreign Object Damage (FOD) To Aero Engine Compressor Blades[END_REF]. Damage tolerant design of vehicles such as aircraft requires a methodology to predict the likelihood of critical impacts occurring over the operational lifetime of the vehicle. Such information could be provided by examination of the damage caused in previous incidents [START_REF] Morse | Investigating FOD Damage using Physical and Forensic Evidence[END_REF], so that the locations of severe impact damage can be mapped out as shown in Fig. 1 [START_REF] Beatty | The Study of Foreign Object Damage caused by Aircraft Operations on Unconventional and Bomb-Damaged Airfield Surfaces[END_REF]. In practice, the limited availability of such detailed records makes this approach very difficult to utilise. Additionally, such impact data would have fairly limited use in scenarios involving different aircraft and runway conditions. An alternative approach relies on understanding the complex lofting processes of objects by wheels, which may be considered as an impact event given the high speed at which a tyre may contact the object. This paper aims to develop knowledge about the physical processes underlying the lofting of stones by aircraft tyres [START_REF] Nguyen | Modeling the Lofting of Runway Debris by Aircraft Tyres[END_REF], and report on the conditions that lead to the most critical impact events. These mechanisms were studied by developing numerical models using a dynamic explicit finite element software package, LS-DYNA [START_REF] Hallquist | LS-Dyna Theoretical Manual[END_REF]. Once the generic physics of the lofting mechanisms are understood, the analysis can be applied to several transport sectors without the need to develop entirely new models; such sectors include; General mass transport; e.g. cracked windscreens caused by stones lofted from the wheels of heavy goods vehicles [START_REF] Forbes | The Safety Impact of Vehicle-Related Road Debris[END_REF]. In motor sports, F1 racing cars fabricated from polymer composites experience a considerable risk of being struck by track debris at high speed.

Unmanned Aerial Vehicles; better informed damage tolerant composite design will enable development of smaller, lighter aircraft and reduce the risk of impact damage to sensitive instrumentation windows and thin lightweight structures.

Debris deflector design; knowledge of the forces that are likely to be produced by impacts from debris would aid in the design of debris deflectors for aircraft [START_REF] Loughney | Boeing 737 Engine Gravel Protection[END_REF] and other transport vehicles.

Tyre design; knowledge of the types of debris likely to be encountered could also be of value for tyre manufacturers. Tyre fragments torn off by encounters with debris may strike vulnerable aircraft parts [START_REF] Mines | Impact of Aircraft Rubber Tyre fragments on Aluminium Alloy Plates: I-Experimental[END_REF][START_REF] Karagiozova | Impact of Aircraft Rubber Tyre Fragments on Aluminium Alloy Plates: II--Numerical Simulation using LS-DYNA[END_REF][START_REF] Birch | Post-test Simulation of Airliner Wing Access Panel subject to Tyre Debris Impact[END_REF].

Debris detection systems; information about the most critical debris would facilitate efficient detection and removal of these items, thereby reducing the operating costs involved in performing regular
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2 indiscriminate runway sweeping. For instance, the research findings can instruct where to concentrate sensors such as radar systems that continuously scan for debris [START_REF] Chadwick | Airport runway debris detection study[END_REF][START_REF] Hounsfield | Runway Radar Evaluation[END_REF].

The most severe instances of lofted debris damage apply to military aircraft operating on unprepared airfields [START_REF] Schauz | Criteria for Design, Maintenance and Evaluation of Semi-Prepared Airfields for Contingency Operations of the C-17 Aircraft[END_REF] or runways containing loose stones generated by thermal and climatic degradation [START_REF] Greenhalgh | Characterisation of the Realistic Impact Threat from Runway Debris[END_REF]. An example of the damage caused by stones impacting the leading edge of an RAF C-130 Hercules inner main wheel undercarriage door is shown in Fig. 2. Some stones found inside the hole in this component were of dimensions comparable to that of the width of the nose tyre tread groove, suggesting the possibility of groove lofting [START_REF] Nguyen | Modeling the Lofting of Runway Debris by Aircraft Tyres[END_REF]. However, the large amount of wear found on the tyre treads suggested that, over much of the lifetime of a tyre, the grooves would not be deep enough for stones to be momentarily caught inside. The presence of more than one stone inside the hole in Fig. 2b demonstrated a possible tendency for stones to be flung along that particular path.

The threat posed to aircraft from runway debris is related both to the distribution of objects on the runway that could cause damage upon impact and to the speeds at which such objects are lofted. In this paper, a numerical simulation of the lofting process, involving a solid tyre rolling over a stone [START_REF] Nguyen | Modeling the Lofting of Runway Debris by Aircraft Tyres[END_REF], was used to quantify the effect of various factors on the loft speeds. This preliminary model with simplified geometry was used to provide a basis to understand the lofting mechanisms and allow validation using a solid drop weight impactor. The study aimed to identify which variables needed to be modelled most accurately to provide realistic predictions of the impact threat. Since, previous simulations [START_REF] Nguyen | Modeling the Lofting of Runway Debris by Aircraft Tyres[END_REF] used only spherical stones, which may have limited the mechanisms observed, this paper presents results for stones of more realistic geometries. The shapes of stones collected from UK airfields [START_REF] Greenhalgh | Characterisation of the Realistic Impact Threat from Runway Debris[END_REF] were characterised in terms of two geometrical parameters that were expected to influence the lofting mechanisms: the circularity and aspect ratio of the stones. The effects of the friction between the stone and ground and the density of the stones were also considered, since these may change for aircraft operating in different environments. Other foreign objects such aircraft components and fasteners could also be found on runways, and hence the lofting of a standard hexagonal nut was also explored. Finally, a study was conducted into the sensitivity of properties related to the aircraft tyre itself because these may vary significantly for different types of aircraft. These properties included the aircraft speed, the tyre shape, diameter and stiffness and the presence of grooves in the tyre tread. 

M A N U S C R I P T A C C E P T E D

Generic runway stone model

As well as stones, the types of debris found on runways can include pavement fragments, sand and gravel, nuts, bolts, washers, rivets, metal tools, aircraft parts and drink bottles [START_REF] Duó | A Predictive Study of Foreign Object Damage (FOD) To Aero Engine Compressor Blades[END_REF]. The diameters of standard impactors chosen for experimental tests to determine the damage resistance of structures often lie in the range 6 mm to 25 mm [START_REF] Fualdes | Composites at Airbus Damage Tolerance Methodology[END_REF]. A simple damage tolerance criterion used in industry for composite aircraft has been specified in relation to a 12.7 mm diameter spherical object travelling at the tangential tyre speed [START_REF] Fawcett | Boeing Composite Airframe Damage Tolerance and Service Experience[END_REF]. In experiments on composites conducted by Rhodes et al., aluminium spheres of 12.7 mm diameter were used as the impact projectiles because they have a similar density to common rock materials [START_REF] Rhodes | Effect of Low-Velocity Impact Damage on the Compressive Strength of Graphite-Epoxy Hat-Stiffened Panels[END_REF]. In these tests, the projectile impacts were normal to a panel surface at a velocity of about 55 m/s. Previous experimental work to investigate stone lofting involved a small scale aircraft tyre rolling over 25 mm stones placed in a square pattern on a circular track [START_REF] Bless | FOD (Foreign Object Damage) Generation by Aircraft Tyres, Defense Technical Information Center[END_REF].

Stones and other debris were collected from the runways of several RAF bases around the UK and a statistical analysis was performed to characterise the distributions of the masses and radii of the stones [START_REF] Greenhalgh | Characterisation of the Realistic Impact Threat from Runway Debris[END_REF]. These distributions were then used to calculate the probability of an impact exceeding a critical energy level assuming that both lofting occurred and stones struck the aircraft at the speed at which the aircraft was travelling. The data collection and statistical study was the most comprehensive available source of data on the properties of stones and other debris collected from runways. Only 12.6% of the debris collected was considered large enough (greater than 5 mm) to pose a significant impact threat to aircraft.

Stone geometry

To calculate the forces applied to stones over-rolled by tyres, data about the contact area between the tyre and stone and therefore estimates of the surface area distribution, may be useful. Estimates of the surface areas of cobbles from linear regression equations [START_REF] Graham | Measurement of Surface Area of Stones[END_REF] may be used to determine how closely stones resemble spheres, and the ease with which stones roll rather than slide. The shapes of stones with dimensions greater than 10 mm collected from UK RAF bases (Fig. 3) [START_REF] Greenhalgh | Characterisation of the Realistic Impact Threat from Runway Debris[END_REF] were characterised using the image analysis software package, ImageJ. The images were scaled from rulers depicted in the photographs using the largest distance between known scale markers to ensure the greatest accuracy.

Manual correction of the edge detection was necessary in a few instances to enable the software to distinguish between adjacent stones in contact. This correction would have led to a reduction in the area and a slight change in shape for the affected stones.
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Previous characterisation of the bluntness of stones involved measurements of the maximum and minimum radii of curvature by fitting circles to various parts of the stone [START_REF] Greenhalgh | Characterisation of the Realistic Impact Threat from Runway Debris[END_REF]. This method was difficult to perform in a consistent manner due to the nature of stones, which may have had very sharp edges or flat faces. Instead, it was proposed to quantify how closely a stone resembled a sphere via the circularity, which was defined as 4π × (projected area) / (perimeter) 2 . Since stones with sharp edges or flat faces deviated from spherical geometry to a greater extent, they were more likely to have a lower circularity, and these stones may result in different types of impact damage to aircraft structures. Furthermore, the circularity of a stone may affect the ability of the stone to roll and therefore influence the way the stone may be lofted. Ideally, a representative stone model to be used in the simulation should have a value of circularity similar to that of real stones (Table 1). The measured 2D projections of the stones were found to have an average circularity resembling that of a square, which has a circularity of 0.79. This fairly high value of circularity suggested that spherical and ovoid stones may have been suitable as a starting point for the modelling of generic stones. Less circular or prismatic geometries such hexagonal nuts were later used to represent objects with flat faces and sharper edges.

A different, but not entirely independent measurement of the shapes of the stones, the aspect ratio, was also considered because highly elongated stones were expected to behave in a different way to compact stones when over-rolled by tyres. Best fit ellipses were superposed on each stone image and the ratio of the major to minor axes of the ellipses gave the measured aspect ratios shown in Table 2. On average the aspect ratios were close to √2 ≈ 1.41, which is the value required for the ratio between the length and width of an object to remain constant if it is bisected. Hence a possible explanation for this observed aspect ratio would be if the stones had been formed from larger rocks or pavement fragments by being divided roughly in half via simple three-point bending. Repeated breakage of stones in such a way would tend to result in smaller stones with an aspect ratio of 1.41. It might be expected that since the stones are three-dimensional, the relevant ratio should be 3 √2 ≈ 1.26. However, the actual aspect ratio in almost all cases fells in between the two values mentioned but was closer to that corresponding to breaking of a two-dimensional stone since the measured aspect ratios were from images of stones lying on their flattest surfaces.

The geometrical analysis has suggested that a possible method for the generation of a generic stone that is consistent with the collected data may be to take an ovoid with an aspect ratio of 1. into the stone at random such that the circularity becomes 0.79. The simulation of a tyre rolling over various shaped stones is discussed in the next section.

Numerical simulation

A numerical simulation of a tyre rolling over a stone [START_REF] Nguyen | Modeling the Lofting of Runway Debris by Aircraft Tyres[END_REF] was developed using the dynamic non-linear finite element analysis program LS-DYNA [START_REF] Hallquist | LS-Dyna Theoretical Manual[END_REF]. The ground was modelled as a flat surface using the rigidwall option in LS-DYNA. Details of the construction of the model and experimental studies to validate the lofting mechanisms using drop-weight impact tests with a high speed camera are included in [START_REF] Nguyen | Modeling the Lofting of Runway Debris by Aircraft Tyres[END_REF]. The nominal conditions and material properties for the simulation are shown in Tables 3 and4. The original model assumed that the stone was spherical, the tyre was cylindrical and the ground was flat. The tyre had an outer diameter of 0.4 m and an inner diameter of 0.37 m. The tyre was modelled as a rigid wheel rim together with a solid elastic tyre tread rather than an inflated tyre, because preliminary validation experiments used a solid drop weight impactor to represent the tyre. Pressurisation in the tyre was not modelled in this initial stage of the investigation because an inflated impactor had not been implemented to validate the FE results. However, the lack of pressurisation meant that there was no pretension in the tyre rubber and internal energy could only be stored as strain energy in the rubber. Solid elements were chosen to capture the 3D deformation of the tyre tread. The tyre tread element size near the area of contact area with the stone was 1.7 × 1.3 × 1.0 mm 3 . The stone element size near the contact with the tyre was 0.70 × 0.55 × 0.33 mm 3 . The stone consisted of 7000 constant stress elements and 7350 nodes, and the wheel contained 8940 fully integrated 8-node elements and 11532 nodes. The tyre tread mesh was refined near the zone of contact with the stone. The finer meshed region of the tyre tread was constrained to move with the courser meshed region using the contact automatic one way surface to surface tiebreak option in LS-DYNA. This provided an efficient way of ensuring that the end nodes of the finer meshed region remained in contact with the surfaces at the ends of the courser meshed region.

The material model used for the rubber was the two constant Mooney-Rivlin hyperelastic rubber model. The material model parameters used were A 1 = 0.5 MPa, A 2 = 4.2 MPa and Poisson's ratio = 0.495 [START_REF] Mines | Impact of Aircraft Rubber Tyre fragments on Aluminium Alloy Plates: I-Experimental[END_REF][START_REF] Karagiozova | Impact of Aircraft Rubber Tyre Fragments on Aluminium Alloy Plates: II--Numerical Simulation using LS-DYNA[END_REF]. The Mooney-Rivlin model was used in place of a simple elastic model because the local strains were found to be high enough that the non-linear stiffening of the material could significantly influence the lofting process. Furthermore, the same stiffening helped to reduce excessive deformation of the elements leading to non-physical zero energy deformation modes in the elements (i.e. hourglassing).
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The tyre tread in the present simulations modelled the rubber rich area of the tyre, which interacted with the runway and stone. For the properties of Concorde tyre material in Refs [START_REF] Mines | Impact of Aircraft Rubber Tyre fragments on Aluminium Alloy Plates: I-Experimental[END_REF][START_REF] Karagiozova | Impact of Aircraft Rubber Tyre Fragments on Aluminium Alloy Plates: II--Numerical Simulation using LS-DYNA[END_REF], a large amount of reinforcement was present through most of the thickness of the tyre tread. In many other aircraft tyres, the rubber rich region, which has less reinforcement, makes up a greater portion of the outer thickness of the tread. Therefore the present simulations can be thought of as having the reinforcement being combined at the rim. One of the main reasons of not independently modelling the reinforcing cables was, that the number, angles and properties of the cables would be very dependent on the particular tyre. It was however an intention of the model to be fairly generic, which is why other complex features such as tread grooves had been omitted. It is appreciated that the strengthening effect of the reinforcement would have significant implications for the structural response of the tyre and the dynamics of the vehicle supported by the tyre. However, to investigate the local effects on the stone, a first approximation of omitting the reinforcement was applied. Later models using a wide range of rubber stiffnesses were considered to at least be able to capture the qualitative effect of reinforcement.

The effects of gravity and air resistance were ignored over the small duration of the impact event as well as thermal effects or noise generation resulting in energy dissipation. The tyre itself rolled without slip or initial stresses and there was rapid dynamic relaxation of the tyre tread. The tyre surface was assumed to be smooth, even though tread grooves may cause a considerable variation in the actual tyreground contact pressure. Global damping with a damping factor of 0.1 was used to reduce any unwanted vibrations around the circumference of the tread that could influence the velocity of contact with the stone.

The coefficient of friction between the stone and tyre (Table 3) was greater than that between the stone and ground. The friction coefficients assumed the contact was described by the Coulomb friction law with values taken for dry materials [START_REF] Bosch | Kraftfahrtechnisches Taschenbuch[END_REF]. The interface between the rubber and the rigid rim were defined by merging the nodes at the interface. This type of constraint provided a simplified representation of the attachment between the rubber and the steel beads that run circumferentially around the tyre. This was considered appropriate to prevent any unwanted sliding or other relative movement between the rim and the rubber. It was appreciated that this may not be entirely representative of the actual boundary condition applied to the rubber. However, it was not of primary interest to investigate the detailed behaviour or failure of the tyre, but its interaction with the stone. Therefore, the rubber-rim interface was simplified. The contact between the tyre and the stone was modelled using the automatic single surface contact algorithm in LS-DYNA. The soft constraint option was used with this formulation because the
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7 materials in contact had a wide variation in bulk elastic modulus. This meant that the contact stiffness was determined based on stability conditions, taking into account the time step and nodal masses [START_REF] Hallquist | LS-Dyna Theoretical Manual[END_REF]. The simulation time was approximately several hours on a Pentium 4 PC running at 3.2 GHz. The time step used for the simulations was chosen to be scaled by a factor of 0.1 compared with the time step calculated by LS-DYNA, giving an initial time step of 25.4 ns.

The previous studies on the lofting of stones showed that the overlap between the tyre and the stone played a large role in determining the speed of the lofted stone. The overlap was defined as the distance between the outer edge of the tyre and the edge of the stone closest to the tyre expressed as a percentage of the stone diameter. Hence the variables that were studied in this section were plotted over a range of overlap values to gain a clearer picture of their effects on the lofting mechanisms [24]. Throughout the analysis, the primary focus was on the vertical component of the stone speed, because it is the most critical value for vulnerable horizontal structures on the underside of aircraft [25,26].

An investigation into the effect of modelling the circumferential grooves in a tyre was carried out in Section 3.1 to demonstrate the feasibility of a potential lofting mechanism within the plane of the wheel.

The parameters explored in Sections 3.2 included factors related to the stone and its geometrical properties. The friction between the stone and the ground was varied for spherical stones to determine whether the lofting mechanism involved substantial frictional energy losses. Moving away from non-ideal spherical geometry and using ovoid stones, meant that the orientation of the stone relative to the tyre may also be important. Various ratios of the largest dimension of the ovoid stone to other dimensions were used to consider whether the aspect ratio significantly influenced the lofting processes. Additionally, given the range of materials that may be found on a runway, objects of different density and common fastener components were modelled. Finally, to extend the applicability of the models to different aircraft, it was important to have some understanding of the effect of properties such as the tyre profile, aircraft speed, tyre diameter and tyre stiffness. All of these parameters, which were studied in Section 3.3, could take on a range of values depending on the aircraft type. Unless otherwise stated, the parameters used for the default case were: an aircraft speed of 70 m/s, a tyre diameter of 0.4 m and a stone density of 2680 kg/m 3 .

Tangential groove lofting

The possibility of lofting by means of a stone being gripped by a groove in the tyre tread was explored by modelling the groove as a rectangular slot of width 10 mm (Fig. 4). A 10 mm spherical stone
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was positioned directly in line with the slot so that the centrelines of the stone and the slot were coincident. After the inner sides of the groove had descended over the stone, the adjacent rubber around the groove pressed against the stone so that it was lifted up when this point on the tyre was raised from the ground (Fig. 5). The force gripping the stone was considered to result from the rubber being compressed vertically and subsequently expanding laterally. The stone experienced a small number of lateral vibrations within the groove and was dragged up by friction. After the tyre had rolled forward a short distance of 0.15 m, the stone was left behind by the upward accelerating part of the tyre containing the slot. The stone continued along its predominantly vertical path at a resultant speed of 17.1 m/s, and any structure protruding from the under-surface of the aircraft could potentially impact the stone with a resultant speed given by the forward aircraft velocity and the stone speed. The vertical component of the tyre speed can be estimated using the equation 2 } where V is the aircraft speed, h is the height above ground of contact between the tyre and stone and R is the tyre radius [START_REF] Bless | FOD (Foreign Object Damage) Generation by Aircraft Tyres, Defense Technical Information Center[END_REF].

V z = V √{2(h/R) -(h/R)

Effect of stone properties on sideward lofting

Friction between stone and ground

A study on the influence of the ground friction on sideward lofting (Fig. 6) was based on a simple friction model incorporating a single static coefficient. The nominal coefficients of friction for an inflated tyre against dry concrete and asphalt were taken as 0.65 and 0.55 respectively, whilst the corresponding values for wet surfaces were 0.5 and 0.3 [START_REF] Bosch | Kraftfahrtechnisches Taschenbuch[END_REF]. Increasing the coefficient of friction between the stone and the ground reduced the overlap required to loft the stone at a maximum vertical velocity (Fig. 7). The total kinetic energy of the stone decreased significantly as the friction increased (Fig. 8), since a larger proportion of the strain energy stored in the tread was dissipated to overcome friction and enable the stone to be lofted.

Ovoid stone orientation

Prolate spheroid stones (Fig. 6) were generated by stretching spherical stones along a single direction by a constant factor denoting the aspect ratio of the stone. For an ovoid stone with an aspect ratio of 1.5, the stone was positioned in four different orientations relative to the tyre, whilst the stonetyre offset distance was kept constant. The orientation was defined by the clockwise angle between the major axis of the stone and the axis of the wheel. All of the following observations also applied for ovoid
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stones of sizes 10:15 mm and 8:12 mm. For overlaps less than 30% of the stone minor diameter, the orientation of the stone had negligible effect on the vertical loft speed (Fig. 9). When the stone was oriented such that its major axis was perpendicular to the wheel axle direction, the stone achieved the greatest loft speeds. Orientating the stone less than 90° reduced the range of overlaps that caused lofting, and for + 45° and -45° orientations, the results were almost exactly the same. When the major axis of the stone was aligned with the wheel axis, lofting was even further restricted to lower overlaps, whilst the speeds were similar to those for ± 45° oriented stones. The higher speeds reached by the 90° stone was due to the greater ease with which it was made to spin by the tyre about an axis parallel to the aircraft direction of travel. The similarity between the results for the + 45° and -45° rotations showed that the forward motion of the tyre made little difference to the resulting loft mechanism compared to the vertical component of the tyre motion. The asymmetry of the loading on the stone was not important, since the tyre diameter was so much larger than the stone. A reasonable approximation was to treat the tread as a flat surface vertically approaching the stone. This implied that drop weight impacts could be used to simulate the lofting process.

Stone aspect ratio

The same observations for the stone orientation also applied regardless of the stone size (Fig. 10 and Fig. 11) and for stones with an aspect ratio of 2.0, such as the 6:12 mm, 8:16 mm and 10:20 mm stones studied (Fig. 12). In this case however, the difference in loft speeds and range of overlaps for lofting between the stones at 90° and at other orientations were even more pronounced. Furthermore, increasing the aspect ratio directly reduced the loft speeds and restricted the range of overlaps for which lofting could occur. Aspect ratios corresponding to the mean value found in the analysis in Section 2.2 would therefore be expected to produce loft speeds between those of the 1.5 aspect ratio stones studied and spherical stones; the latter giving the more conservative loft speeds.

Compared to a sphere of the same mass, the ovoid stones were lofted at lower speeds. Hence the original model [START_REF] Nguyen | Modeling the Lofting of Runway Debris by Aircraft Tyres[END_REF] involving spherical stones provided the critical geometry to gain conservative results for design against impact. The spherical stone led to the smallest possible contact area between the stone and the tyre and ground, enabling it to escape more quickly and spin more easily. Once again the same observations applied for various ovoid sizes at various orientations and for spheres of equivalent mass (Fig. 10 and Fig. 11). In regions where the loft velocity underwent a rapid transition with only a small change in overlap, more models were run at intermediate overlaps to clarify the effect of the transition. Two different stone densities, equivalent to aluminium and steel objects (2700 kg/m 3 and 7800 kg/m 3 respectively), were modelled and the variation of the final vertical velocity of the stone as a function of the overlap for each case is shown in Fig. 13. For ovoid stones at 0° orientation, increasing the stone density dramatically reduced the vertical loft velocity over the whole range of overlaps of interest.

However, the translational kinetic energy of the denser stones was slightly higher (Fig. 14). The final total kinetic energy of the stone was primarily governed by the amount of tread deformed before the stone was released. The higher inertia of the denser stone meant that the release of this stone occurred later, allowing more of the tread to store strain energy. This was confirmed by the greater contact time between the tyre and the denser stone. However, the greater mass meant that this stone was projected at a low velocity. The fairly low translational kinetic energies highlighted the significant rotational energies possessed by the stones, as observed in earlier experimental studies [START_REF] Nguyen | Modeling the Lofting of Runway Debris by Aircraft Tyres[END_REF].

Hexagonal nuts

To characterise the lofting of typical parts that may have fallen from an aircraft or tool, a standard nut with a 7.9 mm thread diameter [27] was modelled in place of the stone. Compared to the smooth round stones previously modelled, the nut was only lofted to very modest vertical speeds of less than 10 m/s (Fig. 15), although the outward horizontal speed could be much higher. The flat bottom of the nut prevented any tilting or spinning to occur so that the nut could not escape before the wheel axle passed over it (Fig. 16). This caused the nut to be thrown up from the rear of the tyre-ground contact patch as the tread peeled away from the ground. At low overlaps, the nut simply slid sideways along the ground, maintaining its orientation, whilst at high overlaps, the tread wrapped around the top of the nut and as the back of the tyre was lifted up from the ground, it brought the adjacent surface of the nut up with it. In general, greater overlaps led to greater loft speeds, although the relationship was not as clear as that for the spherical and ovoid stones. The results for the nut were expected to apply to faceted stones of similar geometry lying on a flat surface such that it would be difficult to cause the stone to spin. Given the large deformations experienced by the tyre tread, the high stresses near the contact zone with the nut could potentially have led to failure of the tyre, which was not included in the model. Increasing the profile radius of the tyre edge in contact with the stone (Fig. 17) led to a reduction in the vertical loft speed (Fig. 18). A significant drop in vertical loft velocity occurred when the profile radius exceeded 2 mm and once the radius exceeded 6 mm, the lofting mechanism was the same as for a tyre rolling completely over the stone. In this instance, the stone was unable to escape sideways, and was released when the section of the tyre in contact with the stone was lifted away from the ground. Hence the most critical lofting scenario occurred for tyres with sharp cornered edges, which could release with a sudden flick.

M A N U S C R I P T A C C E P T E D

Aircraft speed

For spherical stones, the aircraft speed made little difference to the final stone velocity. For ovoid stones, increasing the aircraft speed from 40 m/s to 70 m/s resulted in only a small increase of approximately 5 m/s in the vertical stone speed for overlaps up to 40% of the stone diameter (Fig. 19).

An additional increase in the aircraft speed led to no significant increase in the stone loft speed. The fact that the observed lofting mechanism was fairly insensitive to the aircraft speed provided greater support to the lofting process being governed by the strain energy stored in the tread. However, if the stone were to impact any leading edge structures on the aircraft such as in Fig. 2, the damage would still be directly related to the aircraft speed. In this case it is the forward motion of the aircraft that determines the normal component of the relative approach velocity between the stone and the structure. As a result of the interaction between the aircraft speed and load on the wheels (due to aircraft lift), to accurately gauge the effect of speed, the load applied to the wheel in the model would also need to be adjusted accordingly.

Because the stone vertical speed was not proportional to the aircraft speed, the worst case impact scenario may not be when the aircraft travels at its maximum speed as implied by a simple tread flinging loft mechanism. For aircraft travelling at higher speeds, the elevation angle of the stone trajectory is shallower relative to the aircraft whilst the impact speed does not increase significantly, so the probability of impact or the level of damage caused upon impact may be a maximum at some speed lower than the aircraft take-off speed. Determining these speeds would require knowledge of the aircraft geometry and would entail an optimisation analysis. These findings suggest that for the sideward loft mechanism it was
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12 important to pay attention to debris on all parts on the runway rather than simply the zone close to the take-off point when the aircraft travels at the highest speed.

Tyre diameter

Increasing the tyre diameter reduced the maximum vertical loft velocity of the stone and reduced the overlap length at which this loft velocity occurred (Fig. 20). The same trend was observed for the translational kinetic energy of the stone. The aircraft speed was kept constant such that the angular velocity of the tyre decreased with increasing diameter. The ratio of the stone diameter to the tyre diameter determined the height above ground and hence the vertical velocity at which the tyre approached the stone just before contact. The larger tyre diameter resulted in a smaller vertical component of contact velocity and therefore a smaller vertical loft velocity. Since nose wheels are often smaller than main gear wheels (e.g. 0.46 m and 0.71 m in diameter respectively for the Typhoon [28]), as well as being further forward, stones lofted by nose gear wheels are considerably more likely to cause damage.

Tyre stiffness

The tyre stiffness greatly influenced the final stone loft velocity. For a given overlap, the tyre stiffness was varied by scaling the stress-strain curve of the rubber material by a constant factor. 3. The Mooney-Rivlin parameters were obtained from a curve fit which was input into the LS-DYNA Mooney-Rivlin material model as a load curve. The scaling was carried out by using the scale factor option in the LS-DYNA keyword formulation to effectively scale the ordinate axis by a constant factor. Typical tyre rubber materials such as polybutadiene rubber, chlorinated polyethylene rubber, butyl rubber, natural rubber and polyisoprene rubber have elastic moduli in the range 1 to 6 MPa. Hence, these materials and reinforced versions of these materials were taken to be in the considered range [START_REF] Ashby | Cambridge Engineering Selector Computer Software[END_REF]. The tyre stiffnesses varied in the range from 0.1 to 10 times the nominal stiffness (0.2 to 20 MPa) to consider extreme cases of very flexible rubbers used for lightweight UAV tyres and highly reinforced tyres required for heavy duty transport vehicles operating in harsh environments. Doubling the stiffness initially doubled the stone speed, but subsequent increases in scale factor led to smaller increases in the stone speed (Fig. 21). For a pure 'stored strain energy' mechanism, the increase in tread stiffness should have led to a proportional increase in energy stored and therefore a proportional increase in the kinetic energy of the stone. This implied that the stone speed was proportional to the square root of the tyre stiffness, which was confirmed by Fig. 22. Rather than the aircraft load directly influencing the lofting mechanisms, it appears that the
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13 stiffer tyres needed to support larger aircraft are responsible for such aircraft experiencing increased stone lofting events.

Drop weight impact experiments and comparison with FEM predictions

Comparisons between FE models of a wheel dropping vertically onto a stone and a wheel rolling over a stone suggested that using a drop weight impact might be a valid approach for conducting simple preliminary lofting experiments under controlled conditions. The current section reports on experiments performed to investigate the lofting mechanisms of ovoid stones and a standard hexagonal nut.

Apparatus

Tests were conducted using a modified 65 kg drop weight impactor (Fig. 23) capable of reaching kinetic energies of over 2 kJ. A tyre shaped impactor head was bolted to the main impactor body and reinforced rubber of 6 mm thickness was attached to this impact head by using double-sided adhesive tape and clamping at the sides with bolted bars. Two vertical guides constrained the impactor to move within a vertical plane. The base was an 11.4 kg steel block mounted on four springs to reduce damage to the impactor, as shown in Fig. 24. The base had a machined surface with an intersecting pattern of fine grooves to give a roughness similar to that of a runway surface. Additional plates were clamped over the base to constrain its upward rebound after impact. A Phantom V7 high speed camera at a resolution of 800 × 600 pixels, a frame rate of 4700 f/s and an exposure time of 48 μs was used to record the lofting events.

Two ovoid shaped stones, one Agate and the other Hematite, were used in the experiments and their lengths, widths and depths were 27.9 mm × 19.7 mm × 16.7 mm and 24.0 mm × 16.6 mm × 14.54 mm respectively. The densities of the stones were 2660 kg/m 3 and 5260 kg/m 3 respectively. The Agate stone was positioned in three different orientations relative to the impactor: 0°, 90° and 45°, whilst the Hematite stone was positioned at 0° and 90° as shown in Fig. 25. Tests were also carried out on a standard 7.9 mm thread diameter hexagonal nut to determine whether the lofting mechanisms were similar to those for stones. The nut was positioned on its end in the both the 0° and 90° orientations relative to the edge of the impactor, and also on one side as shown in Figs. 26 and27. The high speed camera was calibrated and a stone positioned on the base with a specified overlap and orientation. The impactor was raised to a height of 3 m by a winch whilst the camera was initialized and external lighting switched on. After all safety considerations had been checked, the impactor and camera were triggered. Triggering was carried out manually using the post-trigger option with a recording time of 1.5 s. The Phantom 640 image analysis software was used to deduce the speed and loft angle of the stones as well as the impactor drop speed. The stones were also marked with a pattern of dots to aid calculation of the angular velocities.
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Results

Using the Phantom 640 software, the overlap, drop speed, loft speed, loft angle and vertical velocity of the stones were calculated using three measurements for each stone and the mean values and standard deviations are presented in Table 5. As was noted for spherical balls, the stones were projected with high values of backspin. For instance the Hematite stone was made to backspin at 1480 rad/s (14100 rpm). For a typical impactor drop speed of 7.7 m/s, the total loft speeds were approximately 10 m/s with loft angles that were highly dependent on the overlap between the impactor and stone. The maximum vertical loft speed was obtained using the Agate stone with an orientation of 90°, which was in agreement with the ovoid stone simulations showing the greatest loft speeds achieved at 90° orientations. When the density was approximately doubled by using a Hematite stone, the vertical velocities decreased as predicted and no lofting occurred at all for the Hematite stone at 90°. In all positions and orientations, the nut was not lofted but simply pushed into the base and remained stationary until the impactor rebounded.

Discussion

The stones were lofted before the spring-mounted base moved appreciably and intense backspin was often observed as the stones were lofted. The observed lofting mechanism and rubber deformation were similar to those observed in the FE models (Section 3). The order of the experiments was important because dents and scratches were observed on the stone after tests. In addition, small imprints were left in the rubber after impacts with a large overlap, so it was necessary to change the location of contact along the rubber strip and record any damage.

The results showed a large amount of scatter which was attributed to the following factors: degradation of the base and rubber surfaces; variation in the impactor drop speed and alignment; variation
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15 in the stone position and velocity values; positioning of the base and camera perpendicular to the plane of lofting; and control of the tension in the rubber. The clearance between the impactor and its vertical guides required to reduce the friction as it descended meant that it was susceptible to fall with misalignment. This was because the claw holding the top of the impactor allowed some lateral movement when opened, and the drop was triggered by pulling a cable attached to the claw mechanism. The variation in overlap due to lateral motion of the impactor during the drop meant that the measured overlap needed to be considered in interpreting the results. Furthermore, when the Agate stone was oriented at 45° there was significant motion of the stone into or out of the plane of focus of the camera but only the velocity components within the image plane were measured.

The lack of lofting of the nut in the experiments supported the limited loft speeds found in the corresponding simulations but it also highlighted limitations of the experimental setup to investigate the realistic scenario of rolling over objects that have flat or sharp surfaces. Only for rounded objects such as spheres and ovoid stones could the lofting mechanisms observed in the simulations be reproduced.

Therefore a more sophisticated rolling tyre experiment would be necessary for further investigation of lofting for irregular objects.

Concluding remarks

The geometries of stones swept from UK airfields were analysed to characterise the circularity and aspect ratios of generic stones to be used in tyre lofting simulations. The influence of stone shape parameters were then studied by using a numerical (simplified solid rubber) model of a tyre partially over-rolling a stone. For the current solid tyre model, which was validated using drop weight experiments [START_REF] Nguyen | Modeling the Lofting of Runway Debris by Aircraft Tyres[END_REF], the speed of the lofted stone seemed to be governed primarily by the elastic energy when the tyre was locally displaced by the stone. Findings from the modelling highlighted the conditions that could lead to the most severe lofting events.

Stone and runway characteristics

• Increasing the ground friction effectively increased the probability of lofting by reducing the overlap required to loft stones at high vertical speeds. When the ground friction was increased from 0.4 to 0.6 to 0.8, the tyre-stone overlap required to produce the maximum vertical loft speeds increased from 25% to 40% to 58% respectively.
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• Ovoid stones were lofted at lower speeds compared to equivalent mass spherical stones, which suggested that spherical stones should be used to analyse the worst case scenario. For instance, a 10 mm diameter sphere was lofted at a maximum vertical speed of 35 m/s, but an equivalent mass ovoid stone at 0° and 90° orientations had corresponding speeds of 23 m/s and 31 m/s respectively.

• Ovoid stones of lower density were lofted at much higher speeds than similar stones of greater density, whilst spherical stones of lower density were lofted at only slightly higher speeds. The maximum vertical loft speed of a 2700 kg/m 3 stone was 35 m/s, but only 3 m/s for a 7800 kg/m 3 object.

• Increasing the aspect ratio of stones enhanced the effect of stone orientation on lofting. For example, stones with an aspect ratio of 2, had maximum vertical loft speeds of 20 and 33 m/s for 0° and 90° orientations respectively, whereas stones with an aspect ratio of 1.5 had corresponding speeds of 23 m/s and 31 m/s respectively.

• Stones oriented such that the major axis was parallel to the direction of travel of the aircraft were lofted at the highest speeds. Rotating the stone away from this orientation reduced the loft speeds, as demonstrated in the previous example.

• Hexagonal nuts having flat surfaces were lofted by a different mechanism to the ovoid stones. The maximum vertical loft speed achieved by the nut was 10 m/s.

Aircraft and tyre parameters

• Increasing the aircraft speed beyond 40 m/s led to only a small increase in the stone loft speed. The maximum vertical loft speed increased from 30 m/s to 37 m/s to 38 m/s at aircraft speeds of 40 m/s, 70 m/s and 100 m/s respectively.

• Tyres with small diameters, small profile radii and high stiffness were able to loft stones to the highest speeds. The maximum vertical loft speed was 42 m/s for a 0.4 m diameter tyre compared to 33 m/s for a 0.6 m diameter tyre.

• A tyre with a groove of comparable width to a spherical stone was able to loft stones at vertical speeds determined by the sizes of the tyre and stone and the aircraft speed. For instance, a 10 mm stone was launched at a total speed of 17 m/s by a tyre travelling at 70 m/s via groove lofting.

• The stone loft speed was approximately proportional to the square root of the tyre tread stiffness. Further work to determine the probability of loft and impact is needed to accurately estimate the number of runway debris impacts that an aircraft might experience in its lifetime. Refinements to the shapes of the stones have provided a better understanding of the factors influencing the loft mechanisms identified in reference [START_REF] Nguyen | Modeling the Lofting of Runway Debris by Aircraft Tyres[END_REF]. However, limitations in the modelling of the rolling tyre still need to be addressed. Instead of a solid tyre, an inflated tyre model will produce a more realistic representation of the indentation that the tread would undergo. Experimental validation of an inflated tyre numerical simulation might then entail measuring the load-indentation relationship and the strain field surrounding the indenter-tyre contact patch. 
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Fig. 1

 1 Fig.1Diagram mapping incidents of rock strikes occurring to an F-27 aircraft[START_REF] Beatty | The Study of Foreign Object Damage caused by Aircraft Operations on Unconventional and Bomb-Damaged Airfield Surfaces[END_REF].

Fig. 2

 2 Fig. 2 Photograph of a hole generated by stone impacts at the end of an inner wheel hatch door of a C-130 Hercules.

Fig. 3

 3 Fig.3Images of stones (d > 10 mm) collected from UK airfields used to analyse stone geometries[START_REF] Greenhalgh | Characterisation of the Realistic Impact Threat from Runway Debris[END_REF].

Fig. 4

 4 Fig. 4 Numerical simulation of a 10 mm spherical stone being lofted by a rectangular groove in the tyre tread Fig. 5 Time-stepped sequence of the groove lofting mechanism exhibited when a 10 mm stone is momentarily caught in a 10 mm wide tyre groove for the default case.

Fig. 6

 6 Fig. 6 LS-DYNA simulation of a 10:15 mm ovoid stone orientated at 0° just before sideward lofting for the default case.

Fig. 7

 7 Fig. 7 Vertical velocity of a 10 mm diameter sphere on ground surfaces with various friction coefficients (μ) for the default case.

Fig. 8

 8 Fig. 8 Total kinetic energy of a 10 mm diameter sphere on ground surfaces having various coefficients of friction for the default case.

Fig. 9

 9 Fig. 9 Vertical loft velocities of ovoid stones with minor to major ratio of 10:15 mm at different orientations for the default case.

Fig. 10

 10 Fig.10Vertical loft velocities of 6.87 mm sphere and 6:9 mm ovoid stones oriented at 0° and 90° for the default case.

Fig. 11

 11 Fig. 11 Vertical loft velocities of 9.16 mm spherical and 8:12 mm ovoid stones oriented at 0° and 90° for the default case.

Fig. 12

 12 Fig. 12 Vertical loft velocities of 10.1 mm sphere and 8:16 ovoid stones oriented at 0° and 90° for the default case.

Fig. 13

 13 Fig. 13 Vertical velocity of 10:15 mm (0°) ovoid stones against overlap percentage for stones of different density for the default case.

Fig. 14

 14 Fig. 14 Translational kinetic energy against overlap percentage of 10:15 mm (0°) ovoid stones of different densities for the default case.

Fig. 15

 15 Fig.[START_REF] Greenhalgh | Characterisation of the Realistic Impact Threat from Runway Debris[END_REF] Total and vertical loft velocities against overlap % for a hexagonal nut with a 7.9 mm thread diameter for the default case.

20 Fig. 16

 2016 Fig.[START_REF] Nguyen | Debris Lofting Study: RAF Lyneham & C-130 Hercules[END_REF] Time stepped sequence of numerical model showing the lofting of a 7.9 mm thread diameter hexagonal nut with a 40% overlap between the nut and tyre. Fig.17Numerical simulation of a 10 mm stone rolled over by a solid rubber tyre with a 12 mm profile radius and 30% overlap for the default case.

Fig. 18

 18 Fig.[START_REF] Fawcett | Boeing Composite Airframe Damage Tolerance and Service Experience[END_REF] Loft velocities of 10 mm diameter stones rolled over by tyres of various profile radii with 30% overlap for the default case.

Fig. 19 Fig. 20

 1920 Fig. 19 Vertical stone loft speed for various aircraft speeds using 10:15 mm diameter ovoid stones for the default case. Fig. 20 Vertical velocity of a 10 mm diameter spherical stone for various tyre diameters (D) for the default case.

Fig. 21

 21 Fig. 21 Velocity of a 10 mm diameter spherical stone as a function of the tyre stiffness factor for the default case.

Fig. 22

 22 Fig.[START_REF] Ashby | Cambridge Engineering Selector Computer Software[END_REF] Relationship between the loft speed of a 10 mm diameter spherical stone and the square root of the tyre stiffness factor for the default case.

Fig. 23

 23 Fig. 23 Schematic diagram showing the layout of the experimental setup.

Fig. 24

 24 Fig. 24 Photographs showing the position of the high speed camera and base plate.

Fig. 25

 25 Fig.25High speed video image of a drop weight impact using an ovoid hematite stone just before lofting.

Fig. 26

 26 Fig.26High speed video image of a drop weight impact using a hexagonal nut lying on one end.

Fig. 27

 27 Fig.27High speed video image of a drop weight impact using a hexagonal nut lying on a side face.
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Table 1

 1 Summary statistics of the circularity of stones collected from various UK airfields[START_REF] Greenhalgh | Characterisation of the Realistic Impact Threat from Runway Debris[END_REF] 

	Airfield	Lossiemouth	Lyneham	Boscombe	Coningsby Coltishall	All
	Mean	0.79	0.78	0.82	0.79	0.77	0.79
	Standard Deviation	0.08	0.02	0.04	0.06	0.03	0.06
	Number of stones	30	4	9	27	3	73

Table 2

 2 Summary statistics for the aspect ratios of stones collected from various airfields[START_REF] Greenhalgh | Characterisation of the Realistic Impact Threat from Runway Debris[END_REF] 

	Airfield	Lossiemouth Lyneham Boscombe Coningsby Coltishall	All
	Mean	1.39	1.31	1.21	1.36	1.40	1.35
	Standard Deviation	0.49	0.15	0.12	0.25	0.32	0.36
	Number of stones	30	4	9	27	3	73

Table 4

 4 Properties of the material definitions used in the Ls-Dyna models[START_REF] Nguyen | Modeling the Lofting of Runway Debris by Aircraft Tyres[END_REF][START_REF] Karagiozova | Impact of Aircraft Rubber Tyre Fragments on Aluminium Alloy Plates: II--Numerical Simulation using LS-DYNA[END_REF][START_REF] Ashby | Cambridge Engineering Selector Computer Software[END_REF] Values in curly brackets are values of material properties used by Ls-Dyna in contact calculations.

	Material	Young's modulus (GPa)	Density (kg/m 3 )	Poisson's ratio
	Concrete	Rigid {20}*	2350	0.15
	Stone	Rigid {20}*	2680	0.15
	Aluminium	Rigid {70}*	2700	0.33
	Steel	Rigid {210}*	7800	0.30
	Rubber	Mooney-Rivlin law, A 1 = 0.5 MPa, A 2 = 4.2 MPa	1000	0.495

*

Table 5

 5 Results of drop weight impact experiments on ovoid stones and a hexagonal nut

	Object	Overlap	Drop vel. (m/s)	Loft vel. (m/s)	Angle (deg)	Vert. vel. (m/s)
		Mean	Mean	S.D.	Mean	S.D.	Mean S.D.	Mean	S.D.
	Agate	0.50	7.7	0.6	9.3	0.4	13	0.3	2.1	0.1
		0.66	7.1	0.0	11.6	0.4	9	0.9	1.8	0.2
		0.94	8.0	0.0	11.3	0.5	1	0.2	0.1	0.0
	Agate 90°0.58	7.4	0.6	10.5	0.3	16	0.3	2.9	0.0
		0.65	7.1	0.0	10.7	0.2	7	0.3	1.4	0.1
		0.69	8.1	0.0	11.3	0.2	12	0.2	2.3	0.1
	Agate 45°0.64	7.7	0.5	10.2	0.4	11	0.8	2.0	0.1
		0.67	7.7	0.6	11.6	0.8	13	0.7	2.6	0.1
		0.82	7.9	0.2	9.5	0.3	10	1.1	1.7	0.1
	Hematite	0.63	7.3	0.0	10.1	0.3	12	0.6	2.0	0.2
		0.57	7.1	0.6	9.5	0.3	9	0.		
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