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Bird strike on aircraft remains a serious threat to flight safety. Experimental investigations employing real birds are associated with high cost and low reproducibility. Therefore, physical substitute materials are often used instead of real birds. This study investigates the soft impact loading on aluminium and laminated glass targets from ballistic gelatine and rubber projectiles. The two targets simulate strike on the aircrafts’ fuselage and windshield respectively. The full field out of plane displacements of the targets were recorded for velocities 110 to 170 m s-1 using digital image correlation during gas gun experiments. A simulation model based on Smoothed Particle Hydrodynamics was developed and validated against the experimental data from all four projectile-target material combinations. It was shown that for the same momentum, a rubber projectile exerts a higher pressure on a target as compared to gelatine, even though the out of plane displacements and in-plane strains are similar. This led to fractures in the impacted laminated glass when rubber was used. The study offers new experimental data as well as efficient design modelling tools to mitigate damage imposed during bird strike. The models provide a way towards enabling the optimisation of real, large scale aircraft structures and components.
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1. [bookmark: _Toc491087486]Introduction

Bird strikes are collisions between a bird and an aircraft resulting in the death or injury of the bird, damage to the aircraft or both (Montoney and Boggs 1995). Near-collisions with birds reported by pilots also are considered strikes. According to the FAA’s National Wildlife Strike Database, there were 177,269 wildlife strike reports on civil aircraft between 1st January 1990 and 31st December 2015 (Seidenman and Spanovich 2016). Serious damage to the aircraft due to bird strike constitutes a severe threat to the safety of the passengers and also brings high repair costs to the aviation industry. Accordingly, there has been an increasing amount of literature in this field which includes a recent textbook on bird strike (Hedayati and Sadighi 2016). 
Conducting multiple high speed impact studies such as gas gun experiments using real birds as projectiles on aircraft structure targets, leads to prohibitively expensive studies; furthermore, the data obtained from such experiments are often inconsistent, with low repeatability and a high scatter due to the varying size and shape of real birds (Allan and Orosz 2001). Therefore, research has been focused on using bird substitutes such as rubbers and gels in order to improve data repeatability. In addition, in order to bring down the investigation costs, numerical simulations are also conducted, enabling thorough studies through virtual testing, before validation experiments are undertaken. 
Gelatine and Room Temperature Vulcanised (RTV) rubber projectiles have both been used as surrogate bird models as their behaviour under high speed impact (velocity range of 100 - 300 ms-1) is similar to that from real birds (Heimbs 2011). The density of rubber and gelatine is close to that of the real bird, which is approximately 1000 kgm-3 since over 90% of the bird’s mass consists of water. During impact both gelatine and rubber behave as fluids (Wilbeck 1978). The requirements for a material to "flow" is that the stresses generated during impact substantially exceed the strength of the material (Wilbeck 1978). Lavoie et al (Lavoie et al. 2009) used ballistic gelatine with a bespoke recipe as a replacement of the real bird when studying impact pressure under a bird strike scenario. 
Since the 1970s, complex fluid–structure interactions have been simulated with explicit numerical codes and high-performance computing (HPC) (Heimbs 2011). A well-represented bird constitutive model is an essential element in the numerical simulation of the bird strike. A simple elastic-plastic material law developed by Stoll et al. (Stoll and Brockman 1997) was used extensively to model the bird, but fluid-like flow response cannot be obtained with such a law unless a low shear modulus is set. The Equation of State (EoS) constitutive model is now commonly adopted as the material model of the bird impactor (Smojver and Ivančević 2010a; Smojver and Ivan 2009; Smojver and Ivančević 2012) and it is defined as the relationship between the projectile pressure and corresponding volume at room temperature, with the density of the projectile close to that of water. Common forms of EoS that are extensively adopted include Polynomial, Mie- Grüneisen and Murnaghan forms. A good agreement from simulations where the gelatine projectiles were modelled using the EoS, with theoretical and experimental shock pressure-time history curves has been reported (Smojver and Ivančević 2012).
An extensive review of the effect of the bird geometry assumed in numerical studies is given in Hedayati and Sadighi (2016) including ellipsoid, hemispherical-ended cylinders and straight -ended cylinders, with  the latter found to be the most damaging in an impact. Furthermore, Dear and Field (1988), Field et al (1985) and Wilbeck (1978) commented on the effect of the projectile nose shape, i.e. flat versus hemi-spherical nose, on the intensity and duration of the hydrodynamic loading, with flat shapes leading to higher values. Using more accurate bird anatomy models were also investigated in numerical studies by McCallum et al (2013) who reported that the results in terms of Hugoniot pressure, maximum impact force and impact duration were similar to those obtained from simplified geometries including cylindrical, hemi-spherical and ellipsoid shapes. The effect of the bird model geometry was also investigated by Hedayati et al (2014) who concluded that a real mallard bird geometry as obtained from a CT scan led to closer agreement to experimental pressure profile data. 
Regarding the target materials used in bird strike experiments and simulations, both metallic based structures (monolithic as well as foam sandwich structures) and glass structures have been employed in an effort to replicate damage to parts of the aircraft prone to bird strike such as the fuselage and the windshield. The results from these studies are briefly described below.
Hanssen et.al. (Hanssen et al. 2006) used real birds as impact projectiles to compare experimental results to their Finite Element simulations for predicting the failure of Aluminium Foam-Based sandwich panels due to bird strike. They varied the thickness of the AlSi7Mg0.5 aluminium foam (as the core material) bonded to AA2024 T3 cover plates to evaluate the penetration. They adopted strain gauges to measure the target compliance during impact and they determined the minimum foam-core thickness to avoid penetration of the bird strike. Liu et al. 2014 used gas gun tests with steel and aluminium alloy targets. Both studies (Hanssen et al. 2006, Liu et al 2014) chose aluminium alloy as an impact target due to its pivotal role in aircraft structures, especially the 2000 series and 7000 series aluminium alloys. 
Regarding bird strike studies on aircraft windshield targets, most investigations have focused on numerical simulations, with only a limited number of reported experimental studies (Doubrava and Strnad 2010; Doubrava 2011, Kangas and Plgman 1950,  Mohagheghian et al. 2017 and Mohagheghian et al. 2018). Doubrava et al. (Doubrava and Strnad 2010; Doubrava 2011) studied the performance of laminated windows with overall thicknesses of 14, 18 and 20 mm against impact by a 1.81 kg bird at a velocity range of 83-125 ms-1. The details of the laminated configuration were not specified, but the velocity at which the failure occurred indicated a linear trend with increasing thickness of the windshield. Kangas et al. (Kangas and Plgman 1950) conducted bird impact tests at velocities up to 208 ms-1 on various windshield materials and structures. Their studies suggested that the primary factor affecting the impact strength of laminated windows is the thickness of the polymer interlayer (Kangas and Plgman 1950). Different methods of assembly of the windshield to the cockpit were also investigated and it was concluded that it has a great effect on the impact strength of the windshield.
Salehi et al (Salehi et al 2010) investigated the impact response of various aircraft bubble windows using three numerical approaches, namely the Lagrangian, Arbitrary Lagrangian Eulerian (ALE) and Smoothed Particle Hydrodynamics (SPH) approaches. Single layer stretched acrylic, multi-walled stretched acrylic, laminated acrylic with Polyvinyl Butyral (PVB) and Polyurethane (PU) were evaluated. The laminated configuration with the PU interlayer was shown to be able to withstand bird strike according to the FAR25 (Salehi et al 2010). Dar et al. (Dar et al 2013) studied the impact response of the canopy made of monolithic PMMA. Parameters such as the bird mass, shape and impact velocity were assessed. Also, the effect of the impact angle and location were studied. Additionally, Wang et al. (Wang and Yue 2010; Wang et al 2014) tested the impact response of the PMMA canopy, taking the influence of ambient temperature, impact location and velocity into account.
Mohagheghian et al (Mohagheghian et al. 2017), investigated the deformation and damage mechanisms of laminated glass windows experimentally and numerically under high velocity soft impact. Impact tests were performed using silicon rubber projectiles at a velocity range of 100–180 ms-1. High-speed 3D DIC was employed to monitor the deformation and strain at the back surface of the target and its results were validated using strain gauges. The simulations were performed in ABAQUS/EXPLICIT using a Eulerian approach. The simulations were validated with the experimental results and a good agreement was observed. It was found that the damage inflicted is sensitive to the nose shape of the projectile with a flat-fronted nose soft projectile being more damaging than a projectile with a hemi-spherical nose. Two impact velocity thresholds for damage are identified for a flat-fronted nose projectile. When the impact velocity exceeds the first threshold, the glass front layer breaks whereas a second threshold was determined for failure to occur in the glass back layer. The glass front layer damage occurs in the early stages of the hydrodynamic loading and has similar characteristics to that observed for liquid jet impact (Mohagheghian et al. 2017). In a separate study, Mohagheghian et al. (2018) investigate the effect of polymer interlayer type and thickness on the impact performance of laminated glass windows through a combined experimental and numerical approach. Three polymer interlayers including thermoplastic Polyurethane (TPU), Polyvinyl Butyral (PVB) and Ionoplast interlayer-SentryGlas® Plus (SGP) were studied. The choice of polymer interlayer was found to have a strong influence on both the damage and the failure of laminated glass windows at room temperature. This influence becomes less pronounced when the testing temperatures decreases.   
The present study, aims at investigating the impact performance of aluminium alloy 2024-T3 as well as laminated glass, which are the materials of the fuselage and the laminated glass windshield of the aircraft. These two parts of the aircraft undergo 10% and 13% of the overall body impacts reported worldwide respectively (Heimbs 2011). It is therefore crucial that methodologies are developed facilitating the design against bird strikes failures in these critical components. For the first time, these two target materials are impacted at speeds ranging from 100-170 ms-1, using both rubber and gelatine projectiles. This comprehensive study involving two targets as well as two projectile materials is therefore unique as it enables the collection of experimental data needed in answering questions such as what the effect is, if any, of the simulant material choice on the two types of aircraft structures. Most crucially, the experimental data additionally provide crucial validations of newly developed numerical models, enabling predictions of the imposed displacement and strain fields in both the impacted targets for both rubber and gelatine materials. Such accurate modelling tools are needed for the design and optimisation of safe fuselage and windshield aircraft components. 
[bookmark: _Toc491087489]2. Experimental methods and materials

In this section, first the gas gun experiments conducted to mimick bird strike are outlined. This is followed by the projectile and target material details.
[bookmark: _Toc491087490]2.1. Gas gun experiments 
The gas gun apparatus used for conducting impact experiments is shown in Figure 1. The apparatus used a 4-litre cylinder, which was filled by either compressed air or Helium, to provide the necessary pressure to accelerate the projectile. The gas was released by a fast-acting pneumatic valve value into a 3 m long barrel with a diameter of 25 mm.  The impact speed was attained by two infra-red (IR) sensors attached towards the end of the barrel, indicated in Figure 1. 
The time taken for the projectile to travel between the two IR sensors was recorded by the oscilloscope. Since the distance between two IR sensors was known, the impact velocity could be computed. Note that the tests were performed at speeds of 100-170 ms-1. Most birds are found near the ground, during take off and landing of the aircraft, where the typical speeds of impact are around 80 - 100 ms-1. However, at greater altitudes with higher aircraft speeds, the proportion of bird strikes producing major damage increases, even though there is less chance of a bird strike event. Therefore, the range of 100 – 170 ms-1 is studied here, in line with other bird strike studies (Kangas and Pigman, 1948, Doubrava and Strnad, 2010, Liu et al, 2014, Zakir and Li 2012). 
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Figure 1: Overview of the light gas gun and its key components
A high speed camera was used to film the entire event from the moment the gelatine projectile emerges from the barrel outlet to the final impact onto the target materials. This camera was a Photron FASTCAM Mini UX50 model recording at a rate of 20,000 frames per second and was located on the impacted side of the sample monitoring the interaction of the projectile with the target. 
The target chamber confined the area where target materials and the clamping system were located and guarded against flying debris from the impact. In order to measure the impact deformation of the target materials, the 3D Digital Image Correlation (DIC) technique was used (Mohagheghian et al. 2017). The back plate of the target chamber was modified by cutting out two square windows (250 mm x 250 mm) so that two synchronised high-speed cameras (Phantom Miro M/R/LC310) can film the response of the target. These two cameras at the back of the target plate recorded the deformation of the target at the rate of 40,000 frames per second. A pair of identical Nikon lenses with a fixed focal length of 50 mm was used for both cameras. The two cameras were separated from each other by a distance of 410 mm and were 925 mm away from the centre point of the target. This created an angle of approximately 25˚ between the two cameras (Mohagheghian et al. 2017). This is equal to the recommended angle for stereo-vision measurements (ARAMIS 2011). 
The whole DIC setup is depicted in Figure 2. The GOM ARAMIS software (ARAMIS 2011) was employed to determine deformation and strain from the raw DIC data. 
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Figure 2: 3D digital image correlation set up in the gas gun
[bookmark: _Toc491087491]2.2. Materials
[bookmark: _Toc491087492]2.2.1. Projectiles
Both gelatine (42043 porcine skin ballistic gelatine type 3 with 255-265 Bloom value, Sigma-Aldrich Co. LLC) and rubber (Mold Max ® 10T, Smooth-On Inc.) projectiles were employed in this study. The gelatine solution was mixed to a 10% powder to water weight ratio over a hot plate (temperature kept at 80 °C) with a magnetic stirrer and was subsequently poured into PTFE moulds (60 mm Diameter x 50 mm length, with two 24.8 mm bore holes as shown in Figure 3). The moulds were then placed in a domestic refrigerator at 4 ºC. The RTV rubber was made of two solutions A and B, which are mixed to a weight ratio of 10:1 before placing in the oven (around 150 °C), where the liquid solution was vacuumed to reduce its porosity. After twelve hours, the casting process was completed and the rubber was taken out from its aluminium mould. Finished samples are shown in Figure 3. The finished rubber and gelatine projectiles had similar dimensions, nominally a diameter of 25 mm and a length of 50 mm. The mass of the rubber and gelatine projectiles were in the range of 27.0 – 27.5 g and 25.8 - 26.7 g respectively. 

Ballistic Gelatine
(Sigma Aldrich) 
RTV rubber 10T
(Smooth-On, Inc.) 

Figure 3: Moulding of gelatine and rubber projectile samples
Both projectiles presented some difficulties when they were fired into the gun barrel due to their compliant nature and high deformability. It was found that they often jammed inside the barrel when no protective wrapping was used. Hence, a sabot (see Figure 4) was designed out of a thin layer of polystyrene film and a 2 mm PMMA backing disc. It has a wall thickness of 0.6 ± 0.02 mm and weight of 4.0 ± 0.2 g. As can be seen in Figure 4, the thin-walled sabot was open at the top and sealed at the bottom using Araldite adhesive. It is worth noting that the bottom “lid” was necessary to ensure that the projectile did not disintegrate when it was fired in the gas gun. The sabot height was equal to the projectile length (50 mm). The sabot was used to wrap and accommodate the projectile during the gas gun test so that friction was reduced, and the projectiles could pass through the barrel without jamming. (Mohagheghian et al. 2017) found that the nose shape of the projectile has a profound effect on the pressure profile imposed onto the target and consequently the type of the damage it produces. Therefore, this arrangement ensured that the projectile had a perfectly flat front as it hit the target. 
[image: ]
Figure 4: Design of a lightweight sabot for both rubber and gelatine projectiles
After the projectile wrapped inside the sabot was fired and impacted the centre of the target, the sabot peeled off and the bottom adhesive was fractured by the shock wave generated inside the projectile. Since the mass of each sabot was precisely controlled and contributed less than 10% of the entire mass, the initial kinetic energy of each sabot should be consistent and negligible compared to that of the projectile.

[bookmark: _Toc491087493]2.2.2. Target materials and DIC details

Monolithic aluminium alloy plate
An Aluminium alloy (2024-T3) sheet of 1 mm thickness used widely in aircraft structural components, e.g. the wing flap and the fuselage, was chosen as one of the two target materials of the study. In order to capture the deformation on the aluminium target using 3D DIC, the back surface of the target was initially painted white using an acrylic spray and then random black dots were manually drawn in the region of most interest for maximum colour contrast. It should be mentioned that to enhance the adhesion between the white acrylic paint and aluminium, the surface of aluminium was grit blasted. The 1 mm aluminium sheet with the DIC dots is shown in Figure 5. 
As shown in Figure 5, twelve holes of a 10 mm diameter were distributed around the perimeter of the target. This enabled the aluminium target (230 mm x 230 mm) to be bolted onto the clamping system. The latter consisted of two mild steel frames with a thickness of 15 mm. Hence, this generated a 150 mm x 150 mm open area exposed to the projectile.
[image: ]
Figure 5: The clamping system for the aluminium target. The top and bottom sides shown here with the rows of bolts in place; the left and right sides were also bolted for the experiments.

Laminated glass plate
The laminated glass sample consisted of a 2.2 mm thick front glass layer, a 3.2 mm thick interlayer made from Thermoplastic Polyurethane (TPU) (KRYSTALFEX ®PE499) and a 4.0 mm thick back glass layer (see Figure 6 where the clamping system is also shown). Both glass layers were made from chemically toughened glass.
                     
Rubber gasket
Laminated glass
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Chemical toughened glass
Clamp
Metallic spacer
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Figure 6: The clamping boundary conditions of the laminated glass
Similar to the DIC pattern drawn at the back of the aluminium plate in Figure 5, a number of black speckles were randomly drawn upon a white sprayed area at the back of the laminated glass sample, such that the DIC cameras can be used to visualise and record their movement during the high-speed impact. Figure 7 illustrates a rectangular dotted area with dimensions of 150 x 60 mm where the full field out of plane displacement and major principal strain were obtained. Figure 7 also shows the strain gauge located 30mm off the centre of the laminated glass target, whose purpose was to validate the accuracy of the DIC results by comparing the vertical strain value along the y-direction at the same spot. The strain gauge employed was a 2 mm linear gauge and was thermally compensated for glass and ceramic (FLA-2-8 from Techni Measure Ltd). The surface of the glass was cleaned before attaching the strain gauge using a cyanoacrylate adhesive. Note that this strain gauge only allowed the strain along the y-axis to be measured and that strain gauges were not used for the aluminium target experiments.
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Figure 7: DIC sample configurations: a rectangular-dotted area
The clamping system used to fix the laminated glass is highlighted in Figure 6. A pair of rubber gaskets with thickness of 4.1 ± 0.1 mm was compressed between the laminated glass and the metallic clamp. The gaskets were employed in order to prevent a hard contact between the glass and the clamp during the high speed impact which could potentially damage the target material (Mohagheghian et al. 2017). 
[bookmark: _Toc491087494]3. Numerical methods
A finite element model was generated to analyse the mechanical performance of the aluminium and the laminated glass targets under soft impact strike. The Smoothed Particle Hydrodynamics (SPH) approach in the ABAQUS/EXPLICIT solver (Dassault Systems 2012) was selected for the soft projectile impact as it is suitable for modelling large material deformation and for solving computational fluid dynamics problems. This method was first adopted for bird strike problems between the late 1990s and early 2000s, where the PLEXUS code was used at that time to model the bird strike on the engine fan blade (Heimbs 2011). Grimaldi et al. adopted this method for performing bird impact on windshield simulations (Grimaldi et al. 2013). Lavoie et al. (Lavoie et al. 2007), McCarthy et al. (Mccarthy et al. 2004), Liu et al. (Liu et al. 2014), and Zakir and Li (Zakir and Li 2012) used the SPH approach to simulate bird strike also reporting that it is a suitable simulation method for this application.
For the projectiles, 3920 C3D8R (8-node linear brick, reduced integration, hour glass control) elements were created with 15844 corresponding nodes. The SPH method was then generated using a finite element to particle conversion. The number of particles per parent element needed to be determined so a parametric study was conducted via monitoring the out of plane displacements and impact pressure on the target in order to determine the optimised number of particles. As a result, one particle per isoparametric direction was chosen.  A time criterion, zero threshold and cubic Kernel were used and the conversion was activated at the start of the simulation, i.e. at time t =0 (Dassault Systems 2012). 
The aluminium and laminated glass targets were modelled using 3D linear reduced integration brick elements. Since the aluminium target was rigidly fixed by two steel plates and bolts (see Figure 5), a built-in boundary condition (zero translations and rotations) was defined at the edges of the target panel. The laminated glass was held in the experiments as shown in Figure 6, and this arrangement was replicated in the numerical model by explicitly modelling the rubber gasket pad geometry. Figures 8(a) and 8(b) illustrate the numerical models for the aluminium and glass target simulations respectively. The conversion of the Finite Element mesh to the respective SPH particles for the projectile is shown in Figure 8(c).
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Figure 8: (a) Numerical model for the aluminium alloy target experiments, (b) numerical model for the laminated target experiments and (c) the transition from the Langrangian mesh of the projectile to SPH particles.
The contact interaction between the target and the projectile as well as the gasket and the target was assumed to be frictionless with no penetration possible. No contact pressure is transmitted unless the nodes of the two interacting surfaces are in contact. For the gasket and glass contact, the contact pair algorithm was used (Abaqus version 6.14) with the slave surface being the gasket and master surface being the target. For the contact between the projectile and the target, the general contact algorithm was used which is the only possible option when SPH particles are involved (Abaqus version 6.14). By defining a contact domain, general contact allows contact between all projectile SPH particles with the target without having to define specific contact pairs.
The following subsections give details regarding modelling the constitutive response of the target, projectile materials and the rubber gaskets. The material parameters needed as an input in the simulation of the gas gun test are also given.
[bookmark: _Toc491087495]3.1. Aluminium target 
The aluminium alloy 2024-T3 target material is commonly characterised using the Johnson–Cook (J-C) material model which is a strain-rate and temperature-dependent (adiabatic assumption) viscoplastic model. It has the form shown below:  
                                                                 Equation 1    
where  is effective yield stress;  is an effective plastic strain,  and  are normalised strain rate and temperature whereas A, B, C, m and n are material constants. For the aluminium alloy 2024-T3, the latter parameters are defined as follows: A =265 MPa; B=426 MPa; C=0.015; n=0.34, and m=1.0 (Buyuk et al 2009).
[bookmark: _Toc491087498]3.2. Laminated glass target
The laminated target consisted of two glass panels, one polymer interlayer and the rubber gaskets. The chemically toughened glass was modelled as an elastic material with density, ρ= 2440 kg m−3, Young’s Modulus, E = 71.7 GPa and Poisson’s ratio, v = 0.21 (Xue et al. 2017). Note that the response of the laminated glass windows was simulated only at impact velocities for which no fracture occurs in the glass layers. Therefore, no failure model is employed for the glass in the FE model (Mohagheghian et al. 2017). 
The rubber gaskets were modelled using a hyperelastic material model (Mooney–Rivlin) with density of 1060 kgm−3 and C10 and C01 (Mooney–Rivlin material model constants) of 0.69 MPa and 0.17 MPa respectively (Li et al. 2009). For the polymer interlayer (TPU), a linear viscoelastic material model (generalised Maxwell model) was chosen as follows:
                                                                                Equation 2
where  is the long-term modulus and  is the elastic modulus associated to the relaxation time . Material parameters used for the generalised Maxwell model ( Table 1 ) were extracted with a method similar to Macaloney (Macaloney et al. 2007), who utilised multi-frequency sweeps with a Dynamic Mechanical Analyser so that the Williams-Landell-Ferry constants and Prony series coefficients were determined (Macaloney et al. 2007). The parameters were imported in ABAQUS in the form of normalised shear moduli (Gi), which have a value approximately one-third of Ei. The values of 1070 kgm−3 and 0.485 were chosen for the density and Poisson’s ratio of the TPU, respectively. The density was taken from the Product Data sheet (KRYSTALFLEX® PE499 Thermoplastic Polyurethane Film, Huntsman) and the Poisson’s ratio from Qi and Boyce 2005. A linear viscoelastic model was employed as opposed to a nonlinear viscoelastic model in order to simplify the model calibration; TPU has a linear viscoelastic range in the order of 0.5% (Tabuani et al 2012). It was assumed that the strains experienced by TPU in this study do not exceed this range as the glass plates restrict high deformation. This assumption was in fact later validated from the numerical model output.






Table 1: Prony series material constants extracted for TPU (KRYSTALFEX ®PE499)
	
	Gi / G0 ∗
	 (s)

	1
	0 .44231
	10-10

	2
	0.11511
	10-9

	3
	0 17258
	10-8

	4
	0 08917
	10-7

	5
	0 07606
	10-6

	6
	0 04828
	10-5

	7
	0 02867
	10-4

	8
	0 01444
	10-3

	9
	0 00611
	10-2

	10
	0 00249
	10-1

	11
	0 00097
	100

	12
	0 00058
	10+1

	13
	0 00050
	10+2

	14
	0.00041
	10+3

	15
	0 00036
	10+4

	16
	0 00029
	10+5

	17
	0 00016
	10+6

	Long-term
	0 001404
	10+7


* G0 is the instantaneous shear modulus and it value is equal to: 

[bookmark: _Toc491087496]3.3. Soft projectiles (rubber and gelatine)
The Mie-Grüneisen EoS was used to model both projectiles. This has the form:
	
	
	Equation 3


where  is the nominal volumetric compressive strain;  and s are material properties,  is the sound velocity in the projectile and is the internal energy per unit mass. 
This form has been used in several bird strike studies (Smojver and Ivančević 2011; Heimbs and Guimard 2011; Smojver and Ivančević 2010; Heimbs 2011). In order to use this EoS model, four material properties need to be specified - , ,  and s. The values used in this study are shown in Table 2 and were taken from literature (Smojver and Ivančević 2011, Iyama et al. 2009 ).
Table 2: EoS model parameters for the rubber and gelatine projectiles 
	
	Rubber projectile
	Gelatine projectile

	Parameter
	s =0.5072, =0,
 kgm-3, 
c0=1869 ms-1
	s =0, =0,
 kgm-3, c0=1480 ms-1



The results from the simulations detailed here will be compared in section 5 with the data from the gas gun experiments presented in section 4, in order to assess the accuracy of the developed models.
4. Experimental Results
The experimental results from the tests with an aluminium target are first presented in this section, followed by the laminated glass target test results.
4.1. Aluminium alloy target 
The out of plane displacement and major principal strain at the centre of the aluminium target for each gas gun test were attained using the 3D DIC. In order to compare the impact behaviour of the target under both rubber and gelatine projectile strikes, the maximum values of the out of plane displacement and major principal strain were plotted against projectile velocity in Figures 9(a) and 9(c) respectively and against momentum in Figures 9(b) and 9(d), respectively. As expected, as the impact velocity increases, the central displacement and major principal strain both increase linearly. This linear increase of deformation with respect to momentum has also been previously reported for bird strike on a metallic riveted airframe (Langrand et al. 2002). Despite permanent deformation, for thin metallic targets, it has been reported that the maximum deflection is approximately a linear function of force, in particular for projectiles with flat-ended shape (Mohagheghian et al. 2017); it is also a linear function  of impulse transferred to the target for impulsive loading (Olson et al 1993). For thin plates, the deformation is highly controlled by membrane stretching rather than bending, which dominates the response of thick metal plates. Onat and Haythornthwaite (1954) analysed the deformation of a rigid-ideally plastic circular plate loaded over a central patch. They found a linear force-deflection response with a gradient proportional to the material yield strength. Their model was later extended by Simonsen and Lauridsen (2000) to include strain hardening of the material and was used to predict the indentation response of a circular plate by a spherical indenter. Although, strain hardening increases the gradient of the force-deflection, the response remains approximately linear.
Since the mass of the rubber and gelatine projectiles varied somewhat, the projectile’s momentum was chosen as a better quantity for comparison rather than projectile speed. In addition, momentum is chosen because of its link to the applied impulse on the target. By observing Figure 9, it is apparent that the experimental data from both projectiles indeed seem to fall on the same trend line when they are plotted against momentum. One pair of data is highlighted in Figure 9(a) corresponding to rubber and gelatine projectiles shot at a similar speed (122 ms-1). At this speed, the momentum was also similar at approximately 3.3 kgms-1. This pair of rubber and gelatine impact tests is next used to compare the corresponding impact response of the aluminium target.
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Figure 9: (a) maximum central displacement of the aluminium target plotted versus impact velocity for rubber and gelatine projectiles; (b) maximum central displacement of the aluminium target plotted versus initial momentum for rubber and gelatine projectiles; (c) maximum central major principal strain of the aluminium target plotted versus impact velocity for rubber and gelatine projectiles; (d) maximum central major principal strain of the aluminium target plotted versus initial momentum for rubber and gelatine projectiles.
Figures 10 (a) and 10 (b) illustrate a series of sequential DIC images corresponding to the rubber and gelatine impacts at 122 ms-1 respectively for the central out of plane displacement of the aluminium target. The field area is the same as the one shown in Figure 7, but it is now rotated by 90º to facilitate the presentation of the data. One DIC image is extracted for each 25 µs time interval.
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Figure 10: (a) DIC images of central out of plane displacement of the aluminium target under rubber impact at an initial velocity of 122 ms-1 (momentum of 3.3 kgms-1). The frame image rate is one per 25 s time interval; (b) DIC images of central out of plane displacement of the aluminium target under gelatine impact at an initial velocity of 122 ms-1 (momentum of 3.3 kgms-1) The frame image rate is one per 25 s time interval.
From Figure 10 it is apparent that the values of central displacement from the two tests corresponding to the same initial momentum are similar, in agreement to the data shown in Figure 9. 
[bookmark: _Toc491087503]4.2. Laminated glass target
The experimental maximum central out of plane displacement and the maximum major principal strain of the laminated glass target from both rubber and gelatine impacts are shown in Figures 11(a) - (d). It is worth noting here that the tests with the rubber projectile shot at the four highest speeds (146 ms-1 or higher) resulted in fracture in the front glass panel of the structure whilst the rear glass panel was still intact. In comparison, there were no fractures occurring in the target for the gelatine impact tests for the range of impact speeds that were investigated. Similar to the data shown in Figure 9, the pre-cracked data collapse on the same trendline when plotted against momentum. A linear increase of maximum central displacement and maximum major principal strain at the centre of plate is observed with increasing impact velocity. This is the result of the elastic response of the laminated glass target. It should be noted that as for velocities above 157 ms-1 the front facing glass is broken, there is a jump on the level of strain and displacement values in Figure 11. For the rubber projectile test at 118 ms-1 (the lowest rubber test speed), the corresponding momentum was 3.19 kgms-1. The latter was closest to the momentum value of 3.33 kgms-1 corresponding to the gelatine projectile test at 128 ms-1. Thus, this pair of tests as highlighted in Figure 11 (b), are used to extract the time evolution of the contour plots of central displacement as shown in Figures 12 (a) and 12(b) for the two projectiles.
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Figure 11: (a) maximum central displacement of the laminated glass target plotted versus impact velocity for both rubber and gelatine projectiles; (b) maximum central displacement of the laminated glass target plotted versus initial momentum for both rubber and gelatine projectiles. (c) maximum central major principal strain of the laminated glass target plotted versus impact velocity for rubber and gelatine projectiles; (d) maximum central major principal strain of the laminated glass target plotted versus initial momentum for rubber and gelatine projectiles.
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Figure 12: (a) DIC images of central out of plane displacement of the laminated target under rubber impact at an initial velocity of 118 ms-1 (momentum of 3.2 kgms-1). The frame image rate is one per 25 s time interval; (b) DIC images of central out of plane displacement of the laminated target under gelatine impact at an initial velocity of 128 ms-1 (momentum of 3.3 kgms-1). The frame image rate is one per 25 s time interval.

In agreement to the case of the aluminium target tests (Figure 10), it is apparent that the values of central displacement from the two projectiles corresponding to the same initial momentum are similar. However, in contrast to the aluminium impact, the out of plane displacement images from the laminated glass impact show a more symmetric pattern along the time axis (each individual image was taken at intervals of 25 s), which demonstrates that the glass panel bounced back to its initial position, whereas the aluminium alloy target underwent permanent deformation. This was also evident from visual observation of the impacted target materials after the tests.
[bookmark: _Toc491087504]4.2.1. Comparison with strain gauge results
The data from the strain gauge mounted at a distance of 30 mm off the centre of the back glass panel (see Figure 7) are next used to validate the DIC results. Figures 13(a) and 13(b) show a comparison between strain values from the strain gauge and the DIC for the rubber and gelatine impacts respectively.
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Figure 13: Comparison of gauge strain and DIC strain in the vertical y-direction: (a) rubber impact at 118 ms-1; (b) gelatine impact at 128 ms-1. All data correspond to a time interval of 1 ms.
The data plotted in Figure 13 correspond to a time interval of 1 ms which falls during the initial flexing of the glass panel and subsequent bouncing backwards. The vertical strain profile obtained from DIC agrees reasonably well with the strain extracted from the strain gauges. Hence, the DIC results at this gauge location were verified. It is assumed that the full field DIC results are also accurate so that they can be used for a comparison to the simulation results presented in the next section.
[bookmark: _Toc491087505]5. Simulation results and comparison to experimental data
The simulation results are compared with the output from the DIC experiments in this section for both aluminium and laminated glass targets under rubber and gelatine impacts.
[bookmark: _Toc491087506]5.1. Aluminium target 
The projectile deformation images recorded by the high-speed camera located at the impacted side of the aluminium target (see Figure 2) are compared with the images generated from the SPH simulation in Figures 14(a) and 14(b) for rubber and in Figures 15(a) and 15(b) for gelatine. Additionally, the out of plane displacement from DIC is compared with the simulation results in Figures 14(c) and 14(d) for rubber and Figures 15(c) and 15(d) for gelatine. All images shown correspond to 122 ms-1 for both rubber and gelatine.
The thin-walled sabot wrapped around the rubber and gelatine projectiles is seen to readily peel off when the projectile impacts onto the target in Figures 14 (a) and 15 (a). This was evidence that the presence of the sabot did not affect the target’s deformation profile. The radial spread of the projectiles is predicted accurately from the simulations for both projectiles, with the gelatine showing a wider spread than the rubber, as expected. The out of plane central displacement is also predicted accurately for both projectiles as shown by the agreement between the contours of Figure 14(c) with Figure 14(d) and between Figure 15(c) and 15(d).
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Figure 14: Experimental and simulation results for rubber impact on Aluminium target: (a) rubber deformation from high speed camera (b) rubber deformation from SPH model (c) displacement field at the back surface of the target from DIC (d) displacement field from SPH. Impact speed was 122 ms-1.
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Figure 15: Experimental and simulation results for gelatine impact on Aluminium target: (a) gelatine deformation from high speed camera; (b) gelatine deformation from SPH model; (c) displacement field at the back surface of the target from DIC; (d) displacement field from SPH. Impact speed was 122 ms-1.
A further check of the accuracy of the simulation predictions is made via plotting the central displacement of the target versus time and comparing with the DIC data for rubber and gelatine in Figures 16(a) and 16(b) respectively.  The displacement profile is initially predicted accurately for both projectiles. A discrepancy of 7% is then observed for the value of the peak displacement though the onset of this peak is predicted accurately. After the peak points, the DIC displacement continues to be larger than that from the SPH model for both projectiles with the difference increasing with time. The latter is thought to be due to the additional compliance introduced from the clamped edges of the target during the experiments (see Figure 5). This additional compliance is the result of some permanent plastic deformation occurring in aluminium around the holes under the clamped area in Figure 5. This additional compliance becomes pronounced later in the deformation process for t > 220 µs when the flexural waves reach to the clamped edges (Figures 14(c) and 14(d)). In the simulation, a perfect built-in condition at the clamped area was assumed.
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Figure 16: Central displacement at the back of the aluminium target during (a) rubber and (b) gelatine impact at a speed of 122 ms-1 versus time; a comparison between the experimental and simulation data.
Apart from the central displacement, the displacement along a line through the centre of the target and across the target’s width (see Figure 7) is also analysed in order to have a more thorough comparison in a larger region instead of one single point. These results are shown in Figures 17(a) and 17(b) for both rubber and gelatine projectiles. 
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Figure 17: Out of plane displacement along the width of the sample for (a) rubber impact at 122 ms-1 and (b) gelatine impact at 122 ms-1 on aluminium target; comparison between experimental data and numerical simulation.
The time increment between consecutive curves in Figures 17(a) and 17(b) is 25 μs with the final curve corresponding to 0.5 ms. The latter is approximately equal to the time of the peak displacement shown in Figures 16 (a) and 16(b).
A reasonable agreement between the experimental data and the numerical predictions is observed for both rubber and gelatine projectiles along the whole width of the target though the DIC data towards the edges are missing since the edges were not tracked by the camera during the impact test.


5.2. Laminated glass target
The comparison described in the section above between the experimental and numerical data for the aluminium target was replicated for the case of the laminated glass impact. The history plots of the central displacement for rubber and gelatine are compared in Figures 18(a) and 18(b) respectively whereas the displacement across the width of the target are plotted in Figures 19(a) and 19(b) for the two projectiles. The time increment between consecutive curves in Figures 19 is again 25 μs with the final curve corresponding to 0.5 ms. The latter is approximately equal to the time of the peak displacement shown in Figure 19. Similar observations are made regarding the accuracy of the simulation predictions as in the case of the aluminium target. The agreement between the experiments and simulations is once again demonstrated, lending more confidence in the generated numerical models. 
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Figure 18: Central displacement of laminated glass target versus time (a) rubber impact at 118 ms-1; (b) gelatine impact at 128 ms-1
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Figure 19: Out of plane displacement along the width of the laminated glass target; comparison between experimental data and numerical simulation: a) rubber impact at 118 ms-1 (b) gelatine impact at 128 ms-1.
As already stated, fractures occurred in the laminated glass structure under rubber impact for speeds equal to or higher than 145 ms-1 which corresponds to a momentum of approximately 4 kgms-1. These are shown in Figure 20. However, a gelatine projectile carrying the same momentum at the speed of 154 ms-1 (see Figure 11(d)), did not lead to fracture on the surface of the laminated glass window. In addition, the target’s compliance (shown as out of plane displacement and major strain) was found to be roughly the same for both projectiles at the same momentum. Hence, the reason why the fracture occurs during the rubber impact but not with the gelatine impact at the same momentum and compliance was investigated. Another important parameter, the contact pressure, was examined to enable comparisons between the gelatine and rubber impact tests.
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Figure 20: Impact damage on a laminated glass: (a) impact face and (b) rear face caused by a rubber projectile impacted at velocity of 168 ms-1. The glass front face is painted black prior to impact.

As soon as the projectile comes into contact with the front surface of the target, a shock wave is generated that then propagates along the projectile (Wilbeck 1978). The high intensity pressure behind the shock wave in the projectile is called the “Hugoniot pressure”, PH, and depends on the initial density (ρ0) and velocity of the projectile (V0) as well as the shock wave speed in the projectile material (Vs):
                                       Equation 4
Since both rubber and gelatine projectiles were modelled using the Mie-Grüneisen EoS approach with the assumption of a linear relationship between the velocity of the projectile  and the shock wave speed in the projectile (), the shock wave speed relationship to the particle/projectile speed is:
                                       Equation 5
where c0 is the speed of sound in the projectile and s is a material parameter. 
The EoS material parameters used for rubber and gelatine projectiles in the simulation are shown in Table 2. These parameters together with the densities of 1090 kgm-3 and 968 kgm-3 for rubber and gelatine respectively are used in equation (5) which is then substituted in equation (4) to yield the following relationships for rubber (equation 6) and gelatine (equation 7):
                                  Equation 6

	                   			Equation 7
The two theoretical Hugoniot pressure relationships of Equations 6 and 7 are compared in Figure 21. The analytical curves show a significant difference between the contact pressures arising from the rubber and gelatine impact in the early impact stages. This therefore could explain the earlier damage threshold velocity in the glass front layer when rubber was used as a projectile (see Figures 11 and 20) as the fracture in the frontal glass layer was observed to occur in the first few microseconds after the initial contact between the projectile and the glass. Therefore, the fracture is believed to be driven by the initial high intensity pressure (i.e. Hugoniot pressure). It is shown above that despite having similar densities, the different shock properties of rubber compared to gelatine projectile, cause a greater Hugoniot pressure for the rubber projectile even at the same momentum. It can be inferred that using a gelatine projectile can result in a higher damage threshold velocity for the frontal glass layer. This finding has important implications for other experimental studies where simulant physical models are employed. For structures such as glass which can be susceptible to fracture under short but high intensity pressure loading, not only the density and momentum of the projectile need to be considered but also the diameter as well as shock properties of the projectile material. The latter affects the duration and magnitude of the high intensity pressure phase respectively and should therefore be carefully selected.

Figure 21: A comparison between Hugoniot pressure at centre of target as calculated  from theoretical predictions for rubber and gelatine projectiles
It was then attempted to determine the peak value of the contact pressure during the impact event from the SPH models presented earlier such that comparisons can be made with the theoretical values in Figure 21. As the projectile used in this study was a straight ended cylinder, the pressure across the projectile was almost uniform (results not shown). Therefore, the peak contact pressure was plotted by taking an average across the 484 nodes on the front glass layer of the target impacted by the projectile (see Figure 22 (a)). Figure 22 (b) shows the pressure results for a gelatine projectile on glass, at a speed of 128 ms-1, plotted as a function of time. It is observed that two peaks occur before 10 s. This was thought to be a result of the chosen mesh density; the second, lower peak coincided with the instant when the second row of particles hit the glass target. Therefore, it was decided to study the effect of mesh density on the contact pressure. Figure 23 shows the four meshes that were investigated, with ‘Mesh X’ designating the mesh corresponding to the results shown in Figure 22. The first three meshes (X, 2X and 4X) are uniform meshes of increasing mesh density as designated by the factor in front of X. The fourth mesh used biased discretisation and resulted in very small elements (0.01 mm) hitting the target during the initial impact when the peak pressure occurred. The effect of the mesh size on the peak pressure results are shown in Figure 24. Even though for larger times, the steady state pressure is not a function of mesh density, the initial pressure profile is seen to vary significantly. The double peaks are seen to disappear as the mesh density is increased and the results seem to converge but only after a time of 8 s. Before that time, the peak pressure does not show any correlation to the mesh density. As the peak pressure occurs before that time, it is not possible therefore to use the SPH models to determine the value of peak pressures. It is worth noting here that the four meshes in Figure 23 led to similar results for all other quantities plotted in the preceding Figures; only the Hugoniot pressure was affected by the mesh.
The shape of the pressure profiles at small times is very jagged; this brought the question whether the sampling rate at which results from the numerical model are stored would also have an impact on the quoted peak pressure. Therefore, the sampling rate was varied from 4 MHz (corresponding to the data shown in Figure 24) to 10 MHz and 20 MHz. The effect of the sampling rate on the pressure profile is shown in Figure 25. Unfortunately, it is again shown that for times less than 3 s, the results are not accurate in the sense that the peak pressure can not be identified; it varies between approximately 140 MPa to 310 MPa depending on the chosen sampling rate. Hedayati et al (Hedayati et al 2014) and Hedayati and Sadighi (Hedayati and Sadighi 2016) reviewed the literature regarding the calculation of Hugoniot (peak) pressures. A wide difference in pressures was reported when comparisons were made to experimental or theoretical data by several authors. The findings of our study could in fact explain these large discrepancies.
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[bookmark: _GoBack]Figure 22: (a) Contours of contact pressure (in Pa) across the 484 nodes impacted by the projectile, (b) average contact pressure profile; both plots are for gelatine projectile fired on glass laminate target at an impact velocity of 128 ms-1.
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Figure 23: Four mesh designs used in the mesh sensitivity study of Hugoniot pressure. Mesh X corresponds to the results shown in Figure 23; Mesh 2X and Mesh 4X have twice and four times as many elements as Mesh X respectively. “Mesh refined” used biased discretisation to reduce the size of the elements in the rows hitting the target during the initial stages of the impact. The meshes were all converted to SPH particles as shown in Figures 8 and 9.


Figure 24: The effect of the projectile’s mesh design on the contact pressure profile for the four meshes shown in Figure 24. Results shown are for gelatine gel projectile fired on glass laminate target at an impact velocity of 128 ms-1.


Figure 25: The effect of data sampling rate on the contact pressure profile. Results shown are for gelatine gel projectile on glass laminate target fired at an impact velocity of 128 ms-1.

[bookmark: _Toc491087510]6. Conclusion
The response of aluminium and laminated glass targets under soft impact loading was investigated using both rubber and gelatine projectiles in order to simulate bird strikes on the fuselage and windshield of aircraft. Such collisions between birds and aircraft can lead to catastrophic events; therefore, new methods for measuring impact performance are paramount to develop efficient tools which may be employed to design against such events.
In this study, gas gun impact tests were performed at velocities from 110 to170 m s−1  on a test matrix consisting of two target and two projectile materials for the first time. A high-speed 3D digital image correlation technique was employed to monitor and evaluate the impact performance of the two targets whilst a strain gauge was attached to the back surface of the glass target so that the DIC results could be validated. In addition to the experiments, simulations of the soft impact loading were also performed, based on the Smoothed Particle Hydrodynamics (SPH) approach. The model output as regards the out of plane displacement of the targets was found to match the experimental data, giving confidence in the developed models and indicating that these may be used in future design studies. The study showed that the displacements and strains induced in the two targets were independent of the type of the projectile material, i.e. rubber and gelatine led to similar displacement and strain fields for a given value of momentum. An interesting finding was that fracture was found to occur in the frontal glass layer of the laminated glass windows with rubber projectiles at momentum values above 3.9 kgms-1. No fracture in the glass was observed for momentum values up to 4 kgms-1 when using gelatine projectiles. This difference in results, was shown to be due to the higher Hugoniot pressure when rubber is used as bird simulant. Our study therefore highlights the importance of the shock properties of the bird simulant material on the impact loading of brittle structures such as glass. Finally, the study presented here provides a basis for performing scale-up investigations with the validated developed models being used in more realistic scenarios, i.e. a real bird strike against an aircraft windshield or fuselage. The latter would provide major cost savings as compared to alternative large-scale experimental studies.
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Strain (%)
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Strain (%)


  DIC	-2050	-2025	-2000	-1975	-1950	-1925	-1900	-1875	-1850	-1825	-1800	-1775	-1750	-1725	-1700	-1675	-1650	-1625	-1600	-1575	-1550	-1525	-1500	-1475	-1450	-1425	-1400	-1375	-1350	-1325	-1300	-1275	-1250	-1225	-1200	-1175	-1150	-1125	-1100	-1075	-1050	-1025	-1000	-975	-950	-925	-900	-875	-850	-825	-800	-775	-750	-725	-700	-675	-650	-625	-600	-575	-550	-525	-500	-475	-450	-425	-400	-375	-350	-325	-300	-275	-250	-225	-200	-175	-150	-125	-100	-75	-50	-25	0	25	50	75	100	125	150	175	200	225	250	275	300	325	350	375	400	425	450	475	500	525	550	575	600	625	650	675	700	725	750	775	800	825	850	875	900	925	950	975	1000	1025	1050	1075	1100	1125	1150	1175	1200	1225	1250	1275	1300	1325	1350	1375	1400	1425	1450	1475	1500	1525	1550	1575	1600	1625	1650	1675	1700	0	1.83497164E-2	-1.45908277E-2	-7.6519785199999997E-4	2.8571633199999998E-3	1.0161621500000001E-2	5.1570543999999996E-3	1.5843896000000001E-3	-2.2399492999999999E-3	-1.6482064500000001E-2	-4.0210736899999999E-3	-1.7784105599999999E-2	-4.7760000499999997E-3	6.82174601E-3	-2.5046018900000001E-2	2.0513548500000001E-3	3.8792561099999997E-5	-1.83786843E-2	-1.5882475300000001E-2	1.8037096600000001E-3	1.2962038200000001E-3	1.47719709E-2	8.7507721E-3	1.6548050599999999E-2	3.5269763299999998E-3	-6.5717455000000001E-3	-9.0732695500000005E-3	6.2596087800000002E-4	1.2368107000000001E-3	-1.78207308E-2	-9.9609037899999996E-3	-1.8116541199999999E-2	7.1549741599999999E-3	-1.8435945700000001E-2	-1.77420639E-2	-1.0840734499999999E-2	-5.52355312E-3	-2.4786984500000001E-2	-1.1684444699999999E-2	-2.1499561100000002E-2	-6.2218098899999999E-3	-2.6377325900000002E-2	-1.5632867799999998E-2	-1.9038345700000001E-2	-1.80273671E-2	3.7107972900000002E-3	-2.0211879200000001E-2	-1.5756901399999999E-2	-2.8657376799999999E-2	-1.5842640799999998E-2	9.9402852399999991E-3	-2.2011557600000002E-3	-2.5316037199999999E-2	-1.3936018600000001E-2	2.5162514099999998E-4	-6.1733270999999998E-3	-1.76985133E-2	2.5092579899999999E-3	-1.06179742E-2	-1.54686105E-2	1.2680817200000001E-3	-3.06105381E-3	-6.5087887899999998E-4	1.79277454E-2	6.5435380700000004E-3	3.9064683999999999E-3	1.19738122E-2	2.6505373400000001E-2	1.05218533E-2	2.6718029800000001E-2	4.2669553300000003E-2	2.6965608799999999E-2	4.2645547499999999E-2	3.2323408900000003E-2	2.8188120600000002E-2	6.9829136099999994E-2	7.0902384799999996E-2	7.0293918299999994E-2	8.8085606699999999E-2	0.106009118	8.9190796000000003E-2	0.11843548	0.27166563300000002	2.0596835599999999	3.6719944500000001	4.9322318999999997	5.86389637	6.6951212900000003	7.4679307899999996	8.1255645800000007	8.7831602100000001	9.3143205600000005	9.9457187699999992	10.4820137	10.9907179	11.513423899999999	11.9839802	12.445139899999999	12.8559141	13.1921768	13.341675800000001	13.276153600000001	13.029343600000001	12.7006245	12.2887135	11.894981400000001	11.621463800000001	11.364348400000001	11.106699000000001	10.8003559	10.529169100000001	10.2324524	9.847785	9.5905332600000008	9.3436422300000004	9.0552167899999993	8.7780380200000003	8.5390882500000007	8.2937078500000005	8.1059999499999993	7.9139895400000002	7.7585134499999997	7.6647300700000001	7.6563610999999998	7.6462674100000001	7.6154251100000003	7.6344551999999997	7.7036843299999997	7.7860550899999996	7.8666753800000002	8.0222578000000002	8.1330080000000002	8.2770948400000002	8.4252023699999992	8.5411176700000002	8.6487951299999999	8.7926158900000004	8.9503755599999995	9.0729083999999993	9.1498947099999999	9.1802101100000009	9.2116165199999998	9.2266282999999998	9.2182884200000004	9.1774749799999995	9.1104898500000004	9.0517759299999998	9.03091431	8.9790058100000003	8.9416656499999991	8.9122018799999996	  SPH	0	25.029199999999999	50.003999999999998	75.033799999999999	100.004	125.033	150.00300000000001	175.03300000000002	200.00300000000001	225.03200000000001	250.00199999999998	275.03199999999998	300.00200000000001	325.03199999999998	350.00100000000003	375.03100000000001	400.00099999999998	425.03099999999995	450.00099999999998	475.03	500	525.03	550.05999999999995	575.029	600.05899999999997	625.029	650.05900000000008	675.029	700.05799999999999	725.02799999999991	750.05799999999999	775.02800000000002	800.05700000000002	825.02700000000004	850.05700000000002	875.02700000000004	900.05700000000002	925.02600000000007	950.05600000000004	975.02600000000007	1000.0600000000001	1025.03	1050.06	1075.03	1100.05	1125.02	1150.05	1175.02	1200.05	1225.02	1250.05	1275.02	1300.0500000000002	1325.0200000000002	1350.05	1375.02	1400.05	1425.02	1450.05	1475.02	1500.05	1525.02	1550.0500000000002	1575.02	1600.05	1625.02	1650.05	1675.02	1700.05	1725.02	1750.05	1775.02	1800.0500000000002	1825.02	1850.05	1875.02	1900.05	1925.02	1950.05	1975.02	2000	0	3.0188600000000001	4.0930299999999997	5.1130699999999996	5.9180799999999998	6.5546899999999999	7.2531699999999999	7.85128	8.3405000000000005	8.9819800000000001	9.5887700000000002	10.073399999999999	10.429399999999999	10.7919	11.213100000000001	11.5746	11.851699999999999	12.1653	12.229800000000001	12.1668	11.861500000000001	11.433199999999999	10.9421	10.5036	10.0688	9.6497299999999999	9.2940899999999989	8.8293099999999995	8.4966699999999999	8.0966400000000007	7.6960800000000003	7.2910400000000006	6.8887499999999999	6.5023	6.1429199999999993	5.8017099999999999	5.4846000000000004	5.2037800000000001	4.96401	4.7380000000000004	4.5694600000000003	4.4214900000000004	4.3031700000000006	4.2337400000000001	4.1776099999999996	4.1853799999999994	4.1945600000000001	4.2633100000000006	4.3500700000000005	4.4711499999999997	4.6301199999999998	4.8044200000000004	5.0221099999999996	5.24573	5.5083900000000003	5.7751399999999995	6.0681199999999995	6.36897	6.6757400000000002	6.9983700000000004	7.3082099999999999	7.6259700000000006	7.9371600000000004	8.2260000000000009	8.51126	8.7706799999999987	8.9949499999999993	9.2058	9.3617299999999997	9.4836799999999997	9.5587900000000001	9.5849799999999998	9.5707100000000001	9.5080600000000004	9.4059399999999993	9.2701899999999995	9.1024100000000008	8.9073599999999988	8.6958099999999998	8.4715000000000007	8.2458099999999988	Time (µs)

Central back displacement (mm)



  DIC	-2525	-2500	-2475	-2450	-2425	-2400	-2375	-2350	-2325	-2300	-2275	-2250	-2225	-2200	-2175	-2150	-2125	-2100	-2075	-2050	-2025	-2000	-1975	-1950	-1925	-1900	-1875	-1850	-1825	-1800	-1775	-1750	-1725	-1700	-1675	-1650	-1625	-1600	-1575	-1550	-1525	-1500	-1475	-1450	-1425	-1400	-1375	-1350	-1325	-1300	-1275	-1250	-1225	-1200	-1175	-1150	-1125	-1100	-1075	-1050	-1025	-1000	-975	-950	-925	-900	-875	-850	-825	-800	-775	-750	-725	-700	-675	-650	-625	-600	-575	-550	-525	-500	-475	-450	-425	-400	-375	-350	-325	-300	-275	-250	-225	-200	-175	-150	-125	-100	-75	-50	-25	0	25	50	75	100	125	150	175	200	225	250	275	300	325	350	375	400	425	450	475	500	525	550	575	600	625	650	675	700	725	750	775	800	825	850	875	900	925	950	975	1000	1025	1050	1075	1100	1125	1150	1175	1200	0	-4.8095881900000002E-3	-1.29090471E-3	-4.8955702200000001E-3	-8.7974350899999998E-3	-7.4977334600000002E-3	-1.19990138E-2	4.2232099799999998E-4	-1.0935771299999999E-2	3.9951889799999998E-3	3.8754681600000002E-3	-4.65215929E-3	2.3461554699999998E-3	8.6996108299999993E-3	4.2023626200000004E-3	7.8459018800000006E-3	9.3539897400000006E-3	1.37368022E-2	3.9205672199999998E-3	1.6434930300000001E-2	1.1726500500000001E-2	1.2987170399999999E-2	2.13474892E-2	2.42933538E-2	2.6447095E-2	2.1420508599999999E-2	2.4059627199999999E-2	2.6253331500000001E-2	2.8337853E-2	2.9589788999999998E-2	3.7130117400000003E-2	3.6535874000000003E-2	3.3422287600000003E-2	3.8418080700000003E-2	3.8288298999999998E-2	3.5536479199999998E-2	3.6367449900000001E-2	3.7726230899999998E-2	3.8214940599999997E-2	3.8360085299999999E-2	4.1775636400000003E-2	3.7231635300000003E-2	4.0675543199999997E-2	4.8848256499999999E-2	4.9006763799999999E-2	5.0392855E-2	5.1940456000000003E-2	4.8289734899999999E-2	5.7633087E-2	5.2160654200000003E-2	6.2033601100000002E-2	5.93971685E-2	5.8590881499999997E-2	6.2646254900000004E-2	6.7115768800000003E-2	6.1717119100000002E-2	6.3918344700000004E-2	6.6506497600000006E-2	6.7435592399999994E-2	6.0948468700000001E-2	6.1325330300000001E-2	6.6859126099999999E-2	5.6649841399999998E-2	6.19990006E-2	5.5118143600000002E-2	5.1073867799999999E-2	6.0042575000000001E-2	5.3861785699999998E-2	5.08835204E-2	5.2982285599999998E-2	4.3743081400000002E-2	4.3756905899999997E-2	4.2321924099999998E-2	4.9448579499999999E-2	4.2442534099999998E-2	3.9892129599999999E-2	3.46384645E-2	4.2799547299999997E-2	4.4613823300000001E-2	4.2440071699999998E-2	4.57718633E-2	5.1741406300000001E-2	5.0120737399999997E-2	4.6977732299999998E-2	5.7287607300000001E-2	4.1091881699999999E-2	5.6759852899999998E-2	4.8524141299999997E-2	6.0145880999999998E-2	6.5289132299999997E-2	6.3197545699999996E-2	6.7299567199999993E-2	8.3057262000000007E-2	9.0236976699999999E-2	9.80617404E-2	0.10491982800000001	0.108065411	0.124492958	0.12942643500000001	0.13967485700000001	0.162038073	0.35418546200000001	1.29436862	2.7777841099999998	4.1567282700000003	5.2105579400000002	6.0181674999999997	6.7016363099999996	7.2959766400000001	7.8500022899999999	8.3762607599999992	8.88629055	9.3939657200000006	9.8581228299999992	10.3249598	10.7590494	11.1494141	11.582114199999999	12.029705999999999	12.3218174	12.420682899999999	12.3614464	12.131216999999999	11.739855800000001	11.2817221	10.841777799999999	10.4317522	10.051118900000001	9.7112874999999992	9.4281120299999994	9.1135959599999996	8.7943916299999998	8.4423227300000008	8.1335659000000007	7.8617620500000003	7.56646252	7.2451005000000004	6.9265556300000002	6.6354231800000001	6.3330793400000003	6.0258717500000003	5.7575354599999997	5.4715900399999997	5.1975288400000004	4.9276909800000004	4.6416454299999996	4.3509740800000003	4.0921173099999999	3.8727667299999999	3.6447269900000001	  SPH	0	25.0289	50.057200000000002	75.020200000000003	100.04300000000001	125.00599999999999	150.029	175.05199999999999	200.01500000000001	225.03799999999998	250.00100000000003	275.024	300.04599999999999	325.00900000000001	350.03200000000004	375.05500000000001	400.01799999999997	425.04100000000005	450.00400000000002	475.02699999999999	500.05	525.01299999999992	550.03599999999994	575.05799999999999	600.02099999999996	625.04399999999998	650.00699999999995	675.03	700.053	725.01599999999996	750.03899999999999	775.00199999999995	800.02499999999998	825.048	850.01099999999997	875.03300000000002	900.05600000000004	925.01900000000001	950.04200000000003	975.005	1000.0300000000001	1025.05	1050.01	1075.04	1100.06	1125.02	1150.05	1175.01	1200.03	1225.0500000000002	1250.02	1275.04	1300	1325.03	1350.05	1375.01	1400.03	1425.06	1450.02	1475.04	1500.01	1525.03	1550.0500000000002	1575.01	1600.04	1625	1650.02	1675.05	1700.01	1725.03	1750.06	1775.02	1800.04	1825	1850.03	1875.05	1900.01	1925.04	1950.06	1975.02	2000	0	2.8956499999999998	3.8957800000000002	4.8550499999999994	5.5900999999999996	6.2555299999999994	6.8847200000000006	7.4491199999999997	7.9268600000000005	8.4331000000000014	8.9884400000000007	9.4888000000000012	9.8615399999999998	10.175699999999999	10.583499999999999	10.917400000000001	11.2652	11.495200000000001	11.5107	11.3292	11.1152	10.628500000000001	10.1408	9.5995500000000007	9.1727600000000002	8.7614200000000011	8.39757	8.0491899999999994	7.63774	7.2596500000000006	6.8620099999999997	6.4624799999999993	6.1114499999999996	5.7118200000000003	5.3156400000000001	4.9792100000000001	4.6338000000000008	4.3405700000000005	4.0651200000000003	3.8393600000000001	3.6269499999999999	3.47119	3.32823	3.2402300000000004	3.1804899999999998	3.15544	3.1665999999999999	3.2162500000000001	3.2840199999999999	3.4058299999999999	3.54278	3.7160199999999999	3.91587	4.1369899999999999	4.3861699999999999	4.6515399999999998	4.9361800000000002	5.2328299999999999	5.5432899999999998	5.85534	6.1743600000000001	6.4969000000000001	6.8087099999999996	7.1235200000000001	7.4175200000000006	7.70078	7.9636399999999989	8.2007300000000001	8.4084099999999999	8.5876900000000003	8.7147100000000002	8.8112200000000005	8.8600999999999992	8.8622899999999998	8.8292700000000011	8.7450300000000016	8.6349800000000005	8.4836600000000004	8.3107300000000013	8.1168200000000006	7.9041899999999998	Time (µs)

Central back displacement (mm) 



Simulation-SPH	0	75.057999999999993	150.054	225.023	300.012	375.01599999999996	450.03500000000003	525.03499999999997	600.05200000000002	675.01200000000006	750.04200000000003	825.06899999999996	900.02500000000009	975.06299999999999	1050.02	1125.05	1200.03	1275.02	1350.01	1425.0300000000002	1500.04	1575	1650.05	1725.0500000000002	1800.0500000000002	1875.07	1950.01	2025.0300000000002	2100.04	2175.0500000000002	2250.0500000000002	2325.0499999999997	2400.06	2475.0699999999997	2550.02	2625.04	2700.06	2775.01	2850.0299999999997	2925.0499999999997	3000	0	0.69852599999999998	1.23203	1.6715600000000002	2.2674499999999997	2.7764500000000001	3.2586599999999999	3.43588	3.4263000000000003	3.3795100000000002	3.05097	2.49966	1.8638999999999999	1.1954	0.452874	-0.29126299999999999	-0.93081000000000003	-1.34761	-1.47393	-1.4551099999999999	-1.31349	-1.0910500000000001	-0.831785	-0.54454400000000003	-0.29426399999999997	-8.70258E-2	0.10318099999999999	0.199937	0.24368400000000001	0.31761499999999998	0.41483100000000001	0.54139199999999998	0.64865200000000001	0.77826299999999993	0.87065599999999999	0.91806199999999993	0.93727899999999997	0.91292700000000004	0.834179	0.72064799999999996	0.57625899999999997	DIC	-1600	-1575	-1550	-1525	-1500	-1475	-1450	-1425	-1400	-1375	-1350	-1325	-1300	-1275	-1250	-1225	-1200	-1175	-1150	-1125	-1100	-1075	-1050	-1025	-1000	-975	-950	-925	-900	-875	-850	-825	-800	-775	-750	-725	-700	-675	-650	-625	-600	-575	-550	-525	-500	-475	-450	-425	-400	-375	-350	-325	-300	-275	-250	-225	-200	-175	-150	-125	-100	-75	-50	-25	0	25	50	75	100	125	150	175	200	225	250	275	300	325	350	375	400	425	450	475	500	525	550	575	600	625	650	675	700	725	750	775	800	825	850	875	900	925	950	975	1000	1025	1050	1075	1100	1125	1150	1175	1200	1225	1250	1275	1300	1325	1350	1375	1400	1425	1450	1475	1500	1525	1550	1575	1600	1625	1650	1675	1700	1725	1750	1775	1800	1825	1850	1875	1900	1925	1950	1975	2000	2025	2050	2075	2100	2125	2150	2175	2200	2225	2250	2275	2300	2325	2350	2375	2400	2425	2450	2475	2500	2525	2550	2575	2600	2625	2650	2675	2700	2725	2750	2775	2800	2825	2850	2875	2900	2925	2950	2975	3000	3025	3050	3075	3100	3125	3150	3175	3200	3225	3250	3275	3300	3325	3350	3375	3400	0	1.0140149899999999E-2	-4.3024653600000004E-3	5.1942570099999998E-3	-1.21235289E-2	3.5799455400000002E-3	-6.2889945700000003E-3	1.40826423E-2	1.8112654800000001E-3	2.1746260999999999E-3	-2.0802035000000003E-3	-1.5105476599999999E-2	-1.1864330199999999E-3	-4.18837462E-3	1.5329238E-2	-6.1432924100000008E-3	-2.3966361200000001E-4	-1.0392260699999999E-2	6.31648069E-3	1.2408115000000001E-2	1.30896305E-3	1.46941477E-2	9.0001597999999992E-3	3.2174635699999996E-2	1.5431898600000001E-2	1.83662809E-2	2.1263817300000001E-2	1.5918903099999999E-2	1.6800485600000001E-2	1.9135611100000002E-2	1.9747797399999999E-2	2.1039251200000001E-2	2.14241035E-2	8.6240295800000004E-4	1.70768686E-2	1.43196713E-2	-4.3969634000000004E-3	1.87981464E-2	1.56249925E-2	1.56441275E-2	1.87990647E-2	2.4050401999999999E-3	4.0762941399999997E-3	7.9275760800000001E-3	5.6436271400000003E-3	1.86374765E-2	2.3992018799999997E-2	2.4302562699999999E-2	1.5690302499999999E-2	4.3215978899999993E-2	3.1962283000000001E-2	3.2133776699999998E-2	2.7549097299999999E-2	2.2110568399999999E-2	2.9811617000000002E-2	4.0893789399999998E-2	4.2951535399999997E-2	4.40120362E-2	3.5799592700000001E-2	1.64904762E-2	3.47831137E-2	3.6754619299999999E-2	2.1649638199999998E-2	4.0080908700000001E-2	3.3026117799999997E-2	0.320893914	0.49735858999999999	0.69334036099999996	0.85705316099999995	1.0097644299999999	1.1889594800000001	1.3333152500000001	1.4595315499999999	1.6101675	1.7868107600000001	1.97220266	2.2037868500000002	2.4104342499999998	2.5348627600000002	2.7086598899999998	2.85418868	2.9645202199999998	3.0676987200000001	3.1485271500000001	3.2290968900000001	3.2760467499999999	3.2831637900000001	3.25884295	3.2051100699999999	3.1391494299999998	3.04727674	2.9284608400000001	2.7799408400000001	2.60031152	2.4082715499999998	2.2046234600000001	2.0130021600000001	1.7771811500000001	1.5482169400000001	1.3410873400000001	1.1413695800000001	0.92256492400000001	0.72205543500000002	0.52085095599999998	0.33536237499999999	0.15103828899999999	-2.3663613900000002E-2	-0.20161610800000002	-0.36171767100000002	-0.51230269700000008	-0.63334828600000004	-0.74132031200000004	-0.81215709400000002	-0.85281783300000003	-0.880514503	-0.89825874599999989	-0.92467540500000001	-0.86688142999999995	-0.82137835000000003	-0.77449607799999998	-0.67878252299999997	-0.58906626699999998	-0.48827561700000005	-0.38535881	-0.28531751	-0.16827309100000001	-4.9887031299999995E-2	6.33522049E-2	0.15834329999999999	0.25839388399999996	0.35089883200000005	0.47222715600000004	0.56788528000000005	0.636919558	0.71886295099999997	0.81334787599999991	0.84750741699999999	0.93255275500000001	0.97982144400000004	1.0091956900000001	1.0419035000000001	1.0604248000000001	1.0583468700000001	1.0179811700000001	1.0240055299999999	1.0056749599999999	0.93769758900000011	0.89463073000000004	0.85983449200000006	0.80367797599999991	0.72597670599999997	0.66562133999999995	0.59184670399999995	0.532697737	0.44746440600000004	0.37540173500000001	0.31709295500000001	0.263083071	0.19710488600000001	0.134668961	7.6068371500000009E-2	3.3619984999999998E-2	-9.1906255099999997E-3	-4.6760484599999999E-2	-5.9636510900000002E-2	-8.7323874199999998E-2	-0.112120315	-0.13685983400000001	-0.13063780999999999	-0.11938726199999999	-0.109906539	-0.10007353099999999	-9.7208194399999989E-2	-5.73296212E-2	-1.8491102400000001E-2	9.5462882899999997E-3	4.6392168800000001E-2	7.4074111900000003E-2	0.11772173599999999	0.14390425400000001	0.19980339699999999	0.22784499800000002	0.262663066	0.29229509800000003	0.332932591	0.35250654799999998	0.40205878	0.41578751799999997	0.438166946	0.46196863100000002	0.45996165299999997	0.47610980299999994	0.50036209799999998	0.50711017800000002	0.495027512	0.49610766799999995	0.48243945799999999	0.47112330799999996	0.46316605799999999	0.44598829700000003	Time (µs)

Central back displacement (mm)



Simulation-SPH	0	25.043200000000002	50.006100000000004	75.014099999999999	100.03700000000001	125.00099999999999	150.047	175.02500000000001	200.00899999999999	225.065	250.05200000000002	275.04199999999997	300.03099999999995	325.02300000000002	350.02	375.01599999999996	400.01499999999999	425.024	450.036	475.05600000000004	500.01099999999997	525.03800000000001	550.06700000000001	575.02800000000002	600.06000000000006	625.02300000000002	650.05600000000004	675.02199999999993	700.05399999999997	725.01800000000003	750.048	775.00699999999995	800.03699999999992	825.06799999999998	850.03899999999999	875.06900000000007	900.06099999999992	925.05399999999997	950.05000000000007	975.06600000000003	1000.0600000000001	1025.04	1050.03	1075.0600000000002	1100.05	1125.01	1150.01	1175	1200.05	1225.03	1250	1275.05	1300.02	1325.07	1350.05	1375.02	1400.07	1425.05	1450.03	1475.01	1500.07	1525.05	1550.04	1575.02	1600.01	1625.01	1650	1675.0700000000002	1700.07	1725.07	1750.0700000000002	1775.07	1800.07	1825.07	1850	1875.01	1900.01	1925.02	1950.03	1975.03	2000.0399999999997	2025.0400000000002	2050.0499999999997	2075.0500000000002	2100.0500000000002	2125.0499999999997	2150.0500000000002	2175.06	2200.0600000000004	2225.06	2250.06	2275.0600000000004	2300.06	2325.06	2350.06	2375.06	2400.06	2425.06	2450.06	2475.06	2500.06	2525.06	2550.06	2575.06	2600.06	2625.06	2650.06	2675.06	2700.06	2725.06	2750.0699999999997	2775.07	2800	2825.01	2850.01	2875.02	2900.02	2925.0299999999997	2950.04	2975.04	3000	0	0.341503	0.51813300000000007	0.71369800000000005	0.90220500000000003	1.0683699999999998	1.27227	1.4518300000000002	1.5762499999999999	1.73461	1.9558200000000001	2.16805	2.3558300000000001	2.5190199999999998	2.7158799999999998	2.8790100000000001	3.0374999999999996	3.1707800000000002	3.2609499999999998	3.3208600000000001	3.3611600000000004	3.3719599999999996	3.3639299999999999	3.36009	3.3496899999999998	3.3336700000000001	3.3109299999999999	3.2671999999999999	3.1411500000000001	3.0057500000000004	2.8635299999999999	2.67658	2.4728300000000001	2.2646299999999999	2.0527899999999999	1.84741	1.6332600000000002	1.3926800000000001	1.1776600000000002	0.98307800000000012	0.77217999999999998	0.53916600000000003	0.30071600000000004	7.3261300000000001E-2	-0.15323100000000001	-0.37263499999999999	-0.58470900000000003	-0.77960499999999999	-0.95076000000000005	-1.1006900000000002	-1.2375400000000001	-1.3410200000000001	-1.4055	-1.4507099999999999	-1.4880799999999998	-1.51583	-1.5279200000000002	-1.5246000000000002	-1.5035700000000001	-1.47044	-1.4307099999999999	-1.3765800000000001	-1.3138300000000001	-1.2507699999999999	-1.1755800000000001	-1.09135	-1.0118200000000002	-0.93402399999999997	-0.86187400000000003	-0.79424600000000001	-0.72578200000000004	-0.65893099999999993	-0.59353400000000001	-0.52471600000000007	-0.45414099999999996	-0.38903599999999999	-0.33258300000000002	-0.28464600000000001	-0.24502600000000002	-0.21627300000000002	-0.19513	-0.17907200000000001	-0.167099	-0.15656999999999999	-0.14738399999999999	-0.13703700000000002	-0.12227099999999999	-0.10302700000000001	-8.2203600000000002E-2	-6.0556600000000002E-2	-3.5406199999999999E-2	-1.11462E-2	8.1524300000000004E-3	2.5554800000000003E-2	4.3189499999999999E-2	6.24942E-2	8.5413800000000012E-2	0.108862	0.13225699999999999	0.15907200000000002	0.18678299999999998	0.21432800000000002	0.24155300000000002	0.26666299999999998	0.29089799999999999	0.31840999999999997	0.35132000000000002	0.387874	0.42515599999999998	0.46156199999999997	0.49720700000000007	0.53165099999999998	0.56230999999999998	0.58678900000000001	0.60466700000000007	0.61793900000000002	0.62806300000000004	0.63581799999999999	0.64068899999999995	0.64330599999999993	0.64430500000000002	DIC	-1450	-1425	-1400	-1375	-1350	-1325	-1300	-1275	-1250	-1225	-1200	-1175	-1150	-1125	-1100	-1075	-1050	-1025	-1000	-975	-950	-925	-900	-875	-850	-825	-800	-775	-750	-725	-700	-675	-650	-625	-600	-575	-550	-525	-500	-475	-450	-425	-400	-375	-350	-325	-300	-275	-250	-225	-200	-175	-150	-125	-100	-75	-50	-25	0	25	50	75	100	125	150	175	200	225	250	275	300	325	350	375	400	425	450	475	500	525	550	575	600	625	650	675	700	725	750	775	800	825	850	875	900	925	950	975	1000	1025	1050	1075	1100	1125	1150	1175	1200	1225	1250	1275	1300	1325	1350	1375	1400	1425	1450	1475	1500	1525	1550	1575	1600	1625	1650	1675	1700	1725	1750	1775	1800	1825	1850	1875	1900	1925	1950	1975	2000	2025	2050	2075	2100	2125	2150	2175	2200	2225	2250	2275	2300	2325	2350	2375	2400	2425	2450	2475	2500	2525	2550	2575	2600	2625	2650	2675	2700	2725	2750	2775	2800	2825	2850	2875	2900	2925	2950	2975	3000	3025	3050	3075	3100	3125	3150	3175	3200	3225	3250	3275	3300	3325	3350	3375	3400	3425	3450	3475	3500	3525	3550	0	-5.6941639599999991E-3	-8.2352953000000007E-3	-5.8947550100000006E-3	6.5012392599999996E-3	-7.2156875399999997E-3	-7.6956986399999991E-3	9.9051361900000003E-3	1.8722016399999999E-2	9.9280737300000005E-3	7.4053150600000006E-3	6.23173639E-3	3.2844040499999998E-2	3.3697595400000004E-3	1.54788168E-2	2.4582114999999998E-3	3.02208159E-2	2.0870897900000001E-2	9.4792125699999993E-3	5.0983927199999999E-3	3.8811426600000004E-2	4.4616356500000003E-2	1.7617136200000001E-2	2.5798551699999998E-2	1.3557442499999999E-2	4.2355429400000005E-2	3.6362435700000001E-2	3.2280888399999999E-2	1.37235168E-2	4.90061678E-2	1.09397443E-2	4.04905453E-2	3.2867725899999999E-2	5.3763959600000001E-2	4.87073362E-2	5.7029206299999996E-2	2.4274574600000001E-2	5.2110996100000001E-2	5.5633768399999999E-2	6.26754016E-2	5.0907768300000003E-2	5.6239109500000002E-2	4.24334668E-2	5.6562963899999999E-2	7.2967320700000005E-2	7.7483803000000004E-2	6.4697913799999993E-2	7.8960321799999997E-2	6.65120929E-2	5.9003219000000003E-2	7.7916026100000008E-2	8.9308977100000006E-2	0.12039298599999999	8.3650305899999999E-2	8.9512161899999998E-2	9.1648697899999992E-2	7.6468706100000006E-2	0.100454956	8.1769905999999989E-2	0.10718563199999999	0.207020074	0.45885542000000001	0.74751925500000005	0.9306246640000001	1.0961533800000001	1.2956808799999999	1.5236007	1.64401782	1.75251234	1.91285539	2.0962467199999999	2.3220517599999999	2.5998067900000001	2.75401688	2.8653709900000002	3.0268864600000001	3.1213457600000001	3.2148351700000002	3.2476301200000002	3.3256416299999998	3.3628182400000002	3.3768894700000001	3.3417010299999999	3.2681911000000001	3.2167870999999999	3.1188709700000001	2.9810435800000001	2.8449945400000001	2.61252737	2.4374983299999999	2.2153105700000002	1.9606465099999999	1.7245512000000001	1.4829916999999999	1.2318732699999999	0.99769252500000005	0.79295766400000001	0.57520365699999998	0.35399419100000001	0.17760457100000002	-8.6496584100000003E-3	-0.18003898899999998	-0.31718590899999999	-0.438932657	-0.56431484200000004	-0.68676078299999999	-0.774071395	-0.82966297900000008	-0.88652872999999999	-0.92306476799999992	-0.969987512	-0.96794021099999994	-0.96540677500000005	-0.94144934400000002	-0.89732450200000002	-0.82196462199999998	-0.73927628999999995	-0.668489993	-0.58526307300000002	-0.47547334399999996	-0.35766130700000004	-0.23332744800000002	-0.126011923	2.5940726E-3	0.11418454300000001	0.23376037199999999	0.33690682100000002	0.467300624	0.56273579600000001	0.65180325500000003	0.76800048400000009	0.85334652700000002	0.93769216499999997	1.0373240699999999	1.0752219000000001	1.1563750500000001	1.18008935	1.2187180500000001	1.2364493599999999	1.25002551	1.2443997899999999	1.23493052	1.2160345299999999	1.2002444299999999	1.15229654	1.0888496599999999	1.0608801800000001	0.99135434599999994	0.94999933200000009	0.86573374299999994	0.80296623700000003	0.71520721900000006	0.64127188899999998	0.56077051200000005	0.48783126500000001	0.41109403999999999	0.35366892799999999	0.29073497700000001	0.23879514600000001	0.19546473	0.122766078	9.8204016699999994E-2	4.06447053E-2	2.8077468300000002E-2	-3.9435168699999993E-3	-1.0091209800000001E-2	-1.56130521E-2	-3.9537474500000003E-2	-3.8545839500000005E-2	-3.9432633700000004E-2	-8.0603131200000002E-5	2.9353345699999998E-3	2.1252330400000002E-2	4.0159523500000002E-2	7.65420869E-2	9.0495429900000007E-2	0.14138490000000001	0.172396153	0.209071442	0.24838465500000001	0.30016732200000001	0.33478000800000002	0.36909198799999998	0.40558016299999999	0.436899066	0.48089033399999997	0.50763517599999997	0.52217096100000004	0.55552077300000002	0.57341027299999991	0.60014599600000007	0.62145429799999996	0.62127733200000002	0.63218605500000002	0.645573497	0.651544809	0.63567876800000001	0.64116716399999996	0.64241349700000006	0.62916547099999998	0.61026090399999999	Time (µs)

Central back displacement (mm)
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Central back displacement (mm)
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Central back displacement (mm)



Theory-Gelatine	0	2	4	6	8	10	12	14	16	18	20	22	24	26	28	30	32	34	36	38	40	42	44	46	48	50	52	54	56	58	60	62	64	66	68	70	72	74	76	78	80	82	84	86	88	90	92	94	96	98	100	102	104	106	108	110	112	114	116	118	120	122	124	126	128	130	132	134	136	138	140	142	144	146	148	150	152	154	156	158	160	162	164	166	168	170	172	174	176	178	180	182	184	186	188	190	192	194	196	198	200	202	204	206	208	210	212	214	216	218	220	222	224	226	228	230	232	234	236	238	240	242	244	246	248	250	252	254	256	258	260	262	264	266	268	270	272	274	276	278	280	282	284	286	288	290	292	294	296	298	300	0	2.8652799999999998	5.7305599999999997	8.5958400000000008	11.461119999999999	14.3264	17.191680000000002	20.05696	22.922239999999999	25.787520000000001	28.652799999999999	31.518080000000001	34.383360000000003	37.248640000000002	40.11392	42.979199999999999	45.844479999999997	48.709760000000003	51.575040000000001	54.44032	57.305599999999998	60.170879999999997	63.036160000000002	65.901439999999994	68.766720000000007	71.632000000000005	74.497280000000003	77.362560000000002	80.22784	83.093119999999999	85.958399999999997	88.823679999999996	91.688959999999994	94.554239999999993	97.419520000000006	100.2848	103.15008	106.01536	108.88064	111.74592	114.6112	117.47648	120.34175999999999	123.20704000000001	126.07232	128.9376	131.80287999999999	134.66816	137.53344000000001	140.39872	143.26400000000001	146.12927999999999	148.99456000000001	151.85983999999999	154.72512	157.59039999999999	160.45568	163.32096000000001	166.18624	169.05152000000001	171.91679999999999	174.78208000000001	177.64735999999999	180.51264	183.37791999999999	186.2432	189.10847999999999	191.97376	194.83904000000001	197.70432	200.56960000000001	203.43487999999999	206.30016000000001	209.16543999999999	212.03072	214.89599999999999	217.76128	220.62656000000001	223.49184	226.35712000000001	229.22239999999999	232.08768000000001	234.95295999999999	237.81824	240.68351999999999	243.5488	246.41408000000001	249.27936	252.14464000000001	255.00991999999999	257.87520000000001	260.74047999999999	263.60575999999998	266.47104000000002	269.33632	272.20159999999998	275.06688000000003	277.93216000000001	280.79743999999999	283.66271999999998	286.52800000000002	289.39328	292.25855999999999	295.12383999999997	297.98912000000001	300.8544	303.71967999999998	306.58496000000002	309.45024000000001	312.31551999999999	315.18079999999998	318.04608000000002	320.91136	323.77663999999999	326.64192000000003	329.50720000000001	332.37248	335.23775999999998	338.10304000000002	340.96832000000001	343.83359999999999	346.69887999999997	349.56416000000002	352.42944	355.29471999999998	358.16	361.02528000000001	363.89055999999999	366.75583999999998	369.62112000000002	372.4864	375.35167999999999	378.21695999999997	381.08224000000001	383.94752	386.81279999999998	389.67808000000002	392.54336000000001	395.40863999999999	398.27391999999998	401.13920000000002	404.00448	406.86975999999999	409.73504000000003	412.60032000000001	415.46559999999999	418.33087999999998	421.19616000000002	424.06144	426.92671999999999	429.79199999999997	Theory-Rubber	0	2	4	6	8	10	12	14	16	18	20	22	24	26	28	30	32	34	36	38	40	42	44	46	48	50	52	54	56	58	60	62	64	66	68	70	72	74	76	78	80	82	84	86	88	90	92	94	96	98	100	102	104	106	108	110	112	114	116	118	120	122	124	126	128	130	132	134	136	138	140	142	144	146	148	150	152	154	156	158	160	162	164	166	168	170	172	174	176	178	180	182	184	186	188	190	192	194	196	198	200	202	204	206	208	210	212	214	216	218	220	222	224	226	228	230	232	234	236	238	240	242	244	246	248	250	252	254	256	258	260	262	264	266	268	270	272	274	276	278	280	282	284	286	288	290	292	294	296	298	300	0	4.0766313920000004	8.1576855679999998	12.243162528000001	16.333062271999999	20.427384800000002	24.526130112000001	28.629298208000002	32.736889087999998	36.848902751999994	40.965339200000003	45.086198431999996	49.211480447999996	53.341185248000002	57.475312832	61.613863200000004	65.756836351999993	69.904232288000003	74.056051007999997	78.212292511999991	82.372956799999997	86.538043871999989	90.707553727999993	94.881486367999997	99.059841792	103.24262	107.429820992	111.621444768	115.81749132799999	120.017960672	124.2228528	128.43216771199999	132.645905408	136.864065888	141.08664915200001	145.3136552	149.54508403200001	153.780935648	158.021210048	162.26590723199999	166.51502719999999	170.76856995199998	175.02653548800001	179.28892380799999	183.55573491199999	187.8269688	192.102625472	196.38270492800001	200.667207168	204.95613219200001	209.24948000000001	213.54725059200001	217.849443968	222.15606012799998	226.467099072	230.7825608	235.10244531200001	239.42675260800002	243.755482688	248.088635552	252.42621119999998	256.76820963199998	261.11463084799999	265.46547484799999	269.82074163199997	274.18043119999999	278.54454355199999	282.91307868800004	287.28603660799996	291.66341731199998	296.04522080000004	300.43144707200003	304.822096128	309.21716796800001	313.61666259200001	318.02058	322.42892019199996	326.84168316799997	331.25886892799997	335.68047747200001	340.10650880000003	344.53696291199998	348.97183980799997	353.411139488	357.85486195200002	362.30300719999997	366.75557523200001	371.21256604799999	375.673979648	380.139816032	384.61007519999998	389.08475715200001	393.56386188800002	398.04738940800002	402.535339712	407.02771280000002	411.52450867199997	416.02572732800002	420.53136876799999	425.04143299200001	429.55592000000001	434.074829792	438.59816236799998	443.12591772799999	447.65809587199999	452.19469680000003	456.735720512	461.28116700800001	465.83103628800001	470.38532835199999	474.94404320000001	479.50718083200002	484.07474124800001	488.64672444799999	493.223130432	497.80395920000001	502.389210752	506.97888508800003	511.57298220799998	516.17150211199998	520.77444479999997	525.38181027200005	529.99359852800001	534.60980956800006	539.23044339199998	543.85550000000001	548.48497939200001	553.11888156800001	557.75720652799998	562.39995427199995	567.04712480000001	571.69871811199994	576.35473420799997	581.0151730880001	585.68003475199998	590.34931920000008	595.02302643200005	599.70115644800001	604.38370924800006	609.07068483199998	613.76208320000001	618.45790435200001	623.15814828800001	627.86281500799998	632.57190451199995	637.28541680000001	642.00335187199994	646.72570972800008	651.45249036799999	656.1836937920001	660.91931999999997	Impact speed (ms-1)


Hugoniot pressure (MPa)




Mesh X	-2.04	-1.7532570000000005	-1.5356690000000004	-1.2455500000000002	-1.0279600000000002	-0.73784000000000027	-0.52025000000000032	-0.23014000000000023	-1.2550000000000283E-2	0.27756999999999987	0.49515999999999993	0.71274999999999988	1.0028599999999996	1.2170799999999999	1.4929399999999999	1.7679099999999996	1.97349	2.2470300000000001	2.5205099999999998	2.7256400000000003	2.99878	3.2714400000000001	3.4757000000000002	3.7472399999999997	4.0186900000000003	4.2218999999999998	4.4954199999999993	4.76973	4.9758700000000005	5.2534900000000002	5.5266500000000001	5.7323000000000004	6.0061700000000009	6.2107799999999997	6.4820900000000012	6.7541100000000007	7.0269600000000008	7.232050000000001	7.5048700000000013	7.7771500000000007	7.9815000000000014	8.2544000000000004	8.5269000000000013	8.7314000000000007	9.0041000000000011	9.277000000000001	9.4816000000000003	9.7550000000000008	9.9604999999999997	10.234400000000001	10.507900000000001	10.713100000000001	10.986900000000002	11.2607	11.466000000000001	11.740400000000001	12.015300000000002	12.221300000000001	12.495600000000001	12.770600000000002	12.9762	13.251000000000001	13.525599999999999	13.731700000000002	14.0063	14.212	14.486499999999999	14.761500000000003	14.9678	15.243000000000002	15.517900000000001	15.724000000000002	15.998700000000001	16.273299999999999	16.479199999999999	16.753799999999998	16.960100000000001	17.2347	17.509699999999999	17.715600000000002	17.990199999999998	18.265000000000001	18.4712	18.745999999999999	19.021100000000001	19.227099999999997	19.501799999999999	19.776399999999999	19.982600000000001	20.2576	20.463799999999999	20.738699999999998	21.013300000000001	21.2193	21.493899999999996	21.7684	21.974599999999999	22.249499999999998	22.5243	22.7303	23.005000000000003	23.210699999999999	23.485799999999998	23.7608	23.966999999999999	24.241900000000001	24.5168	24.722799999999999	24.997499999999999	25.272199999999998	25.4785	25.753299999999999	26.028300000000002	26.234499999999997	26.509599999999999	26.715699999999998	26.9907	27.2653	27.471299999999999	27.746299999999998	28.021100000000001	28.227500000000003	28.502600000000001	28.7776	28.983799999999999	29.258699999999997	29.464500000000005	29.739200000000004	30.014100000000003	30.220300000000002	30.495200000000001	30.77	30.976199999999999	31.251099999999997	31.526199999999999	31.732400000000005	32.007500000000007	32.213800000000006	32.488900000000001	32.764000000000003	32.970200000000006	33.245400000000004	33.520500000000006	33.726800000000004	34.001400000000004	34.276400000000002	34.482700000000008	34.757900000000006	34.964300000000001	35.238700000000001	35.5137	35.72	35.995200000000004	36.270500000000006	36.4771	36.752200000000002	37.0274	37.233899999999998	37.5092	37.715700000000005	37.991199999999999	38.266500000000001	38.473000000000006	38.748400000000004	39.023900000000005	39.230100000000007	39.505299999999998	39.711800000000004	39.986900000000006	40.262000000000008	40.468400000000003	40.743300000000005	41.018600000000006	41.225200000000001	41.500300000000003	41.775500000000008	41.982000000000006	42.257500000000007	42.464100000000002	42.739300000000007	43.014900000000004	43.221300000000006	43.496300000000005	43.771700000000003	43.978100000000005	44.253100000000003	44.528300000000002	44.7348	45.009799999999998	45.216300000000004	45.491700000000002	45.767000000000003	45.973500000000001	46.248400000000004	46.523699999999998	46.730200000000004	47.005700000000004	47.212300000000006	47.486700000000006	47.758300000000006	47.960000000000008	0	0	0	0	0	0	0	0	0	0	0	0	0	1.2624209567198179	5.8358378132118451	22.978251537585422	37.874926355353075	149.56397121116174	301.08459555760368	330.01184235132376	211.06381597887139	76.683716676940051	32.201927177511109	19.990973327103042	11.801575281990521	7.5681479676610754	1.6969189838226897	0.25165071074995443	1.6415170842824603E-8	0.15715433029612758	0.49707573605291955	1.7369228983249196	3.4496848269726028	6.6289453669724772	17.141777210255956	28.148979748778302	41.744815953683315	47.968371277881857	83.420757380278658	81.958833955643087	82.590162794554857	65.733286876117077	58.530907436153697	41.224317796810446	24.358068249984132	23.216920339308757	20.977598202969723	19.025560357282668	16.039404343973619	11.877054569368738	13.264530877472604	13.780042949375284	8.5368453986175119	5.3677502391304346	4.1736176387958714	2.9348623356164381	2.6433537943052392	1.7961513804100229	2.5112422677345538	3.2052897635944704	3.7722167816091954	2.4208938638896549	3.8721353708835617	2.7941136415525114	5.0508418627002287	4.2217492822631577	4.3035417442922377	2.8101237471871987	3.3286555592255125	3.0469948189066058	2.245169516856492	1.804388805694761	3.5497541553530754	3.0598112509132425	2.2686478310502283	1.900186666659039	3.0840709032665146	3.5850018029748285	2.2340203043478262	1.943109750645309	2.9905097954233404	1.6348748535469106	1.724621019737443	4.0392489086757992	6.9367624599542337	6.8730937780320369	10.891101839080461	8.4291195999587156	10.288037256564218	16.488751490255222	15.189477174831937	19.191667931804012	18.771037575797237	15.046667228923255	16.122902828570346	20.700183985307849	21.045262214245554	23.05205160582473	19.135593874907425	18.148382255301268	17.226404966166175	13.652707450921659	14.016108076675717	11.372074904114664	10.566658997999649	10.118495969314814	10.701558202448318	13.295639536470601	13.559894530537054	12.44793332270161	8.9414032892259829	10.594915615672779	6.6530000900539683	8.5587563537919316	10.386551632989764	12.070597575958113	11.080133304215455	11.576820936534334	10.594031135913612	14.543202951001449	14.371322969853654	12.520828993888513	8.586458244929327	9.336843801111856	10.863070137649956	12.570647164250373	13.477498360154977	12.766393154548018	14.660340222459137	13.215902481555208	10.783808652716855	11.993074423147871	11.306793719374999	12.194870618814541	13.964434345628607	13.691467365414349	10.272834628668427	11.473491184757506	11.471869959353119	15.25850431723803	10.765088683058687	10.441366031243597	15.313900852821105	14.21377045834789	14.047933231268798	9.5989814229322583	8.6894752314814809	9.85929497040412	9.1982644000369298	10.145455753456222	6.5526703997326434	6.8601594669241104	8.6577849248275847	7.7970429439465123	9.9833317199779561	8.5302579504220635	9.6692192873007095	7.8358757572137607	5.6830702958689638	5.8650258294216746	8.2340912543106306	9.1009398788158382	7.79993879905334	5.0803135200955856	6.9509950972413792	8.6247199515414703	6.1999526310867363	7.2699728088938667	9.4352900482643189	11.470860572925233	7.8361561062851841	7.0791588709302324	6.4100828093520601	5.5835790677511961	7.5295791823409202	7.0957955954683216	9.1055374404430847	6.7070877123939479	6.1964191988479271	6.5086703582052046	7.4566068481298853	7.3496588016499995	10.802742024779228	10.734412751761683	7.2469144572938662	8.3896595677146983	8.2389281817745736	9.2394918935066741	10.912119400095881	10.572796390701242	8.4105058588762134	8.9281067416705575	9.1948406171348616	8.9512128122163528	10.026272614100941	8.8262041060497403	7.2770833623136735	9.1656616327396954	9.6992730083928329	8.8860288576560968	11.108859768085139	Time (microsec)


Average contact prtessure (MPa)




Mesh X	-2.04	-1.7532570000000005	-1.5356690000000004	-1.2455500000000002	-1.0279600000000002	-0.73784000000000027	-0.52025000000000032	-0.23014000000000023	-1.2550000000000283E-2	0.27756999999999987	0.49515999999999993	0.71274999999999988	1.0028599999999996	1.2170799999999999	1.4929399999999999	1.7679099999999996	1.97349	2.2470300000000001	2.5205099999999998	2.7256400000000003	2.99878	3.2714400000000001	3.4757000000000002	3.7472399999999997	4.0186900000000003	4.2218999999999998	4.4954199999999993	4.76973	4.9758700000000005	5.2534900000000002	5.5266500000000001	5.7323000000000004	6.0061700000000009	6.2107799999999997	6.4820900000000012	6.7541100000000007	7.0269600000000008	7.232050000000001	7.5048700000000013	7.7771500000000007	7.9815000000000014	8.2544000000000004	8.5269000000000013	8.7314000000000007	9.0041000000000011	9.277000000000001	9.4816000000000003	9.7550000000000008	9.9604999999999997	10.234400000000001	10.507900000000001	10.713100000000001	10.986900000000002	11.2607	11.466000000000001	11.740400000000001	12.015300000000002	12.221300000000001	12.495600000000001	12.770600000000002	12.9762	13.251000000000001	13.525599999999999	13.731700000000002	14.0063	14.212	14.486499999999999	14.761500000000003	14.9678	15.243000000000002	15.517900000000001	15.724000000000002	15.998700000000001	16.273299999999999	16.479199999999999	16.753799999999998	16.960100000000001	17.2347	17.509699999999999	17.715600000000002	17.990199999999998	18.265000000000001	18.4712	18.745999999999999	19.021100000000001	19.227099999999997	19.501799999999999	19.776399999999999	19.982600000000001	20.2576	20.463799999999999	20.738699999999998	21.013300000000001	21.2193	21.493899999999996	21.7684	21.974599999999999	22.249499999999998	22.5243	22.7303	23.005000000000003	23.210699999999999	23.485799999999998	23.7608	23.966999999999999	24.241900000000001	24.5168	24.722799999999999	24.997499999999999	25.272199999999998	25.4785	25.753299999999999	26.028300000000002	26.234499999999997	26.509599999999999	26.715699999999998	26.9907	27.2653	27.471299999999999	27.746299999999998	28.021100000000001	28.227500000000003	28.502600000000001	28.7776	28.983799999999999	29.258699999999997	29.464500000000005	29.739200000000004	30.014100000000003	30.220300000000002	30.495200000000001	30.77	30.976199999999999	31.251099999999997	31.526199999999999	31.732400000000005	32.007500000000007	32.213800000000006	32.488900000000001	32.764000000000003	32.970200000000006	33.245400000000004	33.520500000000006	33.726800000000004	34.001400000000004	34.276400000000002	34.482700000000008	34.757900000000006	34.964300000000001	35.238700000000001	35.5137	35.72	35.995200000000004	36.270500000000006	36.4771	36.752200000000002	37.0274	37.233899999999998	37.5092	37.715700000000005	37.991199999999999	38.266500000000001	38.473000000000006	38.748400000000004	39.023900000000005	39.230100000000007	39.505299999999998	39.711800000000004	39.986900000000006	40.262000000000008	40.468400000000003	40.743300000000005	41.018600000000006	41.225200000000001	41.500300000000003	41.775500000000008	41.982000000000006	42.257500000000007	42.464100000000002	42.739300000000007	43.014900000000004	43.221300000000006	43.496300000000005	43.771700000000003	43.978100000000005	44.253100000000003	44.528300000000002	44.7348	45.009799999999998	45.216300000000004	45.491700000000002	45.767000000000003	45.973500000000001	46.248400000000004	46.523699999999998	46.730200000000004	47.005700000000004	47.212300000000006	47.486700000000006	47.758300000000006	47.960000000000008	0	0	0	0	0	0	0	0	0	0	0	0	0	1.2624209567198179	5.8358378132118451	22.978251537585422	37.874926355353075	149.56397121116174	301.08459555760368	330.01184235132376	211.06381597887139	76.683716676940051	32.201927177511109	19.990973327103042	11.801575281990521	7.5681479676610754	1.6969189838226897	0.25165071074995443	1.6415170842824603E-8	0.15715433029612758	0.49707573605291955	1.7369228983249196	3.4496848269726028	6.6289453669724772	17.141777210255956	28.148979748778302	41.744815953683315	47.968371277881857	83.420757380278658	81.958833955643087	82.590162794554857	65.733286876117077	58.530907436153697	41.224317796810446	24.358068249984132	23.216920339308757	20.977598202969723	19.025560357282668	16.039404343973619	11.877054569368738	13.264530877472604	13.780042949375284	8.5368453986175119	5.3677502391304346	4.1736176387958714	2.9348623356164381	2.6433537943052392	1.7961513804100229	2.5112422677345538	3.2052897635944704	3.7722167816091954	2.4208938638896549	3.8721353708835617	2.7941136415525114	5.0508418627002287	4.2217492822631577	4.3035417442922377	2.8101237471871987	3.3286555592255125	3.0469948189066058	2.245169516856492	1.804388805694761	3.5497541553530754	3.0598112509132425	2.2686478310502283	1.900186666659039	3.0840709032665146	3.5850018029748285	2.2340203043478262	1.943109750645309	2.9905097954233404	1.6348748535469106	1.724621019737443	4.0392489086757992	6.9367624599542337	6.8730937780320369	10.891101839080461	8.4291195999587156	10.288037256564218	16.488751490255222	15.189477174831937	19.191667931804012	18.771037575797237	15.046667228923255	16.122902828570346	20.700183985307849	21.045262214245554	23.05205160582473	19.135593874907425	18.148382255301268	17.226404966166175	13.652707450921659	14.016108076675717	11.372074904114664	10.566658997999649	10.118495969314814	10.701558202448318	13.295639536470601	13.559894530537054	12.44793332270161	8.9414032892259829	10.594915615672779	6.6530000900539683	8.5587563537919316	10.386551632989764	12.070597575958113	11.080133304215455	11.576820936534334	10.594031135913612	14.543202951001449	14.371322969853654	12.520828993888513	8.586458244929327	9.336843801111856	10.863070137649956	12.570647164250373	13.477498360154977	12.766393154548018	14.660340222459137	13.215902481555208	10.783808652716855	11.993074423147871	11.306793719374999	12.194870618814541	13.964434345628607	13.691467365414349	10.272834628668427	11.473491184757506	11.471869959353119	15.25850431723803	10.765088683058687	10.441366031243597	15.313900852821105	14.21377045834789	14.047933231268798	9.5989814229322583	8.6894752314814809	9.85929497040412	9.1982644000369298	10.145455753456222	6.5526703997326434	6.8601594669241104	8.6577849248275847	7.7970429439465123	9.9833317199779561	8.5302579504220635	9.6692192873007095	7.8358757572137607	5.6830702958689638	5.8650258294216746	8.2340912543106306	9.1009398788158382	7.79993879905334	5.0803135200955856	6.9509950972413792	8.6247199515414703	6.1999526310867363	7.2699728088938667	9.4352900482643189	11.470860572925233	7.8361561062851841	7.0791588709302324	6.4100828093520601	5.5835790677511961	7.5295791823409202	7.0957955954683216	9.1055374404430847	6.7070877123939479	6.1964191988479271	6.5086703582052046	7.4566068481298853	7.3496588016499995	10.802742024779228	10.734412751761683	7.2469144572938662	8.3896595677146983	8.2389281817745736	9.2394918935066741	10.912119400095881	10.572796390701242	8.4105058588762134	8.9281067416705575	9.1948406171348616	8.9512128122163528	10.026272614100941	8.8262041060497403	7.2770833623136735	9.1656616327396954	9.6992730083928329	8.8860288576560968	11.108859768085139	Mesh 2X	-0.52	-0.23325700000000005	-1.5669000000000155E-2	0.27444999999999986	0.49203999999999992	0.78215999999999986	0.99974999999999992	1.28311	1.4901599999999999	1.7650699999999999	2.03911	2.24437	2.51823	2.7919	3.0009399999999999	3.2759099999999997	3.4821200000000001	3.7565200000000005	4.03003	4.2351800000000006	4.508280000000001	4.7820500000000008	4.9872399999999999	5.26091	5.5348300000000004	5.7402600000000001	6.0137499999999999	6.2877200000000002	6.4930700000000003	6.7671600000000005	7.0411800000000007	7.2473100000000006	7.521300000000001	7.7955200000000007	8.0015199999999993	8.2758800000000008	8.4818099999999994	8.7564199999999985	9.0309699999999999	9.2372700000000005	9.5119999999999987	9.7868999999999993	9.9930999999999983	10.268000000000001	10.543099999999999	10.749499999999999	11.0246	11.2311	11.5062	11.781500000000001	11.9878	12.263	12.5382	12.7448	13.020000000000001	13.295399999999999	13.501900000000001	13.7774	13.984	14.259499999999999	14.5352	14.741900000000001	15.017500000000002	15.293199999999999	15.499899999999998	15.775600000000001	15.9824	16.258099999999999	16.533900000000003	16.7407	17.016500000000001	17.292200000000001	17.499200000000002	17.775000000000002	17.981900000000003	18.257500000000004	18.533200000000001	18.739899999999999	19.015700000000002	19.291200000000003	19.497900000000001	19.773300000000003	20.048600000000004	20.255300000000002	20.531000000000002	20.737600000000004	21.013400000000001	21.289000000000001	21.495800000000003	21.771500000000003	22.0471	22.253900000000002	22.529300000000003	22.7361	23.011900000000004	23.287600000000001	23.494300000000003	23.770000000000003	24.045800000000003	24.252400000000002	24.528200000000002	24.735100000000003	25.010900000000003	25.286700000000003	25.493600000000004	25.769400000000001	26.045300000000005	26.252100000000002	26.528000000000002	26.735000000000003	27.010900000000003	27.286800000000003	27.4937	27.769600000000004	28.0456	28.252600000000001	28.528500000000005	28.735500000000005	29.011300000000002	29.287100000000002	29.494000000000003	29.7698	30.0457	30.252600000000001	30.528500000000001	30.735400000000002	31.011300000000002	31.287100000000006	31.494100000000003	31.77	32.045900000000003	32.252800000000001	32.528700000000001	32.735700000000008	33.011600000000008	33.287599999999998	33.494500000000002	33.770500000000006	34.046400000000006	34.253400000000006	34.529400000000003	34.736300000000007	35.012300000000003	35.288200000000003	35.495200000000004	35.771100000000004	36.0471	36.254100000000001	36.530100000000004	36.737100000000005	37.013200000000005	37.289200000000001	37.496299999999998	37.772300000000001	38.048400000000001	38.255500000000005	38.531399999999998	38.738399999999999	39.014499999999998	39.290500000000002	39.497600000000006	39.773699999999998	39.980699999999999	40.256599999999999	40.532700000000006	40.739700000000006	41.015600000000006	41.291499999999999	41.498600000000003	41.7746	41.981700000000004	42.257900000000006	42.533999999999999	42.741	43.017100000000006	43.293000000000006	43.500100000000003	43.7761	43.983200000000004	44.2592	44.535200000000003	44.742400000000004	45.018500000000003	45.294600000000003	45.501600000000003	45.777600000000007	45.984700000000004	46.260899999999999	46.537000000000006	46.744	47.020100000000006	47.296199999999999	47.503300000000003	47.779400000000003	47.986500000000007	48.262600000000006	48.538800000000002	48.745800000000003	49.019100000000002	49.285100000000007	49.480000000000004	0	0	0	0	0	0	0	8.5029101446280997	61.446742741735541	254.25308560330578	241.92457628925618	130.54768874049589	22.228185903305789	0.38015892768595044	0.65683144958677686	1.9201449338842975	2.656747691735537	42.794955669417348	135.47537088491734	146.80698254752068	120.42701501033058	57.477410825826453	30.436452188016531	20.344540826466943	13.486564922066117	11.407204569297518	19.589994987190082	27.626172847107437	25.91270663202479	29.662860306673554	40.567423865289264	47.698215767394004	36.625210838677681	40.442571358636357	36.518692343842972	32.27092255495868	32.365506767148766	24.516477502272728	20.372663461983471	24.118170514090906	23.288437497024795	19.065770508057852	24.191641984710742	22.346614602685946	18.195952837809916	16.975708686051028	15.253421763043388	13.995996471446279	10.372679842438016	8.3623878928305793	9.1943134142886365	6.9586417429752059	5.5080619231404953	4.3009989462809912	3.1875181446280987	3.7213861702479343	2.8628067167355371	2.4531681954690079	3.4039248249999998	2.445575505165289	2.5661860235537195	2.5866232651033059	3.2740717157024797	4.1715963768595046	6.5664220163223135	5.3672910059917358	5.6353680370247927	6.8801838475206605	5.8628687706404952	9.577923460483472	7.6633970393471067	8.5738774328099172	10.110919660454545	10.21226316068182	11.795945703099175	7.7785097645454524	10.845324844752067	16.261857271487603	22.117008559297521	18.942139928305782	20.469523709504134	27.183252865909097	22.115520973553721	20.327165317706612	21.874104850826448	17.834176533264468	22.957933174793389	16.976844689648757	19.146874905632025	18.717296710950414	19.318799071198345	21.510641673698348	18.266840787396696	18.048657315971077	18.794061270582645	15.587623836074382	18.45378478030992	15.508222875123966	15.723444479752066	14.501703584504131	11.196986232438016	10.462568474132233	9.5553863144090876	11.585388962417355	10.657576795289256	12.346570443595043	9.8963759207851254	12.422672804710743	10.887740451632231	11.380399856466944	11.130062846900826	9.5852681517975213	7.7061784940909099	7.3383122528925622	7.2437089016528935	7.6376128315797542	7.6953068855371898	8.3349026710309921	12.31220463807851	11.512217204731405	11.513566679194215	12.684749765454544	12.82707629583884	10.986052358760329	10.607463757107439	11.204891496615703	8.9693883786652897	10.392053755805787	12.349564820528927	11.847586218636362	12.968637898595043	12.558211713636362	12.44752640268595	13.17643801516529	9.8391930183884302	10.174923835330578	7.7393884956611565	9.9694288147272712	7.2059088441528916	9.9386848795661162	11.385325951485536	11.199191886549585	10.224816319256197	9.2878829561776879	8.6689811742314049	9.544781259214874	6.9195827901384304	6.5818669767561975	8.9162068679338837	8.2571648396921482	7.3555371547520654	8.2962478829958677	8.1552798501239678	7.9421767883677701	6.8244699615289273	6.8089894446280992	5.6451109812727278	6.0255483452479339	5.5068198807851241	6.3012252694979338	6.2774402923553714	8.2371895124586771	8.7647221457768598	10.391768242975205	9.5736081268595026	10.541289155785122	8.9286645842975219	9.36078766603306	8.4650044533057844	8.2547816212809924	7.6970722969834711	10.625985446074379	9.2581120489173561	11.098554854834711	10.286273269762393	11.32150391511777	11.825761495020659	12.636920499729339	12.949440823146693	12.310540275208679	13.74806764328512	11.072805857231405	13.035830672107435	12.284956856404957	10.21081289109504	10.862237319958677	10.319415099008264	11.258995358471077	11.494023467148759	10.389821914669422	10.609490616024795	10.767914416942149	12.230409467768595	12.083942843181816	10.88156844679752	10.811466620371901	11.194027414066113	11.612372571797518	12.942263655971075	10.740966878099172	9.7995055362809929	Mesh 4X	1	1.2751410000000001	1.5295190000000001	1.7573430000000001	2.0074100000000001	2.2505600000000001	2.5051700000000001	2.7738399999999999	3.0333800000000002	3.2972600000000001	3.5643300000000004	3.7701099999999999	4.0457700000000001	4.2526700000000002	4.5281099999999999	4.8036799999999999	5.0103900000000001	5.2857600000000007	5.56067	5.7658100000000001	6.0372699999999995	6.3054299999999994	6.5029399999999997	6.7618100000000005	7.0190900000000003	7.2692900000000007	7.5076900000000002	7.7920100000000003	8.0099	8.2768300000000004	8.5561499999999988	8.79589	9.0510199999999994	9.3081900000000015	9.5021500000000003	9.7616600000000009	10.018840000000001	10.27322	10.530700000000001	10.792850000000001	11.056900000000001	11.2569	11.524800000000001	11.7921	12.058300000000001	12.258500000000002	12.523100000000001	12.7866	13.0509	13.315800000000001	13.517100000000001	13.789700000000002	14.0634	14.2705	14.5465	14.7536	15.029199999999999	15.305300000000001	15.512400000000001	15.788500000000001	16.064700000000002	16.271899999999999	16.548100000000002	16.755200000000002	17.031500000000001	17.304600000000001	17.511800000000001	17.7881	18.060300000000002	18.267400000000002	18.542100000000001	18.8093	19.006600000000002	19.255599999999998	19.555900000000001	19.7849	20.0137	20.299099999999999	20.529800000000002	20.759700000000002	21.050500000000003	21.2836	21.518900000000002	21.7636	22.011400000000002	22.257800000000003	22.512	22.766100000000002	23.022300000000001	23.279199999999999	23.534299999999998	23.788	24.040400000000002	24.290099999999999	24.537500000000001	24.7835	25.027700000000003	25.273900000000001	25.521200000000004	25.768300000000004	26.009100000000004	26.258000000000003	26.504300000000001	26.808200000000003	27.056900000000002	27.305	27.5517	27.794499999999999	28.033899999999999	28.269900000000003	28.504200000000001	28.797700000000003	29.036400000000004	29.275200000000002	29.515599999999999	29.757400000000001	30.059799999999999	30.302500000000002	30.549100000000003	30.794800000000002	31.0412	31.286300000000001	31.530700000000003	31.776	32.020299999999999	32.263200000000005	32.552800000000005	32.783900000000003	33.0077	33.296199999999999	33.535900000000005	33.773900000000005	34.011600000000001	34.253500000000003	34.557600000000001	34.799600000000005	35.039000000000001	35.277700000000003	35.516300000000001	35.753900000000002	36.051200000000001	36.287599999999998	36.522000000000006	36.755099999999999	37.050300000000007	37.292400000000001	37.535500000000006	37.772500000000001	38.009300000000003	38.303699999999999	38.536800000000007	38.767900000000004	39.053100000000008	39.278200000000005	39.501599999999996	39.780500000000004	40.003700000000002	40.283299999999997	40.508000000000003	40.790700000000001	41.017600000000002	41.300199999999997	41.524800000000006	41.803000000000004	42.0261	42.250700000000002	42.532500000000006	42.757900000000006	43.041499999999999	43.267500000000005	43.552100000000003	43.783200000000001	44.016500000000001	44.25	44.540100000000002	44.771500000000003	45.003900000000002	45.297200000000004	45.533400000000007	45.768999999999998	46.003100000000003	46.295400000000001	46.530900000000003	46.769000000000005	47.008800000000001	47.308300000000003	47.546500000000002	47.783499999999997	48.016100000000002	48.307500000000005	48.541699999999999	48.776699999999998	49.011700000000005	49.308500000000002	49.547200000000004	49.786099999999998	50.0259	50.269100000000002	50.514300000000006	50.758000000000003	51.000000000000007	0	6.9771575580268603	281.81514338842976	171.52970549586774	187.04049838842977	127.71547708677686	211.67815696280991	107.34362496487603	166.40317066115702	78.143688820247931	120.44891460123966	75.350120809710745	82.327272776859502	60.184096725206615	85.455037729338841	66.011114963636373	54.758024422107432	72.242886315289255	59.681935836776859	54.058708221074383	59.97518167355372	69.628215847107441	52.968250289256197	60.66855473140496	61.910238285123967	55.466977727272727	49.115347892561985	53.650133181818177	48.074959256198348	41.964548966942147	44.085046363636366	39.776406053719008	35.423446545454546	30.954284987603305	33.664666074380165	27.213750392561984	21.748748665289256	20.094958126033056	18.510032878099175	8.8821347582644634	9.0048289421487606	8.3557127417355375	3.5429256409380159	2.6004071066033063	2.6955488330619835	1.330341893966942	0.81527980800743804	0.90996817433884303	0.43168073621281	0.34072107935950413	0.2689684048140496	0.16451210297107435	0.13996138710743802	0.24080983196280989	0.15454486287190081	0.49086930035123966	0.50543791845041319	0.42495805165289258	1.1378450828512396	1.2513212842109502	2.3577455276446284	4.3643175786157027	4.0153062551239671	5.0890837969834699	6.3858600777685961	8.8705176524793394	8.0237078435743818	10.408139130516529	8.9958248350413221	10.336196900000001	10.967229470330578	12.167947151859503	14.290129023037188	14.194882760826449	13.515982849917355	14.911434457644631	15.619372764256198	13.44444286969008	14.121523081776861	12.674349816322316	11.763396350826445	11.122886563037191	10.311494869163223	8.8998592803512402	8.9177425564256172	8.7052169985743806	7.0348010516528925	7.0273156617768606	6.2984803433884293	5.1927108336157026	4.2646718786157027	3.7804443624173558	3.2941851453491742	2.8400888521347007	2.2081866653719007	2.422048987603306	1.7649245134297524	1.8946335692768594	1.4700642503760328	1.4720776283057848	1.3293484127685951	1.703329554173554	1.5223073290805784	1.6465096985537191	1.2393191425190084	1.7383819751797522	1.7702774776859502	1.7751033207231404	2.5380551080165294	2.5919627978099173	2.3141462480165287	3.3139515791115706	3.2016299342148757	4.5041860628326456	3.6855220876033061	4.6255060323780981	5.4510552023347092	5.2647387920867761	5.3930694301859505	6.0478762418388428	5.7036499350206613	6.4781443894194215	6.1975021774070251	6.2573869482231412	6.4654830051528922	6.7932413888429748	6.8012563594214877	7.0422592190702478	5.5368867861570248	6.4350728669235533	5.6485121202479327	5.7926281708677694	5.2205898584710742	4.8767959096487603	4.3171444915289259	3.8531826068801651	3.6940021287603306	3.3709254413946281	3.0444798842293381	2.1637909324586779	2.6060958295619834	2.5541585011694212	2.0926859085061982	2.1871841752789258	1.5859222696900828	1.4267201748553717	1.4236956149896696	1.6331457470433883	1.4784631848760332	1.3479638138347108	1.5979305705309921	1.5837241932231407	1.5242490961859498	1.6714441996880167	1.7995350649359512	2.1751623823553721	2.771883163626033	3.2441545388739672	3.2226907179198352	3.6111227763016518	4.2049427059049584	4.7425156985123964	4.9552049450413218	5.0834840979958669	5.6871612655991735	5.731582516359504	6.1795028885537189	6.3669666447933881	6.4626520167768584	7.4304773150413226	6.8351331460330575	7.506127780181818	7.0204571933677693	7.5130352471900821	7.1515536103305788	6.866268565557851	6.4621183938016529	7.2955378512190077	6.8363630336570242	6.5775548164607427	6.5770037362396696	6.3413429607438019	5.6704387166115708	5.4997409927685954	5.714576354586776	4.2420467870041314	4.8272059599173556	4.0625858397314047	4.3904482000413223	4.1180639814256201	3.7964356943388435	3.4079555821900822	4.0207711086776854	3.3275018245247936	3.6111102940082644	3.7214549202479335	3.5989426097933883	3.7111039104958685	3.8701506929752063	4.0825245986363639	3.987218506818182	Fine mesh-biased discretisation	1	1.2604	1.5061279999999999	1.7522489999999999	2.0103200000000001	2.2563500000000003	2.5090599999999998	2.7551700000000001	3.00325	3.2514099999999999	3.5052300000000001	3.76227	4.0040899999999997	4.2558699999999998	4.5021300000000002	4.7638300000000005	5.0047900000000007	5.2513899999999998	5.51403	5.7610200000000003	6.0064900000000003	6.2514700000000003	6.5104699999999998	6.7549900000000003	7.0188300000000003	7.2571300000000001	7.5201000000000002	7.7518200000000004	8.0089400000000008	8.2632499999999993	8.5025499999999994	8.7589900000000007	9.0225100000000005	9.2640400000000014	9.5208300000000001	9.7575000000000003	10.001010000000001	10.25079	10.52176	10.768129999999999	11.020100000000001	11.266500000000001	11.513199999999999	11.7661	12.0031	12.2613	12.522500000000001	12.768599999999999	13.014000000000001	13.256400000000001	13.520100000000001	13.754000000000001	14.005800000000001	14.259300000000001	14.521599999999999	14.7659	15.010400000000001	15.272900000000002	15.501700000000001	15.772399999999999	16.002800000000001	16.262799999999999	16.519399999999997	16.773	17.0059	17.264800000000001	17.522400000000001	17.754300000000001	18.005400000000002	18.258700000000001	18.515300000000003	18.764000000000003	19.0045	19.261900000000001	19.521699999999999	19.758099999999999	20.004200000000001	20.260300000000001	20.509900000000002	20.761800000000001	21.000000000000004	0	1.2010576669421487	120.34447582644628	123.58660537190083	128.19579999999999	82.402356611570255	138.34199070247934	123.27130847107439	102.87683078512397	122.88719256198347	107.47111900826447	91.97937677685951	88.726882210743796	88.400781942148754	71.904295413223153	74.637308595041318	66.455686611570243	65.202806301652899	61.694495785123969	60.06424227272727	60.346112520661158	58.543687417355372	60.706775247933884	56.975188698347104	60.845183677685952	57.800685475206613	56.730450413223139	57.791898140495867	52.064471694214873	49.869014049586781	48.587008471074377	46.146626033057856	41.915911983471076	40.690086570247935	37.72025	35.311073698347109	32.623882024793389	28.825248388429753	24.702106632231402	20.708575165289258	17.245105661157023	13.478978099173553	10.410350929752067	7.1278628719008266	4.972978555785124	3.2826402107438017	1.9604074200413222	1.1873462004855371	0.70469349427016525	0.44275268187975186	0.26800689931900823	0.14515620268181822	8.4423193153842946E-2	7.4507285855578531E-2	4.6882374108471063E-2	3.5131142151198363E-2	2.459274086570248E-2	5.5191915497933869E-2	9.7710953588078561E-2	0.21593323996280986	0.45681370207789251	0.94455159952479328	1.6806227990702471	2.777301481349173	3.5539958605068178	4.7012000013388437	5.9376831150888441	7.2103992396268577	8.201302548122726	10.253914142045456	11.432925424627273	13.393377100798762	14.94637559314979	16.899961399772724	17.522641471900826	17.950316131466945	17.825129405456615	18.084987729834712	17.525545279958678	16.461442621900826	16.150036588842976	Time (microsec)


Average contact prtessure (MPa)
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