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The resistance to crack formation induced by gravel impacts on laminated glass windshields is a crucial issue for windshield manufacturers. It is proposed to study the star crack formation on polyvinyl butyral (PVB) laminated glass by designing a new highly-instrumented device that can break the glass under dynamic loading. The set-up is composed of a spring-loaded projectile that mimics a gravel momentum and an input bar equipped with strain gauges, whose end is an indenter initially in contact with the laminated glass sample. A synchronized high-speed camera allows for the observation of the crack growth. A unidimensional model introduces the local non-linear behavior of the indented zone.

Crack monitoring synchronized with the Force and Velocity measurements are presented. Live-indentation depth measurements are performed. Experimental results are used in a dynamic simulation to analyze the non-linear damage behavior under the indenter tip. Dynamic and well-instrumented indentation experiments on the laminated glass are performed to investigate the star-shaped crack formation and describe the indented zone. This work is a prelude to the crack length prediction on windshields submitted to gravel pitting.

Introduction

Laminated glass is an ideal material for automotive applications. Nowadays, it is chosen for the vast majority of windshields in vehicles like cars or trains for instance. The transparent composite structure of a laminated glass plate allies the sti rigid glass material with a soft and visco-elastic polymeric interlayer.

The materials and the adhesion between the layers have been engineered to sustain large strains after glass breakage, insuring the user safety by preventing large glass chip ejection during an impact.

Resisting smaller impacts like graveling is also at stake for such glazing. A sharp glass indentation is rarely avoided during an impact, and sometimes a crack appears. Many parameters may drive this breakage, including the projectile mass and speed, its geometry, or the laminated glass characteristics (adhesion of the plies, geometries, thicknesses) [START_REF] Grant | The damage threshold of laminated glass structures[END_REF]. Therefore, minimizing the defect size during low-velocity impacts is a priority for windshield manufacturers since parts that are locally damaged on the external glass layer can be repaired if the crack extension is not too large. The existing norms in the domain concern the repair conditions of a windshield (e.g. norm NF R19-601 [START_REF] Afnor | Préconisation pour la réparation des vitrage automobiles[END_REF]) that depends on the critical crack length and its location on the windshield. There are no dened construction standards for glass manufacturers, but they have created their resistance criteria to exhibit their product performances, with, for instance, a series of repetitive indentation tests characterized by empirical damage criteria.

Various crack patterns may be observed during graveling, such as Hertzian cone or star cracks, for which crack branches are critical defects as they may grow under quasi-static sub-critical loads: e.g. glass residual stresses, aerodynamic load, car body deformations, thermal stresses due to temperature variations. This damage geometry is rst constituted of a local sub-millimetric indentation caused by the sharp indenter on the glass surface, then completed by branching of selected radial cracks that propagated due to orthoradial stress in the glass ply. The poly-vinyl butyral (PVB) layer and the inner glass ply, which remains undamaged at the end of a typical gravel impact, play a role in the nal crack geometry.

The behavior of thin glass or laminated glass plates under the low-velocity impact of small projectiles has been reported in the publications [START_REF] Behr | Structural behavior of architectural laminated glass[END_REF][START_REF] Ball | On the low velocity impact behaviour of glass plates[END_REF][START_REF] Grant | The damage threshold of laminated glass structures[END_REF][START_REF] Sun | Modeling of Stone-impact Resistance of Monolithic Glass Ply Using Continuum Damage Mechanics[END_REF][START_REF] Chai | On the mechanics of fracture in monoliths and multilayers from low-velocity impact by sharp or blunt-tip projectiles[END_REF][START_REF] Vandenberghe | Star-shaped crack pattern of broken windows[END_REF][START_REF] Gross | Vickers indentation cracking of ion-exchanged glasses: Quasi-static vs. dynamic contact[END_REF][START_REF] Cleary | Characterization and quantication of in-service windshield fracture mechanisms and evaluation of laminate sharp impact resistance as a function of construction[END_REF], where authors analyzed the live crack formation, performed postmortem analyses, and designed specic devices to reproduce such impacts in a controlled way. It can already be observed that the projectile impact angle and velocity are important parameters for the star crack appearance on the laminated glass sample: for an identical loading, a star crack is formed for thin plies, but a conical mark appears on the surface of thick plies. Examining the angle of incidence during the test revealed that only the normal components are involved in the damage [START_REF] Grant | The damage threshold of laminated glass structures[END_REF][START_REF] Cleary | Characterization and quantication of in-service windshield fracture mechanisms and evaluation of laminate sharp impact resistance as a function of construction[END_REF]. Such methods can be extended to many dierent glass compositions as ion-exchanged glass or borosilicate glass. The median crack evolution in strengthened glass can also be at stake because when it reaches a critical depth, the ply breakage in the whole thickness cannot be avoided. This has been observed via X-ray observations [START_REF] Kang | Crack nucleation and growth during dynamic indentation of chemically-strengthened glass[END_REF].

Many models have been proposed concerning the indentation of laminated glass windscreens. Dierent approaches are reviewed and the results regarding the crack evolution and the brittle material response are compared [START_REF] Wang | A comparative study of numerical modelling techniques for the fracture of brittle materials with specic reference to glass[END_REF]: nite element modeling (FEM) [START_REF] Sun | Modeling of Stone-impact Resistance of Monolithic Glass Ply Using Continuum Damage Mechanics[END_REF][START_REF] Sun | Modelling of the failure behaviour of windscreens and component tests[END_REF][START_REF] Peng | Finite element modeling of crash test behavior for windshield laminated glass[END_REF][START_REF] Chen | Finite element modelling of impact damage in polyvinyl butyral laminated glass[END_REF] using cohesive zone models [START_REF] Chen | A three-dimensional computational framework for impact fracture analysis of automotive laminated glass[END_REF][START_REF] Gao | Intrinsic cohesive modeling of impact fracture behavior of laminated glass[END_REF][START_REF] Prasongngen | Improvement of windshield laminated glass model for nite element simulation of head-to-windshield impacts[END_REF], extended nite element modeling (XFEM) [START_REF] Xu | Investigation of dynamic multi-cracking behavior in pvb laminated glass plates[END_REF], the mixed nite-discrete elements [START_REF] Wang | Simulating the impact damage of laminated glass considering mixed mode delamination using FEM/DEM[END_REF][START_REF] Chen | Parametric analyses on the impact fracture of laminated glass using the combined nite-discrete element method[END_REF], and peridynamics [START_REF] Lai | A non-ordinary statebased peridynamics modeling of fractures in quasi-brittle materials[END_REF][START_REF] Wu | An ordinary state-based peridynamic modeling for dynamic fracture of laminated glass under lowvelocity impact[END_REF]. However, most of these studies focus on the head-form or hard-body blunt impacts and the fragmentation of the laminated windshields.

Concerning graveling, few measurements are realized directly on the indenter itself except for its speed. In the present study, a new device named blowpipe is introduced to replicate conditions met for stone impacts, leading to similar crack patterns. This device is designed to measure both force and velocity, with a high time resolution, during the impact on the laminated glass sample. The measurement principle is inspired by the Kolsky-Hopkinson method [START_REF] Hopkinson | A method of measuring the pressure produced in the detonation of high explosives or by the impact of bullets[END_REF][START_REF] Kolsky | An investigation of the mechanical properties of materials at very high rates of loading[END_REF], with strain gauges positioned on an input bar. Additionally, a synchronized high-speed camera is used to monitor the star crack formation on the laminated glass. Simulations will help the understanding of the damaged glass local behavior, comparing the results obtained via a numerical mechanical model to the measured experimental data.

Laminated samples with a PVB interlayer or at glass samples behavior are investigated. The blowpipe experimental device will be introduced in section 2, the experiments and results explored in section 3. The exact loading history on purely elastic and elasto-plastic numerical models will be compared to the experimental data in section 4, which will lead to a local characterization of the impacted glass ply under the indenter tip. Finally, section 5 will draw some conclusions.

Experimental set-up

Experimental device

The experimental device is inspired by a car manufacturer's test for gravel impact resistance on windshields. Many impacts are performed on a large laminated glass plate, and the critical size of the defect and its occurrence regarding a large number of impacts determines whether the laminates pass an empirical criteria.

These tests use cylindrical steel-made projectiles with a cone-end. The cone tip has a 20 µm curvature radius and is made of synthetic diamond. The projectile velocity range is 3 to 8 m/s.

As shown in Fig 1, the projectile is split into two: an impactor hits an initially static input bar (in the spirit of a Hopkinson-Kolsky test bench [START_REF] Kolsky | An investigation of the mechanical properties of materials at very high rates of loading[END_REF]) whose end is the indenter resting on the sample surface. An aluminum frame supports the 15 cm long pipe. Inside the tube, the impactor is initially retained via two balls. Then a spring is compressed between the impactor and a steel spacer, ending with a cell force. The cell force gives the initial static force in the spring. A compressed air intake pushes the balls aside during the release phase and clears the way out to the impactor. After a 5 cm stroke, the impactor hits the indenter, only guided on 3 mm at the pipe extremity to avoid undue friction from the tube. The steel-made projectile mimics the gravel mass and velocity. The stored elastic energy in the spring is converted into kinetic energy to estimate the impactor velocity from the cell force measurement.

A PMMA frame, whose dimensions are identical to the laminated glass plate, supports the sample. The width of the sides is 5 mm, which enables the plate to bend under the indenter during an impact. The choice of PMMA as the frame material does not interfere with the global compliance of the bending laminate during the rst tens of microseconds of the experiment. The key property is that the surface of the laminate, opposite to the indenter, must be a free surface to help the star-crack to be formed. i.e. a tension of 2.5 mV).

Elastic wave propagation

The uniaxial wave propagation hypothesis in the indenter cylindrical body

gives the following momentum equation on the cylinder axis, i.e. x-axis

∂σ ∂x = ρ ∂ 2 u x ∂t 2 (1) 
where σ is the axial stress, u x the displacement along x, t the time and ρ the density. To perform a Hopkinson bar experiment analysis, the indenter is considered to remain elastic through the whole test, so that the elastic behavior σ = E∂ x u x , with E the Young's modulus, is introduced in eq (1)

∂ 2 u x ∂t 2 = c 2 ∂ 2 u x ∂x 2 (2) 
with c = E/ρ the elastic tension-compression waves celerity in the indenter.

The general solution of equation ( 2) is

u x (x, t) = f (x -ct) + g(x + ct) (3) 
where f is a wave propagating through x > 0 and g through x < 0 [START_REF] Meyers | Dynamic behavior of materials[END_REF]. The instantaneous material velocity in the cross section is

v x (x, t) = ∂u x (x, t) ∂t = c (-f ′ (x -ct) + g ′ (x + ct)) (4) 
considering small strain assumption |∂ x u x | ≪ 1.

Lagrange diagram

The Lagrange diagram allows the determination of the 1D velocity and stress in the bar from the gauge strain measurement. In the diagram, constant values are represented by straight lines of absolute slope c. The impedance z can be introduced in the equation

d(σ + zv x ) dt = ∂(σ + zv x ) ∂t + ∂(σ + zv x ) ∂x dx dt = 0 (5) 
leading to z = ∓ √ Eρ in both ways dx/dt = ±c. Therefore, the stress and velocity are computed at the gauges location, considering the system at rest initially: σ(x, t = 0) = 0 and v x (x, t = 0) = 0.

To measure the stress and velocity at the indenter, at a distance ℓ from the gauges, the waves information is transported at the cone bottom where the 1D propagation hypothesis is still available. The stress σ(x = ℓ, t) and velocity

v x (x = ℓ, t) can be expressed ∀t > (L + ℓ) /c σ(0, t + ℓ/c) + zv x (0, t + ℓ/c) = σ(ℓ, t) + zv x (ℓ, t) σ(0, t -ℓ/c) -zv x (0, t -ℓ/c) = σ(ℓ, t) -zv x (ℓ, t) (6) 
The 

Synchronization between the high-speed camera and the gauges

The trigger adjustment requires a high accuracy in dynamic experiments, as high-speed phenomena are occurring and need to be apprehended. On the device, the high-speed camera benet from a 200 ns aperture time, and the gauges sampling is 5 MHz, so it is aimed to synchronize the data with a 0.1 µs uncertainty with the descending signal on an upper site gauge at a level of -0.2 V. That 5 V trigger signal is also plotted over the gauge signals. It allows for the synchronization of the time zero of the camera with the zero of the strain gauges.

The excellent synchronization between the measurement devices is shown in gauges. This gray-level evolution can be measured thanks to side lighting that is reected in the camera lens with the occurrence of the crack, as further explained in section 3.2.

Impact velocity range

Tests on 1.6 mm thick soda-lime glass plies are carried out to determine a link between the rst peak velocity of the indenter extremity and the initial experimental data, allowing one to predict the peak velocity from the spring loading. The results are strongly dependent on the impacted sample response to the dynamic loading and may also vary with the friction in the tube, the fast crack formation on glass right under the indenter tip, or the initial position of the indenter on the glass surface. However, the bench is deemed reliable, with results matching the linear regression with a 74% accuracy.

Reproducibility

The The choice of representing only the three rst velocity peaks (i.e. 60 µs) is justied experimentally, as the radial growth of the branches of a newly formed star crack on a laminated glass sample becomes negligible after these three periods.

3. Experiments and results

Monitoring a star crack formation on laminated glass

An instrumented impact is performed on a laminated glass plate. (left part of the image) is due to an in-plane/in-depth competition during crack growth under mode I + III [START_REF] Lazarus | Propagation de ssures en mode mixte (i + iii) ou (i + ii + iii)[END_REF]. Finally, the iridescent marks are caused by the thin air gap conned right beneath the glass surface during the unloading phase.

Through-thickness observation on free-bending sample

Through-thickness measurement is also performed to measure the crack depth evolution. In this experiment, a free-bending laminated glass sample movement is captured, and the crack growth under the indenter tip is moni- place when the crack tip has reached up to half the glass ply thickness beyond which the bending of the laminated induces tensile stress. This is in accordance with the already known eect of the impacted glass ply thickness on the gravel impact resistance [START_REF] Grant | The damage threshold of laminated glass structures[END_REF]. During the decreasing phase of the second peak, slower secondary crack growth is also observed (Fig 8(d-f )).

A previous study [27] reported the observation of crack growth through the thickness of the stack with the same camera. On the rst frame in 

Simulation results

The imposed force and velocity on the glass sample are determined from strain history measurements by using a Lagrange diagram. These measurements are representative of the indentation behavior during the experiment. Hence, it

is not yet possible to conclude about the damage zone behavior as the measured signal does not only depend on the response of the impacted sample but is also sensitive to the boundary conditions, the sample geometry, the material, or the damage evolution. In order to identify the behavior of a locally damaged zone at the glass surface, the use of dynamic simulations is proposed to interpret the measurements as a response of the local damage created on the glass ply.

𝐹 "#$%&'

Local damage [START_REF] Afnor | Préconisation pour la réparation des vitrage automobiles[END_REF] visco-elastic laminated glass plate ( The rst step is the realization of visco-elastic dynamic simulations to obtain the damage-free response under the same impact loading. To do so, the set-up geometry is reproduced in the Abaqus ® CAE solver via a dynamic ex- plicit scheme, introducing its steel-made cylindrical body down to the diamond indenter. The tip is in contact with the glass surface, modeled as an elastic material, respecting the normal incidence between its revolution axis and the plate surface. The sample support conditions of the experiment are reproduced.

The dierent parts and their characteristics are reported in Table 1 The displacement obtained at the bottom of the cone with the plastic model (U ep ) matches the experimental results (U x ), meaning the model allows to repli- cate the correct experiment kinematics.

Conclusion

This paper introduces a newly designed device to analyze the star crack formation via dynamic indentation on laminated glass. The input force and velocity are measured close to the damaged surface of the sample and synchronized with ultra-high-speed camera imaging, with a few tens of microseconds uncertainty.

Depending on the camera location, one may also measure the median crack in-depth propagation before the radial branches appearance. The dierence be- 

Fig 1 :

 1 Fig 1: Blowpipe set-up: a steel-made indenter with diamond Rockwell tip is instrumented as a mini-Hopkinson bar with strain gauges.

  The crack evolution is fully monitored via a Shimadzu ® HPV-X2 camera at a 1 Mfps minimum frame rate. Its focus on the known impact location can be well adjusted before the experiment. Moreover, the xed indenter is instrumented with two pairs of strain gauges. Gauges of the same pair are glued on both sides of the cylinder. Two sites can be distinguished: the upper site (labeled `A' in Fig 1b), closer to the contact with the impactor, and the lower site (`B' in Fig 1b), close to the cone and the glass surface. The strain uncertainty is estimated at 1.6×10 -6 (i.e. 0.7% of the maximum deformation,

  gauges position are shown in Fig 1b. The reference position (x = 0) is the lower site (labeled `B'). The upper site (labeled `A') is placed at a distance L ≈ 35 mm from the reference, and the cone bottom is distant from ℓ ≈ 10 mm from `B'.

Fig 2 .

 2 Fig 2. The local standard deviation of the gray level under the diamond tip of the indenter, corresponding to the median crack evolution in the thickness of the glass ply, is correlated to the tip displacement measured via the strain

Fig 2 :Fig 3 :

 23 Fig 2: Standard deviation of the gray level (dashed line) under the indenter tip, together with the measured displacement of the indenter cone (solid line) at the same instant. The gray level change under the indenter is shown in Fig 8.

Fig 4 :

 4 Fig 4: Superimposed force (N) and velocity (m/s) for four impacts on at soda-lime glass samples. No bending of the sample is authorized, and the initial load in the spring is close to 25 N.

Fig 5 :

 5 Fig 5: Force (□) and Velocity (⃝) measurements at the indenter tip.

Fig 6f illustrates the

  Fig 6f illustrates the crack after the impact. A small comminuted zone, measuring about 600 µm, can be observed at the impact point location. The six radial cracks are also visible in the picture. The darker zone of the radial crack

Fig 6 :

 6 Fig 6: Captured crack evolution on laminated glass. The time steps are represented with black vertical lines in Fig 5.

  tored. The force and velocity signals of the experiment (Fig 7a) are synchronized with the measured crack depth and width evolution (Fig 7b). The throughthickness evolution of the impacted soda-lime glass ply is shown in Fig 8(a-c) and corresponds to a bright zone under the indenter. Until reaching the apex of the rst velocity peak, the crack grows in depth up to 0.8 mm, which is half the external glass ply thickness. Then, a fast crack growth occurs: it propagates through the whole glass thickness, and its radial growth rate approaches 1000 m/s (cf Fig 7b). This fast propagation phase of the crack may only take

Fig 7 :Fig 8 :

 78 Fig 7: Through thickness crack evolution. (a) Force (□) and Velocity (⃝) measurements at the indenter tip. (b) Crack depth (□) and in-plane width (⃝).

Fig 9 :

 9 Fig 9: Through-thickness crack evolution from [27] of a free-bending laminated glass plate composed of 1.6 mm and 2.1 mm thick glass plies interleaved by 0.76 mm of PVB. The crack is evolving vertically it grows faster after reaching half the ply thickness. The impact energy of the 3.2 g sharp indenter is estimated at 35 mJ.

Fig 10 :

 10 Fig 10: Indenter and laminated glass scheme. The whole blowpipe is composed of three elements in series: (1) The indenter, which is instrumented via strain gauges to assess 1D stress and velocity in its cross-section. (2) Small local non-linear volume between the indenter and the sample. (3) The laminated glass plate, without the damaged volume (2), remains visco-elastic during the experiment.

Fig 11 :

 11 Fig 11: Blowpipe simulation in Abaqus ® CAE software. The imposed impact load is represented on the curve and applied on the top surface of the indenter. A sectional view of the bottom of the cone and its contact with the glass surface is represented in the top right-hand corner.

  experimental device. Therefore, the steel-made body cylinder is 60 mm long and has a 2.5 mm radius. The indenter ends with a 200 µm curvature radius diamond set initially on the glass surface. The layer thicknesses of the 100×100 mm 2 plates are respectively 1.6, 0.76, and 1.1 mm from top to bottom. The free bending is ensured by a rigid plane contact of 5 mm from the edges. The force measured at the top of the input bar, at the contact section hit by the impactor (see force and contact in Fig 11), is imposed. The displacement U e of the bottom of the cone is obtained via the simulation (Fig 12a). The dierence at the cone bottom between the experimentally measured displacement U x and the simulated one U e gives the indentation δ.

Fig 12 :

 12 Fig 12: (a) Displacement and indentation evaluated at the bottom of the cone. (b) Average eective behavior of the local zone under the indenter. The experimental force is plotted versus indentation depth. The identied behavior (b) is implemented as a plastic law of the local damage zone, allowing the measurement of a new displacement of the cone bottom Uep.

  tween the experiment and the linear visco-elasto-dynamic simulation leads to an adequate unidimensional elasto-plastic description of the conned damage for such dynamic indentation. The numerical model completes the study by giving the penetration of the indenter in the glass, that is an important parameter, seldom given because hardly measurable in dynamic indentation experiments.Even if the device geometry is quite dierent from a true gravel impact, considering the indenter large-scale geometry and stiness, the initial velocity and the projectile mass and size are close to real gravel dimensions. Thanks to these quantitative measurements on the star crack formation, it is possible to determine the behavior of the locally damaged laminated glass and potentially see the inuence of various parameters, such as the ply geometry or the material, on the damage size and dissipated energy. Device improvements could be considered by adding a local measurement of the deection on the opposite side of the sample to directly assess the experimental indentation and compare it with the visco-elastic simulation results.

Table 1 :

 1 . It contains the data used in the simulations for the steel-made indenter and its diamond tip, the glass and PVB material. The parts geometry replicates the PVB Prony series (at 25°C) in the time domain, with the amplitudes g i , the characteristic times τ i , and G(t) = G 0 (1 + g i exp(-t/τ i ) the shear modulus: Constitutive parameters used in the simulations.

	Parameters	Glass PVB Steel Diamond Damage Units
	Density	2500	1000	7850	3500	2500	kg/m 3
	Young's modulus 70	1	200	1050	70	GPa
	Poisson ratio	0.23	0.49	0.3	0.1	0.23	-
		(0.10690, 1e-04)	(0.09720, 1e-03)	(0.08748, 1e-02)
	(g i ,τ i )	(0.01940, 1e-01)	(0.00583, 1.0)	(0.00107, 1e01)
		(0.00078, 1e02)	(0.00058, 1e03)	(0.00032, 1e04)
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