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Abstract: Due to the brittleness, monolithic glass may fracture under impact, resulting in catastrophic
sequences. The combined finite-discrete element method, i.e., FDEM, is employed to investigate both
the oblique and the perpendicular impact failures of monolithic glass parametrically, particularly
the soda-lime glass. Using FDEM, glass is discretised into discrete elements where a finite element
formulation is incorporated, leading to accurate evaluation of the contact forces and structural
deformation. Following the basic theories of the FDEM, a cohesive Mode I fracture model of glass is
briefly introduced. Numerical examples are given for the verification of the employed fracture model
and the applicability of the FDEM, and comparisons have been made against the computational and
experimental results in the literature. The investigated parameters include the impact velocity, the
impact angle, the material properties of glass, etc. The obtained results not only revealed the impact
fracture mechanism of soda-lime glass but also provided guidance for its design and manufacturing.

Keywords: glass; impact; fracture; parametric study; combined finite-discrete element method

1. Introduction

Glass has been increasingly used as load bearing as well as non-load bearing members
in engineering due to its transparent appearances and appealing functions. Among all of
the glass types, the soda-lime-silica glass is the most prevalent, and its typical composition
is 70% SiO2, 10% CaO and 15% Na2O [1]. However, these glass components are brittle
and vulnerable to impacts [2]. Under an impact action, glass may fracture into pieces,
resulting in catastrophic sequences. Moreover, the flying shards threaten the users greatly
and may injury them seriously. Thus, the impact fracture and the post-failure behaviour
of glass have attracted growing attention from both the academic and the engineering
communities. Endeavours have been made to examine the impact failure of glass for a
long time. Early experimental work can be traced to 1920s when Preston [3] revealed that
the breakage behaviour of annealed glass is directly related to the appearance of fracture
surfaces. This opinion was further backed by Shand [4]. Baird [5] performed a test with a
high-speed camera and investigated the stress waves travelling in a glass rod. Hu et al. [6]
provided test data for the spherical hard impact fracture of a rectangular glass plate with a
polycarbonate backing. Kozłowski [7] presented experimental results on glass balustrades
subjected to soft double-tire impact in both the intact and the post-failure (with one glass
ply damaged) states. The acceleration of the projectile, stress in glass, and the displacement
of balustrades were revealed.

To record the impact fracture processes of glass, high-speed cameras and sensitive
sensors are necessary. Further, experiments are expensive and not easy to perform. In

Buildings 2022, 12, 271. https://doi.org/10.3390/buildings12030271 https://www.mdpi.com/journal/buildings

https://doi.org/10.3390/buildings12030271
https://doi.org/10.3390/buildings12030271
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0003-4778-7683
https://orcid.org/0000-0003-0042-8448
https://orcid.org/0000-0001-6854-511X
https://doi.org/10.3390/buildings12030271
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings12030271?type=check_update&version=4


Buildings 2022, 12, 271 2 of 20

view of this, numerical simulations have become popular. Among all of the computa-
tional approaches, the finite element method (FEM) and the discrete element method
(DEM) are the most commonly used. Repetto et al. [8] presented an FE model to eval-
uate the radial cracking in glass rods, allowing for the crack initiation and propagation
in a tension-shear cohesive fashion. Sun et al. [9] implemented a continuum damage
mechanics (CDM) model into the commercial FEM package ABAQUS to solve the im-
pact fracture behaviour of glass plies, and the resistance of glass subjects to stone impact
was investigated. Grujicic et al. [10] proposed an impact material model considering the
high-strain-rate and high-pressure for soda-lime glass, and the model was embedded into
the ABAQUS/Explicit. With the developed model, edge-on impact (EOI) on soda-lime
glass with a spherical projectile was simulated. In Mohagheghian et al. [11], the responses
of chemically strengthened laminated glass window plates subjected to low velocity soft
impacts were simulated with ABAQUS/Explicit, showing the energy absorption and peak
force reduction. In Kozłowski et al. [12,13], 3D numerical studies on the behaviour of
glass subjected to hard-body impact using ABAQUS were performed, reproducing the
experiments and retrospectively determining the maximum principal stress in the glass
during impact. In general, the FEM can predict the crack initiation and the propagation
with reasonable accuracy. However, the crack branching and the post-failure behaviour are
highly difficult to simulate with the FEM due to its intrinsic disadvantages.

In addition to the applications with the FEM, the DEM has also been employed in the
glass impact fracture analysis. Spherical discrete elements were used by Zang et al. [14],
and fracture and fragmentation behaviours of monolithic and laminated glass under rigid
ball impacts were investigated. Xu et al. [15] proposed an adaptive combined DE/FE
algorithm to simulate the fracture process of brittle material with plane stress assumption.
The discrete elements were generated automatically in severely deformed regions, and
the model was validated through glass impact fracture simulation. In Baraldi et al. [16],
the non-linear discrete element modelling approach was employed to predict the load-
deflection relation of laminated glass from the initial cracking up to the collapse. A recent
study [17] examined the glass fracture and the interfacial debonding in laminated glass
under impact using a cohesive DE/FE model.

Besides the FEM and the DEM, other numerical methods such as the Extended Finite
Element Method (XFEM) [18] and the Peridynamics [19,20] have also been employed in
the glass fracture analyses. The combined finite-discrete element method (FDEM) [21] is
an extension of both the FEM and the DEM. It was proposed and developed by Munjiza
in the 1990s [22]. The structures are fully discretised into a number of discrete elements,
in which an FE formulation is incorporated. Thus, accurate evaluation of the contact
forces and the structural deformation can be obtained, leading to a rational manner of
crack development. In this study, the FDEM program ‘Y’ using the Munjiza-NBS contact
detection algorithm [23] and a cohesive cracking model [24] was employed to simulate
the impact fracture of glass. Cracks are assumed to initiate and propagate along element
edges [25], and mesh bias can be relieved should fine mesh with irregular orientations be
used [26]. Further information on the FDEM can be referred to in the work of Munjiza
and his co-workers [27,28]. The FDEM has previously been applied to the quasi-static and
dynamic analysis of brittle solids [29–33]. Early work [34,35] addressed the impact fracture
simulations on the monolithic and the laminated glass with the FDEM. Hard body impact
damage modes like flexural cracking, Hertzian cone failure, and punching were obtained
by Chen et al. [36] with the FDEM, and the breakage regimes were identified. Subsequent
research addressed the capability of the FDEM in modelling the failure of laminated glass
subjected to both hard and soft body impacts [37,38]. In Munjiza et al. [39], impact fracture
and the post-failure of 3D glass shells were presented using the FDEM elements. A recent
paper [40] introduced a generalised traction-separation model and simulated the impact
fracture process of glass beams and plates.

Although there are some applications on the glass impact fracture using the FDEM,
a comprehensive parametric study is still in demand and warranted. As a sequel to the
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previous work [36], a parametric investigation into the impact fracture of monolithic glass
(especially the soda-lime glass) using the FDEM was conducted in this study, and an
insight into the glass impact fracture mechanism was provided. The emphasis of this
research is given to the annealed glass (float glass). The layout for the rest of this paper
is as follows. In Section 2, the fundamentals of the FDEM are briefly introduced. The
glass fracture model used in the FDEM simulation is addressed in Section 3. Section 4
presents numerical examples for verification purposes. In Section 5, a convergence study
on the impact fracture patterns, projectile velocity and the total kinetic energy of different
meshes is conducted. Based on the selected base case, a comprehensive investigation was
performed over a variety of parameters, including the impact velocity, the impact angle,
the material properties of glass, etc. Finally, concluding remarks are reached in Section 6.

2. The Combined Finite-Discrete Element Method
2.1. Element Motions

Motions of elements in the FDEM are determined by Newton’s second law of motion.
Since the transient dynamic responses are much larger than the gravitational effect during
impact, the gravities of both the glass and the projectile are neglected. The translational
and the rotational governing equations of a single discrete element i are formulated as

mi
d2

dt2 ri= Fi (1)

Ii
d
dt

ωi= Ti (2)

where mi is the mass of the discrete element i; ri is the vector of position; Ii is the inertia
moment; ωi is the angular velocity; Fi is the net external force; and Ti is the net external
torque. At each time step, the velocity and the coordinate of any discrete element can be
explicitly obtained according to Equations (1) and (2).

2.2. Contact Agorithm

The contact algorithm is categorised as the contact detection and the contact interaction.
The Munjiza-NBS contact detection algorithm [23] is employed in the FDEM, and the
computational efficiency is linearly related to the element number. Further details on the
Munjiza-NBS algorithm can be referred to Refs. [21,23].

Once contact couples are detected, contact interaction follows and determines the
contact forces. In the 2D FDEM, the contact forces are calculated based on the overlapping
area S (Figure 1). The penetration of area dA yields an infinitesimal contact force df, as
given by Equation (3).

df =− dft+dfc (3)
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The subscripts ‘t’ and ‘c’ refer to the target and the contactor, respectively. dft and dfc
are defined in Equations (4) and (5), as

dft = −Epgradϕc(P c)dA (4)
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dfc = −Epgradϕt(P t)dA (5)

where Pc and Pt are the points on the contactor and the target sharing the same coordinate
on S; ϕc and ϕt are pre-defined potentials; grad is short for gradient; Ep is the contact penalty
and is normally 2 to 100 times larger than the first lame constant λ = Eν

(1+ν)(1−2ν)
; E is the

elastic modulus; and ν is the Poisson’s ratio. By integrating dA over S, the contact force f is
obtained in Equation (6). The contact detection and the contact interaction processes are
updated every time step automatically by the FDEM.

f = Ep

∫
S
[gradϕ c(Pc)− gradϕt(P t)]dA (6)

2.3. Joint Element

Constant strain triangular (CST) elements are available to the present authors in the
2D FDEM. Between each pair of CST elements in connection, four-node joint elements
are defined (Figure 2) and fracture models are implemented. The deformation of joint
elements (δ) determines the transition of material from continua to discontinua. Initially,
the joint element is a zero-thickness line when δ = 0. After deformation, it becomes a
quadrilateral with δ > 0. When δ reaches a threshold, two connected discrete elements
separate completely, and the material fractures.
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3. Fracture Model of Glass

Basically, glass is ideally brittle and follows Mode I fracture [41]. To account for the
rupture of glass computationally, a cohesive fracture model based on Hillerborg’s [42] is
employed in this study. With this model, the brittleness of glass can be described, and
the computational stability can be guaranteed. A crack is considered to develop once
the bonding stress σ reaches the tensile strength ft, indicating the start of the damage.
Meanwhile, δ reaches its elastic limit, i.e., δ = δp. With the increase of the deformation of
the joint element, the bonding stress σ decreases gradually. When δ equals its ultimate
value δc, σ = 0 and the cracking process is completed. This process is considered as ‘strain
softening’, and the area between the softening curve and the coordinate axes equals the
fracture energy G, as given by Equation (7).

G =
∫ δc

δp
σ dδ (7)

Prior to reaching the tensile strength of the material, standard continuum formulation
(FEM) is adopted. The cohesive fracture model is capable of capturing the damage through
a weak constitutive law, enabling the cracks to be smeared out over the continuum. The
breakage of glass fully depends on the stress distribution of the material since no pre-
defined cracks or notches are necessary.
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The complete relation between the bonding stress σ and the joint element deformation
δ is given in Equation (8) according to Munjiza [21].

σ =


[

2 δ
δp

−
(

δ
δp

)2
]

ft 0 ≤ δ ≤ δP

ft z δP< δ ≤ δc

(8)

The heuristic parameter z has the form of

z =

[
1 − a + b − 1

a + b
eD(a+bc/((a+b)(1−a−b)))

][
a(1 − D) + b(1 − D)c] (9)

where D is a fracture index within the interval [0, 1]. D = 0 suggests that the joint element
is undeformed and intact, while D = 1 implies the total damage of the joint element and the
free movement of corresponding discrete element couples. The expression of index D is
given in Equation (10).

D =

{ (
δ − δp

)
/
(
δc − δp

)
δp < δ ≤ δc

1 δ > δc
(10)

In Equation (9), parameters a, b and c are constants. It is verified that, for glass, a = 1.2,
b = −1.0 and c = 1.0 [36]. Based on the above definitions, the normalised strain softening
curve of glass is given in Figure 3.
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4. Verification
4.1. Comparison with DEM

In Zang et al. [14], the impact damage and the post-failure behaviour of single-layer
glass were analysed using spherical discrete elements. A 2D FDEM analysis is conducted
in this study. The glass beam is 101 mm × 4.76 mm and both ends are clamped. There are
6080 CST elements with a characteristic size of 0.4036 mm within the glass. The time step is
1.0 × 10−10 s. A 1.0 kg projectile with a radius of 6 mm impacts the centre of the glass at
an initial velocity of 30.0 m/s. The material properties used in the FDEM simulation are
presented in Table 1, and the values of glass are based on [14].
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Table 1. Material properties used in the FDEM analysis.

Glass Projectile

Density (kg/m3) 2500 8841.9
Young’s modulus (GPa) 74.1 200.0

Poisson’s ratio 0.2 0.3
Tensile strength (MPa) 34.6 not applicable
Shear strength (MPa) 17.9 not applicable

Fracture energy (N/m) 4.0 not applicable

Figure 4 shows the damage processes obtained from both the FDEM and the DEM [14]
in the equivalent scale. The failure responses of glass are similar. The impactors penetrate
the glass beam, and their vertical displacements are in good agreement, implying that the
velocities of the projectiles are similar. Further, the sizes of the damaged zones obtained by
the two methods are also close to each other. The fragmentation has also been captured but
with some differences. Some large pieces of fragments are found in the FDEM simulation,
while most of them are linked particles in the DEM modelling. It can be concluded that a
better structural behaviour is achieved since CST elements are used in the FDEM. On the
other hand, CST elements may introduce higher rigidity in the FDEM simulation, whilst
the fragments and the fragmentation seem much softer in the DEM simulation, owing to
flexible particle connections.
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4.2. Comparison with Peridynamics

Ha [43] performed dynamic fracture analysis for multi-layered glass structures using
the peridynamics. A three-point bending laminated glass is considered with the dimensions
shown in Figure 5a. Each glass layer is 3 mm, and the Polyvinyl Butyral (PVB) interlayer
is 0.19 mm. The PVB and the glass are well bonded, suggesting that there is no potential
debonding between them. The centre of the top surface is subjected to a variable vertical
velocity v, and its definition is given in Figure 5b. Based on Ha [43], the PVB interlayer is
considered strong enough to resist impact fracture, and, hence, the failure of the laminated
glass is solely attributed to the fracture of glass. The material properties used in the FDEM
analysis are presented in Table 2. There are 4436 elements in total, and the characteristic
element size of the laminated glass is 0.3 mm. The mesh configuration is shown in Figure 6.
The time step for the FDEM analysis is 1.0 × 10−10 s.
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Table 2. Material properties used in the laminated glass analysis.

Glass Interlayer

Density (kg/m3) 2440.0 1100.0
Young’s modulus (GPa) 72.0 0.1

Poisson’s ratio 0.2 0.48
Tensile strength (MPa) 34.6 not applicable
Fracture energy (N/m) 4.0 940.0
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Figure 7 shows the damage pattern of the laminated glass at t = 7.5 µs from both the
FDEM and the peridynamics. It is found that, in the FDEM simulation, a through-thickness
crack has formed in the upper glass layer, reaching good agreement with the result obtained
by the peridynamics. In addition to the dominant through-thickness crack in the upper
glass layer, local damage with fragments is observed around the impact point in the FDEM
simulation, and this is not available in the peridynamics analysis. Once the glass around the
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impact point fractures in the FDEM simulation, the position of the loading point changes,
suggesting that the following result cannot be equivalently compared with that from the
peridynamics, and, hence, only the damage at t = 7.5 µs is presented. Nevertheless, the
comparison shows that the FDEM result is verified with the peridynamic data.
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experiment [44] starting from t = 0 s with a 100 μs interval. At the early stage (t = 100~200 

Figure 7. Damage of the laminated glass at t = 7.5 µs: (a) FDEM; (b) Peridynamics (Adapted from
Ref. [43]).

4.3. Comparison with Experiment

Xu and Zang [44] examined the impact fracture of a laminated glass beam constrained
by four fixed supporters experimentally. The dimensions of the beam are 200 mm ×
24 mm × 10 mm, as shown in Figure 8a. The thicknesses of the upper and lower glass
layers are both 10 mm, and the thickness of the PVB interlayer is 4 mm. The projectile
is 4 mm × 4 mm × 10 mm with a mass of 1.0 kg and impacts the middle of the glass at
a velocity of 3.13 m/s. Same as that in Section 4.2, the interlayer is also assumed to be
non-fractured and in perfect bond with the glass. The mesh configuration is shown in
Figure 8b. In total, 10106 elements with a characteristic size of 1 mm are meshed within the
laminated glass body. According to Xu and Zang [44], the material properties used in the
FDEM analysis are given in Table 3. The time step is 5.0 × 10−10 s.
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Figure 8. Configurations of the laminated glass: (a) Geometry (Adapted from Ref. [44]); (b) FDEM mesh.

Figure 9 shows the snapshots of the failure sequences from both the FDEM and the ex-
periment [44] starting from t = 0 s with a 100 µs interval. At the early stage (t = 100–200 µs),
glass fails just below the projectile in the upper glass, and the cracks propagate along the
thickness. A dominant bending crack is found in the lower glass layer at around t = 300 µs
and develops further towards the interlayer along with the development of time. The final
captured damage pattern at t = 500 µs shows that some small fragments have formed near
the contact surface.
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Table 3. Material properties for the FDEM analysis.

Glass Interlayer Projectile Supporter

Density (kg/m3) 2500.0 100.0 - 2400.0
Young’s modulus (GPa) 74.09 0.05 210.0 5.0
Poisson’s ratio 0.2 0.48 0.269 0.4
Tensile strength (MPa) 100.0 - - -
Fracture energy (N/m) 10.0 - - -

-: not applicable.
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Figure 9. Impact fracture results: (a) FDEM; (b) Experiment (Adapted from Ref. [44]).

The FDEM simulation agrees very well with the experimental snapshots. Cracks
are observed in the upper glass, and a dominant bending crack has formed at a similar
location and time as in the experimental records. Figure 10 shows the change of the vertical
projectile velocity against time from the FDEM simulation. It can be seen that the velocity
is in monotonic descending, and the residual velocity at t = 500 µs (v = 2.82 m/s) is about
90% of the initial impact velocity, suggesting that the projectile can further damage the
laminated glass should the FDEM simulation proceed.
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5. Parametric Study
5.1. Mesh Convergence

Considering a glass beam 1 m long and 20 mm thick, both ends are constrained by
two L-shaped supports (Figure 11). The beam is subject to the impact of a circular projectile
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with a 20 mm radius. To study the convergence of the impact responses with different
meshes, Mesh A and B are employed in this study, and the details of the meshes (the length
of the coarse and the fine regions, i.e., Lcoarse and L f ine, and the corresponding characteristic
size ∆h) are given in Table 4. For commonly used annealed soda-lime glass, the density
ρ = 2500 kg/m3, the Young’s modulus E = 70 GPa and the Poisson’s ratio ν = 0.23. The
tensile strength varies in the range of 20 to 100 MPa depending on its specific type [45–48].
According to the previous research [36], ft = 30 MPa can be considered as the mean tensile
strength for glass. Regarding the fracture energy, G = 4.0 N/m is widely accepted and
used [49–51]. Thus, the material properties are tabulated in Table 5. The time step of the
FDEM simulations is 2.5 × 10−9 s.
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Table 4. Element details of Mesh A and B.

Mesh A Mesh B

Lfine (m)/∆h (m) 0.4/0.001 1.0/0.001
Lcoarse (m)/∆h (m) 0.3/0.005 -

Total number of elements 19,070 43,030

Table 5. Material properties for FDEM simulations.

Glass Projectile/Support

Young’s modulus (GPa) 70.0 200.0
Poisson’s ratio 0.23 0.3

Density (kg/m3) 2500.0 7800.0
Tensile strength (MPa) 30.0 -
Shear strength (MPa) 15.0 -
Facture energy (N/m) 4.0 -

Figure 12 shows the damage patterns of the glass beam subjected to different impact
velocities with different meshes at t = 1 ms. When the impact velocity is low, e.g., v = 2 m/s
in this case, only some local damages around the impact point and a through-thickness
flexural crack are obtained. A notable Hertzian cone cracking is identified when v = 7 m/s.
For impact with v = 30 m/s, the projectile penetrates into the glass deeply, and a crushing
failure is observed. The fracture patterns of Mesh A and B at different impact velocities are
highly similar, qualitatively demonstrating the convergence of the FDEM results. To verify
the convergence of the FDEM results with different meshes quantitively, time histories of
the vertical velocity of the projectile and the normalised total kinetic energy (normalised
to its initial value) are plotted in Figure 13. According to Figure 13, the curves of Mesh A
and B are in good agreement and quite close to each other in general, and, thus, the mesh
convergence is quantitively verified.
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5.2. Impact Velocity

Consider the glass beam and the projectile with Mesh A as the base case that will be
used in the following parametric investigations. The impact velocity v varies from low
to high, e.g., 1 to 30 m/s. Figure 14 shows the impact damage patterns of the glass beam
simulated by the FDEM at t = 1 ms. When the impact velocity is low, i.e., v = 1 m/s, there
are only some local minor damages around the impact point, whilst the majority of the
beam is intact, as can be seen in Figure 14a. With the increase of the impact velocity, the
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flexural deformation increases, and a dominant through-thickness bending crack appears
(Figure 14b). A Hertzian cone cracking is achieved should the impact velocity further
increase within the range of 4 to 10 m/s (Figure 14c,d). When the impact velocity is in the
range of 10 to 15 m/s, the cone cracks are no longer typical and are difficult to be identified
in general, as, once a cone forms, it quickly vanishes since the residual impact velocity
is high enough to push the projectile to move further. This stage is the transition from
typical cone fracture to punching failure. When the impact velocity reaches 20 m/s, typical
punching failure dominates, and the glass beam quickly fractures into small fragments due
to the overwhelming impact kinetic energy from the projectile.
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Figure 14. Damage patterns of the glass beam with different impact velocities at t = 1 ms.

Based on the observations of the glass impact failure patterns simulated by the FDEM,
the correlations between the impact velocity and the corresponding impact failure mode are
presented in Table 6. A conclusion is reached that, with the increase of the impact velocity,
the glass beam experiences four different types of damage, as shown in Figure 14: (i) local
minor damage; (ii) bending failure; (iii) Hertzian cone cracking; (iv) punching. The breakage
regimes of the four types of damage and the thresholds have been given by Chen et al. [36].
Considering the correlations between the impact velocity and the failure mode in this study,
and mapping the currently obtained data points into the graphs of breakage regimes [36], a
very good agreement is achieved, as shown in Figure 15. For a specific impact failure in
this study, its fracture resistance (Gh) and the impact kinetic energy (mv2/2) situate well in
the corresponding regime given in the previous research [36], further demonstrating the
reliability and robustness of the FDEM in performing the parametric investigations.

Table 6. The correlations between the impact velocity and the impact failure mode.

Impact Velocity (m/s) Impact Failure Mode

<1 Local minor
2 to 3 Bending

4 to 15 Cone
>15 Punching
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Figure 15. Breakage regimes and the mapping of failure points: (a) minor and bending damage;
(b) cone and punching failure.

5.3. Impact Angle

In previous studies, the projectile hits the glass in a perpendicular manner. However,
oblique impact is commonly found in engineering practices, and, thus, relevant research is
warranted. Here, the base case is subjected to the impact of the same projectile at v = 5 m/s
but with variable impact angles. The impact velocity is chosen such that it is neither too
high nor too low and crack development can be well captured. Referring to Figure 16, the
projectile travels vertically while the glass beam is inclined to a certain degree α to the
vertical direction so that oblique impact is obtained and α is considered as the impact angle.
The material properties in Table 5 are used. The typical impact fracture patterns of the glass
beam at t = 1 ms are given in Figure 16.
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Figure 16. Definition of the impact angle α.

According to Figure 17, should the impact angle be small, e.g., α = 5◦, just a small
portion of the total impact kinetic energy is exerted onto the glass, and, hence, the damage
is localized and restricted to a small region, as shown in Figure 17a. With the increase of
α, a larger portion of the total impact energy has been transferred to the glass, and the
impact damage patterns change to bending cracks as the beam experiences larger flexural
deformation, and considerable fragments near the impact point are found (Figure 17b,c).
When α ≥ 45◦, an irregular cone-type crack is obtained within the glass body, as can be
seen in Figure 17d–f. In general, the shape of the cone is more inclined to the left of the
beam, as in Figure 17e,f, and this can be explained by the distribution of the tension and
the compression zones. The left upper part of the glass near the impact point is largely in
tension, while the right lower part of the glass near the impact point is in compression in
general, and this leads to the cone cracking more to the left, i.e., the tension zone.
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Figure 17. Fracture patterns of the glass beam with v = 5 m/s and different impact angles at t = 1 ms.

Figure 18 shows the evolution of the projectile velocity in both the horizontal and
the vertical directions with different impact angles. Since the glass beam is inclined, the
horizontal velocity increases with the development of time due to the bounce-back effect
and the rotation of the projectile. According to Figure 18a, the highest horizontal velocity
after impact is reached with α = 40◦, closing to α = 45◦ where the highest bounce-back
horizontal velocity is achieved, theoretically. The horizontal velocity of the projectile is not
zero even for α = 90◦ after impact, and this is largely due to the rotation of the projectile
during the impact action, as the contribution from bounce-back can be neglected.
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The vertical velocity of the projectile is reduced since the impact fracture of glass
consumes energy. Referring to Figure 18b, the projectile has a lower residual vertical
velocity with a larger impact angle, e.g., α = 70◦, 80◦ and 90◦, and vice versa. The residual
vertical velocity of the projectile with α = 90◦ is higher than that of those with α = 70◦ and
80◦, and this may be explained by the fact that, as the glass fractures, the projectile can
move further down with α = 90◦, while it may be prevented by an inclined glass beam to
some extent. The glass beam with a small impact angle has limited capacity to stop the
projectile from going vertically, e.g., α = 10◦, 20◦ and 30◦, as only 10% of the initial vertical
velocity is lost during the impact by t = 1 ms.
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5.4. Glass Material Properties

In this section, the influences of the glass material properties on the cracks are ex-
amined, and comparisons are made between the results of two different impact angles,
α = 60◦ and 90◦, to show the differences. The tensile strength ft and the fracture energy G
are investigated, since their values determine the shape of the strain softening curve [36].

5.4.1. Tensile Strength

According to the previous research [36], should the fracture energy G be constant, a
higher tensile strength ft implies a higher starting point of the strain softening curve and
reduces the critical separation δc, and vice versa. Based on the known literature [45–48],
ft is reasonably investigated within 20 to 200 MPa with a 10 MPa step. Figure 19 shows
the damage patterns with α = 60◦, v = 5 m/s and different ft at t = 1 ms. It is observed
that three different fracture patterns are captured: (i) cone cracking; (ii) half-cone cracking;
(iii) flexural cracking. When ft is small, a Hertzian cone crack dominates, as shown in
Figure 19a,b. With the increase of ft, the impact resistance of glass increases too, and,
thus, the cone cracking is no longer complete and irregular half-cone cracks are observed
(Figure 19c,d). With the further increase of ft, no cone cracking can be observed, and,
instead, a through-thickness flexural crack dominates, as shown in Figure 19e,f.
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As a comparison, the fracture patterns of the same glass beam subjected to perpen-
dicular impact are shown in Figure 20. When ft ≤ 100 MPa, a cone crack can be clearly
seen, as shown in Figure 20a–c. It is worth mentioning that with the increase of ft, spalling
damages around the impact point get more and more serious, as shown in Figure 20b,c,
though cone cracking is still dominant. When ft > 100 MPa, the impact resistance of glass is
so high that no cone can be observed, and only spalling is obtained (Figure 20d–f). Based
on the analyses above, the failure modes of both 60◦ oblique impact and 90◦ perpendicular
impact are summarised in Table 7.
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5.4.2. Fracture Energy

Should the tensile strength of glass be constant, a higher fracture energy G results
in a larger ultimate separation δc, and, thus, the strain softening curve is flatter during
the damage evolution process [36]. In this section, the fracture energy is examined in the
range of 2.0 to 10.0 J/m2 with a step of 1.0 J/m2. Figure 21 shows the damage patterns
with α = 60◦, v = 5 m/s and different fracture energy G at t = 1 ms. When the fracture
energy is small, e.g., G = 2.0 J/m2, cone-shaped cracks are recognisable in general but have
plenty of irregular fragments (Figure 21a). With the increase of G, typical Hertzian cone
cracks are obtained, as shown in Figure 21b–d. The further increase of G increases the
fracture resistance of glass, and half-cone cracking is obtained when G = 9.0 and 10.0 J/m2,
as shown in Figure 21e,f.

The damage patterns with α = 90◦ at t = 1 ms are presented in Figure 22. When G is
small, Hertzian cone cracking dominates, as shown in Figure 22a,b. Same as the oblique
impact, a half-cone cracking (Figure 22c) is obtained should the fracture energy G reach
some threshold, e.g., G = 7.0 J/m2 in this case. The cone type cracking cannot be observed
any longer with a further increase of G, and a through-thickness flexural crack dominates
when G ≥ 8.0 J/m2, as shown in Figure 22d–f. The failure modes of both the oblique and
perpendicular impacts are summarised in Table 8.
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5.5. Threshold Velocity

This section investigates the lowest velocity that creates a through-thickness bending
crack in glass. Such a crack is commonly found in oblique or perpendicular impacts due
to flexural deformation. Based on the FDEM simulations, Figure 23 plots the threshold
velocity against the impact angle α. It is observed that the threshold velocity is descending
with three phases: (i) from α = 5◦ to α = 10◦; (ii) from α = 10◦ to α = 35◦; (iii) from α = 35◦
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to α = 90◦. When α is small, e.g., α = 5◦, a much higher impact velocity (v = 15.5 m/s) is
required to form a bending crack, as only a very small portion of the impact energy can be
utilised for the deformation and fracture of glass. With the increase of the impact angle, the
threshold velocity decreases remarkably to v = 5 m/s when α = 10◦. The curve descends in
a much flatter slope to v = 2 m/s when α = 35◦. Afterwards, the curve descends further in
an even flatter slope and fluctuates within a narrow band.
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6. Concluding Remarks

The FDEM has been used in this paper for parametric investigation of both the oblique
and perpendicular impact fracture of glass. The basic theories of the FDEM and the
cohesive fracture model of glass were briefly introduced. Numerical examples were shown
for verification purposes.

A convergence study on the impact responses with different meshes was performed
in Section 5.1, demonstrating the reliability and robustness of the FDEM in simulating
the impact fracture of glass. In Section 5.2, four different types of damage, namely the
local minor, bending, cone and punching failure, were captured when the impact velocity
varied. The correlations between the impact velocity and the impact failure modes were
revealed. The obtained data points agree with the established breakage regimes [36] very
well. The influence of the impact angle was examined in Section 5.3, and it was concluded
that the damage becomes more and more serious with the increase of the impact angle.
Glass material properties like the tensile strength and fracture energy play parts in the
impact failure responses, and their influences were studied in Section 5.4. Different failure
modes such as cone, half-cone, bending, spalling, etc. were obtained, and their relevance to
glass material properties were summarised in Tables 7 and 8. The threshold velocity for
creating a dominant through-thickness bending crack against impact angles is investigated
in Section 5.5. The obtained threshold velocity curve is in a clear descending trend, and it
fluctuates within a narrow band after α = 35◦.

Based on the parametric investigation in this study, guidance can be suggested for the
design and manufacturing of glass, and comparative benchmark examples for both the
oblique and the perpendicular impacts are also provided for future research.
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