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Abstract: Differing from present structural design procedures, most of the existing glass windows
and even historic components in traditional/old buildings are not specifically designed to resist
possible accidental loads. Rather thin monolithic ordinary annealed glass panels can be found in
vertical non-structural envelopes, where they are often arranged to cover large surfaces. As such,
an accidental glass fracture could originate even from rather common and moderate impact events
and result in severe risk for people, due to propagation of dangerous shards from these vulnerable
and fragile building components. To assess potential risks and support possible mitigation strategies,
the present study is focused on the bird-strike analysis of existing/historic linearly restrained non-
structural glass windows, based on a parametric Smoothed-Particle Hydrodynamics (SPH)–Finite
Element (FE) model. Starting from a 1 m–wide and 1.5 m–high configuration, the attention is first
given to various influencing parameters, such as impactor features (mass, 0.35–1.81 kg; impact
speed, 0–40 m/s; and, thus, impact energy) and the target window (glass thickness, 4–6 mm; impact
point; and, thus, glass stiffness). Local and global effects due to parametric localized bird-strikes
are discussed based on non-linear dynamic numerical analyses and in terms of expected deflections,
tensile stress peaks, and damage extension/severity (i.e., D1 to D3 damage levels). Scale effects are
also examined for a case-study historic envelope (≈7 m in total size, 5 mm in thickness), and one of
its 2.58 m × 3.3 m large glass components. Furthermore, a simplified empirical approach based on
analytical formulations and normalized charts is proposed for a preliminary vulnerability assessment
of historic monolithic glass envelopes, including parameters to account for impactor features and
glass panel size/thickness, based on vibration-frequency considerations.

Keywords: soft-body impact; bird-strike; glass; windows; Finite Element Analysis (FEA); Smoothed-
Particle Hydrodynamics (SPH) modeling

1. Introduction

Bird-strike analysis and damage prediction is a design issue of primary relevance
for aircraft engineering applications, where wings or fuselage components may suffer for
possible collision during flying stage and take the form of serious structural damage [1].
From a practical point of view, the Federal Aviation Regulations (FAR, [2]) provides ref-
erence performance indicators for forward-facing components and requires dedicated
bird-strike resistance assessment (generally based on certification test protocols). Over
the years, various research studies have been dedicated to this problem. Experiments
can be found, for example, in References [3,4], while a multitude of numerical simula-
tions have been presented in the years to extend/support complex experimental protocols
(see References [5–10] and others). A common aspect of several aircraft-related studies
was the evidence of severe vulnerability for mechanical aircraft components, but also for
glass elements.

In this paper, based on extensive feedback from the literature, the attention is given to
the soft-body collision/bird-strike analysis of simple glass windows that are not specifically
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designed to sustain design mechanical loads and could represent a potential risk for
occupants. The simplest glass window, in use several years ago but still present in old
buildings, consists, in fact, of a thin monolithic glass panel like the one shown in Figure 1.
The use of metal, timber, or polycarbonate frames allows us to cover surfaces with modular
units with a typical thickness of 3 to 4 mm.

Symmetry 2022, 14, x FOR PEER REVIEW 2 of 27 
 

 

the evidence of severe vulnerability for mechanical aircraft components, but also for glass 
elements. 

In this paper, based on extensive feedback from the literature, the attention is given 
to the soft-body collision/bird-strike analysis of simple glass windows that are not 
specifically designed to sustain design mechanical loads and could represent a potential 
risk for occupants. The simplest glass window, in use several years ago but still present in 
old buildings, consists, in fact, of a thin monolithic glass panel like the one shown in Figure 
1. The use of metal, timber, or polycarbonate frames allows us to cover surfaces with 
modular units with a typical thickness of 3 to 4 mm. 

 
  

Figure 1. Examples of ordinary monolithic glass windows. 

For newly designed glass components in buildings, several technical documents and 
guidelines are nowadays available to support structural designers in preventing possible 
damage and failure of variably restrained glass panels under ordinary design actions [11], 
as well as from wind [12–14], seismic loads [15–18], impact due to crowd/human bodies 
[19–22], or even explosions and multi-hazard [23–27] and debris [28]. A basic assumption 
is the use of (minimum) double-laminated glass sections to improve safety levels even in 
case of fracture. 

However, this is not the case for existing/historic glass components in windows and 
envelopes, which are typically composed of ordinary annealed float glass and are, thus, 
highly vulnerable (see, for example, Reference [20]). Most importantly, their residual 
capacity and safety-level analysis or vulnerability measure is more complex and 
uncertain, thus making more difficult the subsequent definition of possible mitigation 
strategies, where required [29]. This vulnerability is expected to increase with the size and 
flexibility of glass panels, as it is in case of large covered surfaces), due to the typically low 
tensile strength in bending for annealed glass material and thus reduced capacity to 
withstand collisions [30,31]. 

Ordinary historic windows composed of annealed monolithic glass (and not 
specifically designed as load-bearing building components) are hence taken into account 
in this paper. Major efforts of numerical analyses are spent on the assessment of the impact 
response of linearly restrained monolithic window panels under bird-strike scenarios. 
While very rigid multi-laminated glass panels of modern facades under small-size bird-
strike represent a risk for birds, and specific bird-friendly design codes should be possibly 
taken into account [32], thin monolithic glass panels of historic windows and envelopes 
may suffer damage under impact. As such, a major risk could be expected in terms of 
possible glass fracture and consequent injuries in building customers. The overall 
investigation herein presented was inspired by a case study of an in-service glass envelope 
constructed in Italy in 1962, in the form of a large-size envelope of a museum (Section 2) 
and subjected to rather frequent bird-strikes. 

Figure 1. Examples of ordinary monolithic glass windows.

For newly designed glass components in buildings, several technical documents
and guidelines are nowadays available to support structural designers in preventing
possible damage and failure of variably restrained glass panels under ordinary design ac-
tions [11], as well as from wind [12–14], seismic loads [15–18], impact due to crowd/human
bodies [19–22], or even explosions and multi-hazard [23–27] and debris [28]. A basic as-
sumption is the use of (minimum) double-laminated glass sections to improve safety levels
even in case of fracture.

However, this is not the case for existing/historic glass components in windows and
envelopes, which are typically composed of ordinary annealed float glass and are, thus,
highly vulnerable (see, for example, Reference [20]). Most importantly, their residual
capacity and safety-level analysis or vulnerability measure is more complex and uncertain,
thus making more difficult the subsequent definition of possible mitigation strategies,
where required [29]. This vulnerability is expected to increase with the size and flexibility
of glass panels, as it is in case of large covered surfaces), due to the typically low tensile
strength in bending for annealed glass material and thus reduced capacity to withstand
collisions [30,31].

Ordinary historic windows composed of annealed monolithic glass (and not specifi-
cally designed as load-bearing building components) are hence taken into account in this
paper. Major efforts of numerical analyses are spent on the assessment of the impact re-
sponse of linearly restrained monolithic window panels under bird-strike scenarios. While
very rigid multi-laminated glass panels of modern facades under small-size bird-strike
represent a risk for birds, and specific bird-friendly design codes should be possibly taken
into account [32], thin monolithic glass panels of historic windows and envelopes may
suffer damage under impact. As such, a major risk could be expected in terms of possible
glass fracture and consequent injuries in building customers. The overall investigation
herein presented was inspired by a case study of an in-service glass envelope constructed
in Italy in 1962, in the form of a large-size envelope of a museum (Section 2) and subjected
to rather frequent bird-strikes.

The presently discussed parametric numerical analyses were carried out with the sup-
port of Smoothed-Particle Hydrodynamics (SPH)–Finite Element (FE) numerical models [33]
developed in ABAQUS/Explicit [34] (see Section 3). A set of accidental scenarios is taken
into account and numerically explored by changing the impact parameters (i.e., mass,
size, and impact speed of soft-body impactor or impact point), as well as the mechanical
properties of glass panels (and thus their bending stiffness and accommodation to local
impact phenomena). Differing from conventional soft-body impactors of typical use for
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the certification and assessment of glass facades (i.e., double twin-tyre or spheroconical
bag impactors [35,36]), the effect and potential risk due to relatively small impactors with a
specific viscous behavior under collision are discussed in Section 4. Furthermore, simple
empirical analytical expressions and normalized charts validated toward the presented
SPH–FE models are proposed in Section 5 as an efficient tool for the practical derivation of
preliminary vulnerability considerations. A major advantage of the presented simplified
procedure, as shown, is that the expected damage severity/extension can be estimated for
a given monolithic glass panel, with linear restraints along the edges, when subjected to
localized bird-strike. Possible mitigation strategies and even more sophisticated numerical
simulations can be taken into account to minimize risks for customers, where required.

2. Background

The present numerical investigation took inspiration from a case-study system con-
sisting of a steel–glass envelope designed in 1961 and built up in 1962 as a composition
of glass panes and a grid of steel mullions and arched transoms (Figure 2a). The facade
belongs to the so-called Information and Documentation Centre (CID) museum [37], which
is located in Torviscosa (Udine, Italy). The particular aspect of this system is represented
by its shape (circle-based facade concept) and by its size, characterized by approximately
7 m of diameter (see Figure 2b, with dimensions in cm), which is relatively large compared
to the thickness of annealed glass components (5 mm each). Glass elements are, in fact,
shaped to follow the overall circle path of the facade and are characterized by simple mono-
lithic (and relatively small) total thickness, as compared to the covered surface. Moreover,
steel members are reduced to a minimum in order to preserve the transparency of the
facade. The maximum size of the central glass panel, more precisely, was measured to be
3.3 m in height by 2.58 m in width. The total mass of steel and glass members amounts
approximately MTOT = 2358 kg, with a minimum contribution for glass in the order of
≈0.13 MTOT (≈309 kg).
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Figure 2. Example of historical round-shaped facade: (a) front view and (b) schematic layout with
dimensions in cm, with (c,d) in-field evidences of accidental bird-strike (October 2021).

The steel–glass system is not freely accessible to visitors/occupants, thus there is no
risk of failure due to crowd loading. However, during normal service conditions, there
are several sources of vibrations for glass. The construction site and the building are very
close to an industrial plant, and, thus, they are subjected to daily heavy traffic of trucks
and cars. Moreover, a railway track (Trieste-Venezia path) runs parallel to the building
(north side), at a distance of few meters. Finally, the glass facade (on the south side) is
subjected to wind gusts and rather frequent accidental strikes by birds (Figure 2c,d), thus
suggesting the need of additional detailed investigations for vulnerability purposes. Typical
accidental strikes for glass were found that were characterized by impact of pheasants
(Phasianus colchicus type [38], noted as “B#1” impactor, in the following), as shown in
Figure 3a, or pigeons (Columba livia type [39]), as shown in in Figure 3b. Average impact
conditions are summarized in Table 1 in terms of impactor mass, M, and impact energy,
Eimp (range values):

Eimp =
1
2

Mv2 (1)

where v is the impact speed (up to ≈20 m/s and ≈40 m/s for B#1 and B#2).
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Table 1. Summary of bird-strike features for the case-study system in Figure 2, with expected impact
energy from Equation (1), based on average speed values from References [38,39].

Impactor Type M
(kg)

Eimp
(J)

Pheasant
(Phasianus colchicus) 1.3–1.81 260–360

Pigeon
(Columba livia) 0.25–0.38 200–300

3. SPH–FE Numerical Investigation
3.1. Modeling Strategy

The SPH–FE numerical investigation in support of bird-strike vulnerability assessment
of ordinary glass windows was carried out in ABAQUS/Explicit. In doing so, the bird
impactor was described in the form of SPH body, while the structural model of target glass
window was assembled in the form of a conventional FE model. For the collision scenarios
of interest for the present study, the mass of birds, M, was comprised between 0.35 and
1.81 kg, while the imposed impact speed was assumed to be a maximum of v = 40 m/s, as
also specified in Section 4.

Nowadays, commercial software packages offer various options for modeling the effect
of bird collisions on structural components. Maximum effects can be, for example, predicted
based on FE numerical approaches according to unpractical Lagrangian description of bird
bodies, but such a method is often inaccurate for bird-strike applications and unpractical
due to distortion phenomena [8,40]. The herein adopted SPH approach has the intrinsic
meshless feature. Simulations discussed in Reference [33] for various configurations and
collisions on rigid plates or tapered plates proved the accuracy of SPH method for bird-
strike events. Many other applications, especially for aircraft components, can be found in
the literature, such as References [41–44] and others. In those conditions, typically explored
impact velocities were set in the range of ≈50–400 m/s [45]. Gelatin bird-like impactors
for high-speed collision set up on three different rigid plates were experimentally and
numerically investigated in Reference [46], based on SPH models. Diversely, the SPH
method has been efficiently applied (on the side of structure) to a variety of structural
components under low-velocity rigid-body impact [47–49] to explore a collision-speed
range, v, from a minimum of ≈1 m/s up to ≈10 m/s.

Alternatively, the mesh-dependent, time-expensive, fixed boundary Coupled Eulerian–
Lagrangian (CEL) approach can be used for accurate bird-collision studies [50]. Among
others, parametric simulations can be found in Reference [51] for a composite wing under
bird-strikes characterized by various impact angles and an imposed contact speed of
v = 66 m/s. A promisingly efficient alternative approach to the classical CEL method is
represented by the movable Eulerian domain option, in which the Eulerian volume is
not fixed in space but can move and allow a strong reduction in mesh refinement and
computational time, as also adopted in Reference [52].

3.2. Glass Panel

For each examined configuration, the FE structural model of the target window was
composed of B = 1 m × H = 1.5 m monolithic shell elements (S4R type) to reproduce the
nominal thickness of glass (t). Ideal nodal restraints were distributed along the edges to re-
produce a clamp connection (for the glass-to-frame constraint, as in Figure 1), and the para-
metric analysis was run to take into account various glass thicknesses (t = 4, 5, and 6 mm)
and dimensions/aspect ratios for target panels (see Figure 4).
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for a typical SPH–FE bird-strike configuration (ABAQUS/Explicit).

In doing so, a free mesh pattern with a variable edge size was used, so as to preserve
the accuracy of FE simulations and allow random propagation of cracks (if any). This
resulted in a minimum edge size of 2 mm and a maximum of 20 mm, for a total of ≈19,500
elements and ≈110,000 Degrees of Freedom (DOFs).

The mechanical material characterization was based on experiments from the literature
in order to account for the tensile brittle behavior of glass, as well as for possible strain rate
effects under impact.

To this aim, a constitutive law was defined, with Eg = 70 GPa as the Young’s modulus,
νg = 0.23 as the Poisson’ ration, and ρg = 2490 kg/m3 as the material density [29–31], in
combination with specific “damage initiation” and “damage evolution” parameters from
ABAQUS/Explicit library, so as to characterize the damage variable, D (with 0 ≤ D ≤ 1 and
D = 1 denoting the loss of bearing capacity and fracture for the element). Figure 5a,b show
the conventional stress σ-strain ε constitutive law from ABAQUS/Explicit user’s guide
that was adapted for the current investigations. It is worth noting that such a material
model is specifically designed for the fracture of metals, but with justified calibration and
validation fit for brittle elastic ceramics with strain-rate sensitivity effects, such as glass. A
similar practical example can be found also in Reference [28] for the dynamic analysis of
glass windows under debris impact. More in detail, the conventional constitutive law in
Figure 5a is characterized by a first linear elastic response (OY path), which is governed by
Young’s modulus and yielding strength (in point Y). The conventional constitutive model
allows us to then define the possible plasticity (YA path) and first “damage initiation” in
point A. This is followed by “damage evolution” (AB path), which assumes that damage is
characterized by the progressive degradation of the material stiffness, leading to failure,
where final “erosion” with removal of failed elements from the original mesh can be also
included (point B in Figure 5a).

In the present study, for glass material, a linear elastic behavior with tensile brittle
failure was taken into account in simulations. A maximum principal stress criterion was
taken into account for damage initiation. To this aim, with Eg = 70 GPa, the initial tensile
strength for point Y was set to be equal to σg:k = 45 MPa [29–31], as it is for annealed
glass under quasi-static loads. The plastic stage (YA path in Figure 5a) was minimized
to reproduce a brittle behavior in tension. This means that “damage initiation” was set
to coincide with first exceedance of material strength (i.e., σg:k = σY = σA). To this aim,
under impact configurations, strain rate effects were taken into account based on a fracture
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strength increase according to the Dynamic Increase Factor (DIF) trends of the literature (see
for example [53]). Figure 5c reports the presently considered DIF evolution for annealed
glass, for which the dynamic strength was calculated as follows:

σg:k,DIF = σg:k·DIF (2)

Such a DIF effect was numerically implemented for “damage initiation” in the form of
equivalent fracture strain for glass, which was calculated under a linear elastic-behavior
assumption as a function of strain rate, as follows:

εg: f ail,DIF =
σg:k,DIF

Eg
(3)
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Figure 5. Mechanical characterization of glass material: (a,b) qualitative features of the conventional
constitutive model herein adapted to account for glass damage (ABAQUS/Explicit); (c) reference DIF
for glass in tension in present simulations.

Selected values taken into account for input definition are summarized in Table 2.
Finally, the damaged response (AB path in Figure 5a) was implemented up to full stiffness
degradation of fractured glass elements based on a reference fracture energy per unit area
equal to Gf = 3 J/m2 [54]. An “exponential” damage evolution was taken into account for
the damage variable, with 0 ≤ D ≤ 1. The “element deletion” option was also included in
simulations, so as to remove failed glass elements during crack propagation.

Table 2. Summary of adopted parameters for input definition in present bird-strike simulations
(ABAQUS/Explicit), based on Figure 5c—selected values—and Equations (2) and (3).

Strain Rate
(s−1)

DIF
(Figure 5c)

Fracture Strength
(Equation (2))

(MPa)

Fracture Strain
(Equation (3))

1.00 × 10−4 1.00 45.00 6.429 × 10−4

1.00 × 10−3 1.00 45.00 6.429 × 10−4

1.00 × 10−2 1.01 45.45 6.493 × 10−4

1.00 × 10−1 1.02 45.90 6.557 × 10−4

1.00 1.03 46.35 6.621 × 10−4

1.00 × 101 1.04 46.80 6.686 × 10−4

1.00 × 102 1.06 47.70 6.814 × 10−4

1.00 × 103 1.14 51.30 7.329 × 10−4

5.00 × 103 1.25 56.25 8.036 × 10−4

1.00 × 104 1.55 69.75 9.964 × 10−4

1.35 × 104 2.16 97.20 1.389 × 10−3
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3.3. SPH Bird

A cylindrical volume, with hemispherical ends like in Figure 6, was taken into account.
The cylinder size was derived as a scaled shaped from Figure 6a, where the reported
dimensions are representative of a conventional 1.81 kg bird [2]. So far, it is recognized that
specific and more refined three-dimensional (3D) shapes should be considered for modeling
bird collisions [55–57], due to local effects from shape of head, neck and torso of bird bodies
during contact after impact. On the other side, the simplified cylinder shape—and its
limits—is accepted as conventional volume shape in numerical simulations [9].
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(B#1)) and (b) initial configuration for SPH bird model (ABAQUS/Explicit).

In the present study, the length to radius ratio was kept fix in 2:1, and the diameter d
for impactors was in general defined as follows:

d = 3

√
24M
3πρ

(4)

with M as the total mass of the bird and ρ as its density.
To reproduce various strike configurations of technical interest, the cylindrical volume

was assumed to hit perpendicularly the examined glass panels; that is, α = 90◦ the fixed
impact angle. For each one of the strike conditions, an initial translational velocity, v,
was assigned to the bird. To this aim, the impact effect on glass was investigated with
the support of interposed “general” surface-to-surface penalty-based contact algorithm of
ABAQUS/Explicit library, with frictionless behavior in the tangential direction and “hard”
body behavior in the perpendicular direction. The mesh size and pattern, as in Figure 6b,
were optimized based on preliminary analyses and resulted in around 2000 elements
(C3D8R type). A time-based conversion of FE elements to SPH particles was included in
“section controls” to have a simultaneous generation of particles. A single particle was
generated per isoparametric direction (PPD = 1), with a distance less than 10 mm [44].

Regarding the material characterization, the major water composition of bird bodies
was taken into account in the present simulations [9]. For each impact configuration, bird
material was hence replaced with an equivalent volume of water, with input parameters
as in References [5,58,59]. More precisely, the most important aspect in such a kind of
hydrodynamic problem is that the material’s volumetric strength and pressure are sensi-
tive to the density ratio. The pressure-to-density relation is given by a linearly reduced
Hugoniot expression:

p =
ρ0c2

0η(
1 − s f η

)2

(
1 − Γ0η

2

)
+ Γ0ρ0Em (5)

where ρ0 is the reference material density, Γ0 and sf are material constants, c0 is the
speed of sound in the material, and Em is the internal energy per unit of mass. More-
over, η = (1 − ρ0/ρ) represents the nominal volumetric compressive strain, with ρ as the
current material density, while the (ρ0c2

0) term is equivalent to the elastic bulk modulus at
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small nominal strains. In the present simulations, the Mie–Gruneisen (Us-Up) equation
of state (EOS) from ABAQUS/Explicit library was used for the hydrodynamic material
characterization of bird bodies. The four input parameters for Us-Up EOS, according to
Equation (5), were set as proposed in References [5,56,58–60]; that, is c0 = 1480 m/s, sf = 0,
and Γ0 = 0. While the Us-Up EOS is primarily used for shock simulations, studies from the
literature proved its applicability (with herein reported input values) also for water-impact
configurations under low-velocity collisions [61,62]. Finally, the material density was set
as ρ0 = 938 kg/m3. Dynamic Newtonian viscosity was also considered for water fluid
material and set to equal 0.001 Ns/m2 [62]. This density value was kept constant through
the parametric analysis, given that it depends on temperature only, and no temperature
variations were taken into account.

3.4. Preliminary Validation

The FE structural and SPH bird models described in Sections 3.2 and 3.3 were prelimi-
narily assessed and validated to verify their accuracy for parametric investigations. The
attention was given to glass-panel features, as well as to bird parameters.

Among others, for the target glass panel, the effect of mesh size and pattern was
first explored. The mesh size was found to have minor effects on impact performance
assessment [44], especially in the elastic range. On the other side, for collapse configurations,
both mesh size and pattern manifested major effects on numerical outcomes. As such,
a variable mesh pattern like that shown in Figure 4b was finally privileged to facilitate
(at least qualitatively) the evolution of free cracks of glass and to avoid less qualitatively
realistic and mesh-dependent crack propagations (see also References [20,54,63,64]. In
doing so, some selected glass windows were, in fact, subjected to bird-strike with different
assigned speed amplitudes, v, at impact, so as to quantify the effect of mesh in terms
of elastic response or even collapse and cracks. An example of investigated schemes is
proposed in the selected mesh schemes of Figure 7.
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Figure 7. Example of mesh schemes in use for the sensitivity analysis (ABAQUS/Explicit): (a) 30 mm
edge size model (≈10,500 elements and ≈54,000 DOFs), (b) 5 mm edge size model (≈64,000 elements
and ≈376,000 DOFs), and (c) schematic approach for the optimization of current free mesh pattern.

Overall, the mesh sensitivity analysis first included some structured mesh schemes
based on regular, 4-node S4R shell elements, and an edge size comprised between a max-
imum of 30 mm and a minimum of 1 mm for the uniform discretization of the target
panel. The examples in Figure 7a,b refer to the 30 mm edge–size model (corresponding to
≈10,500 elements and ≈54,000 DOFs) and the 5 mm edge–size model (≈64,000 elements
and ≈376,000 DOFs), respectively. The minimum edge size required to offer stable nu-
merical outputs was detected on the base of a comparative analysis of the results in the
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elastic and damaged scenarios. After this first step, various random mesh schemes were
also addressed. Figure 7c schematizes the typical approach in use. The minimum edge size
in the central part of glass panel (“Min”) was selected from a sensitivity analysis for regular
4-node mesh schemes. A maximum edge size (“Max”) was assigned along the perimeter
of glass panel, based also on aspect-ratio considerations. To create variable mesh schemes
and facilitate a non-symmetrical transition in the “Min–Max” range, two internal partitions
were also defined, as schematized in Figure 7c. Basic parametric studies included changes
in the interception points/inclination of these partitions, and the verification—for collapse
configurations—of mesh-independent cracks randomly distributed and not aligned with
initial partitions.

Comparative examples can be seen in Figure 8, where the “Current free mesh” model
corresponds to Figure 4b assumptions (≈19,500 elements and ≈110,000 DOFs). More in
detail, Figure 8a presents the out-of-plane displacement (Z-direction) in control point P1,
under B#1 strike, with an imposed impact speed of v = 5 m/s. Such a configuration, for the
examined glass panels, corresponds to linear elastic behavior. In Figure 8b, selected contour
plots are proposed in terms of maximum principal stress distribution in glass. Finally,
Figure 8c shows typical crack propagations—under identical bird-strike—with evidence of
“structured” cracks or a random pattern.
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Figure 8. Preliminary mesh sensitivity analysis (selection): (a) deflection in time, with axonometric
contour plots of (b) maximum principal stress distribution (unexposed side, legend in Pa), and
(c) example of cracks for collapse configurations (ABAQUS/Explicit).
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On the side of the glass panel, based on the “Current free mesh” pattern, the effect
of the soft linear restraints along the edges was successively taken into account to replace
ideally rigid supports, as shown in Figure 4a. To this, aim, a linear gasket support, as
schematized in Figure 9a, was described in the form of 3D solid brick elements (with
ts = 5 mm of thickness and Bs = 40 mm of width for the tape) and connected to the perimetral
elements of glass panel. The Young’s modulus, Es, of this supporting layer was initially
set to be equal to Es = Eg = 70 GPa (that is Es/Eg = 1) and successively reduced down to
Es/Eg = 0.0001.
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Figure 9. Preliminary bird-strike analyses: (a) monolithic glass panel with soft restraint at the edges
(axonometric view); examples of (b) measured deflection at the center of glass (ABAQUS/Explicit).

For a given monolithic glass panel under B#1 impactor, with v = 10 m/s, the typical
deflection history in the center of the panel is reported in Figure 9b. It can be noted that,
under the effect of a localized bird collision, soft supports similar to present assumptions
do not mitigate the glass panel from maximum impact effects in the target region, as also
confirmed by the trend of monitored displacements. In other words, the use of simplified,
ideally rigid linear supports for the present simulations does not significantly affect the
dynamic response of examined systems.

Regarding the SPH bird model, preliminary attention was finally given to the assess-
ment of such a modeling approach and its accuracy compared to the Coupled Eulerian–
Lagrangian (CEL) modeling strategy, under the examined impact configurations (i.e., bird
mass, M, and collision speed, v). To this aim, the modeling procedure and input calibration
of the CEL bird components were carried out as performed in Reference [52]. Figure 10a
shows an example of the assembled CEL model for the present assessment, with evidence
of a monolithic shell glass panel and Eulerian part for bird-strike simulation. Typical
deflection comparisons are reported in Figure 10b for a monolithic panel under the B#1
impactor (v = 10 m/s), as obtained from SPH or CEL bird-modeling strategies, respectively.
It can be noted the rather good correlation of proposed deflection histories at the center of
the glass.



Symmetry 2022, 14, 2198 12 of 27
Symmetry 2022, 14, x FOR PEER REVIEW 12 of 27 
 

 

  
(a) (b) 

Figure 10. Preliminary bird-strike analyses: (a) monolithic glass panel under CEL bird collision 
(axonometric view); (b) comparison of measured deflection at the center of glass 
(ABAQUS/Explicit). 

4. Parametric SPH–FE Numerical Analysis 
Through the parametric SPH–FE numerical investigation, for a given B × H 

monolithic glass panel (as in Figure 11a), the attention was given to different locations for 
target points, as well as to the analysis of corresponding performance 
indicators/mechanical effects in glass, as a function of some basic modification in impact 
conditions (mass, size, and velocity). Overall, the bird-strike effect on a glass window can, 
in fact, be roughly schematized as a 2DOF system, like that in Figure 11b, where the 
reference impactor has an assigned velocity, mass, and stiffness. Accordingly, the target 
glass window reacts with a given stiffness and mass, while damping contributions can be 
generally neglected. Especially in the initial time instants of impact response, the reaction 
stiffness of the target panel is a rather local parameter that is affected by the bending 
stiffness, effect of boundaries, etc. Such a mechanical description is also in line with other 
impact conditions for glass windows and facades, but it requires major efforts for the 
calibration of input parameters [22]. 

For the present study, the analysis of the glass side was focused on qualitative and 
quantitative performance assessment, e.g., the occurrence (if any) of cracks and the 
amount/extension of fractured glass panel compared to the original, intact size, or any 
kind of preliminary damage initiation. 

To this aim, the examined configurations were characterized with a performance 
indicator herein defined to express the expected “damage severity” and its extension 
under the imposed bird collisions, so as to detect and quantify “major” collapses, “minor” 
damage, or even elastic behaviors. For fractured glass panels (i.e., with damage variable 
D = 1 from Section 3.2), such an assumption consisted of the quantification of eroded 
elements (calculated in terms of total volume of removed shell elements, Vf), compared to 
original window geometry (with uncracked volume V0 = B × H × t). For impact scenarios 
characterized by limited/minor damage propagation in glass (i.e., 0 < D < 1 and no element 
removal), the quantification of damage severity was expressed by measuring the total 
surface of elements with damage initiation (Adam, that is the total surface of shell elements 
with D > 0), and the original intact surface A0 = B × H. The herein called normalized damage 
severity ratio was hence calculated as follows: 𝑅௙ = 𝑚𝑎𝑥 ൬𝑉௙𝑉଴ ; 𝐴ௗ௔௠𝐴଴ ൰ (6)
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(axonometric view); (b) comparison of measured deflection at the center of glass (ABAQUS/Explicit).

4. Parametric SPH–FE Numerical Analysis

Through the parametric SPH–FE numerical investigation, for a given B × H monolithic
glass panel (as in Figure 11a), the attention was given to different locations for target
points, as well as to the analysis of corresponding performance indicators/mechanical
effects in glass, as a function of some basic modification in impact conditions (mass, size,
and velocity). Overall, the bird-strike effect on a glass window can, in fact, be roughly
schematized as a 2DOF system, like that in Figure 11b, where the reference impactor has
an assigned velocity, mass, and stiffness. Accordingly, the target glass window reacts
with a given stiffness and mass, while damping contributions can be generally neglected.
Especially in the initial time instants of impact response, the reaction stiffness of the
target panel is a rather local parameter that is affected by the bending stiffness, effect of
boundaries, etc. Such a mechanical description is also in line with other impact conditions
for glass windows and facades, but it requires major efforts for the calibration of input
parameters [22].
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For the present study, the analysis of the glass side was focused on qualitative
and quantitative performance assessment, e.g., the occurrence (if any) of cracks and the
amount/extension of fractured glass panel compared to the original, intact size, or any
kind of preliminary damage initiation.

To this aim, the examined configurations were characterized with a performance
indicator herein defined to express the expected “damage severity” and its extension
under the imposed bird collisions, so as to detect and quantify “major” collapses, “minor”
damage, or even elastic behaviors. For fractured glass panels (i.e., with damage variable
D = 1 from Section 3.2), such an assumption consisted of the quantification of eroded
elements (calculated in terms of total volume of removed shell elements, Vf), compared to
original window geometry (with uncracked volume V0 = B × H × t). For impact scenarios
characterized by limited/minor damage propagation in glass (i.e., 0 < D < 1 and no element
removal), the quantification of damage severity was expressed by measuring the total
surface of elements with damage initiation (Adam, that is the total surface of shell elements
with D > 0), and the original intact surface A0 = B × H. The herein called normalized
damage severity ratio was hence calculated as follows:

R f = max
(Vf

V0
;

Adam
A0

)
(6)

The so-calculated parameter (0 ≤ Rf ≤ 1 its range) was measured for all the examined
configurations. According to Equation (6), Rf = 0 means no cracks opening or preliminary
damage in glass (i.e., D = 0) and, thus, a fully elastic response of the panel under bird-strike.
At the same time, Rf tending to 1 denotes a severe damage with glass fracture, collapse,
and possible shards scattered against building occupants.

Overall, three different size/mass parameters were taken into account for the impactor
(M1 = 1.81 kg, M2 = 0.7 kg, and M3 = 0.35 kg). The corresponding velocity was explored
in the range suggested by the literature documents (i.e., Table 1). Moreover, at least three
different target points were taken into account, as in Figure 11 (up to 20 m/s for impactor
B#1, and up to 40 m/s for impactor B#3). As a comparative parameter, the corresponding
impact energy from Equation (1) was taken into account.

4.1. Impact Response

The typical impact response of a traditional glass panel is summarized in Figure 12
(t = 6 and B#1 for the P1 target in the example, with v = 10 m/s), in the form of deflection
at the center and stress distribution at the center (on both the unexposed/compressed
and exposed/tensioned sides of the monolithic section), with qualitative distribution of
stress components at selected time instants (exposed/tensioned side). It is worth noting
that the quantitative results, as shown in Figure 12, were taken into account as traditional
performance indicators for the response of all the examined glass windows under localized
impact scenarios, but a primary role was assigned to the damage-severity parameter, Rf,
from Equation (6). In this manner, the expected dynamic behavior (and possible risk for
people) was equally compared for windows with elastic response, or minor damage or
even global collapse.

According to Figure 12, it can be seen that, as far as the window panel is able to resist
against input pressure, stress peaks rapidly increase in the center but are characterized by
fast propagation toward the region of restraints. As such, the stiffer the window/restraint
is, the more attention should be paid to both the local and global performance analysis
(i.e., to ensure possible risk of failure in the region of restraints).
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Figure 12. Example of bird-strike analysis: (a) deflection at the center of glass, (b) maximum stresses
at the center of glass, and (c,d) stress distribution (legend values in Pa) at selected time instants
(ABAQUS/Explicit). Example for t = 6 mm thick glass, B#1 impactor at the center (v = 10 m/s of
impact speed).

4.2. Failure Mechanism

The failure mechanism for the examined glass panels was found to be dominated by
material brittleness and limited tensile strength (Figure 13). At the same time, however, a
strong correlation was observed between the global bending stiffness of the glass panel
(as a function of it thickness t and size B × H), the local stiffness (as a function of impact
point), and the mass M/speed (v) of bird impactor.

Overall, the typical impact response lasted for a maximum of ti = 40 ms (with an
average of ti = 18 m/s), depending on the loading setup. In Figure 13a, an example of
sequential damage can be seen for one of the investigated panels (H = 1.5 m, B = 1 m,
t = 4 mm, with B#1 in P1 at an imposed speed of 10 m/s, corresponding to ≈90 J of impact
energy). It can be noted (for the examined setup) that the glass panel first reacts elastically,
and the bird body undertakes minor deformations in the impact region. Moreover, as far as
the tensile strength of glass is first exceeded, damage initiation begins with the opening of
cracks and progressive propagation of fragments.
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Figure 13. Example of failure mechanism for glass panel under B#1 impactor (v = 10 m/s):
(a) sequential side view and (b) front view with damage distribution (ABAQUS/Explicit).

Figure 13b shows the same failure configuration from the front view (ti = 0.04 s), with
evidence of glass fragmentation and damage parameter. Maximum values denote the loss
of bearing capacity (D = 1). It is interesting to note, as expected, that the fracture of the
glass panel originates in the central/target region, but also propagates toward the edge
restraints. Whilst the bird-strike is hence recognized as a local event, in this sense, the
global dynamic response and the expected damage phenomena for a given system should
be properly explored and possibly mitigated.

From the parametric analysis and Equation (6), in terms of fractured portion of panel,
the damage trend in Figure 14 was found. Numerical results are proposed for different glass
thicknesses, imposed velocity, and, thus, impact energy, but at a fixed impact point (P1).
Overall, a rather scattered trend can be noted for the calculated Rf parameter as a function
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of input energy. This effect can be justified because of the sensitivity of the impactor and
glass material to the strain rate, and thus in the qualitatively different failure mechanisms
that can be expected for a given panel. Since the impact energy is rather small (less than
≈100 J, in the present study), rather null damage can be generally expected, given that local
stress peaks can hardly exceed the reference tensile strength of glass. For this reason, the Rf
values in Figure 14 are close to zero (no damage).
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Figure 14. Calculated damage severity for a glass panel under B#1 impactor, as a function of impact
energy, by changing glass thickness (ABAQUS/Explicit).

Increasing the imposed speed and impact energy evolves in Figure 14 to severe damage
of glass, given that the material strength is exceeded, and several cracks can propagate, as
in Figure 13. At this stage, however, the global and local stiffnesses of the panel, as well as
the stiffness of impactor, can evolve in markedly different behaviors. For this reason, the
damage-trend peak in Figure 14 is achieved, when changing glass thickness, for different
impact energies/configurations. Accordingly, the thick glass panel (t = 6 mm) suffers the
more severe damage distribution when compared to the initial configuration. This suggests
that the more flexible the target panel is, the less severe/extended the expected damage
(for low–medium-impact energies). When the impact energy is relatively high (and this
represents the limit condition of v = 20 m/s for B#1 impactor type), the damage trend in
Figure 14 tends again to zero. However, such a kind of finding has no correlation with
initial chart data (no damage); instead, it represents a rather localized failure of glass, due
to the relatively high speed of impactor (herein called “shot-like” failure).

A qualitative comparison of different breakage patterns can be seen in Figure 15 (for
the t = 6 mm thick panel), where the bird impactor (SPH model) is detected by white
elements. In Figure 15a, rather null damage can be measured in glass (i.e., no visible cracks),
with a rather linear elastic response and minor damage/initiation only (i.e., mechanical
degradation of material properties in post-elastic stage). In Figure 15b, major cracks
propagate from the center and also affect the region of restraints (severe damage). In
Figure 15c, finally, an example of “shot-like” fracture pattern is proposed.
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Figure 15. Qualitative comparison of failure mechanisms for a t = 6 mm thick glass panel under B#1
impactor (front view, ABAQUS/Explicit).

4.3. Impactor Size

The analysis was focused on conducting a vulnerability assessment of the glass panel
under equivalent impact energy from Equation (1), but resulting from impactors B#1, B#2,
and B#3, with different imposed speeds (Figure 16).
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Figure 16. Calculated damage severity for a glass panel under B#1, B#2, or B#3 impactors, as a
function of impact energy (ABAQUS/Explicit).

As far as the B#1 impactor is replaced by B#2 (less than half size), damage looks more
localized and still pronounced above ≈100 J of impact energy, but with slightly reduced
severity and a rather null effect on lateral boundaries. In the case of the B#3 impactor, this
stress and damage concentration is even more pronounced, and it is rather null for impact
energy below ≈250 J. As also qualitatively expected, the size of the impactor compared
to the geometrical and mechanical properties of the target windows is also a relevant
influencing parameter. From the comparative analysis in Figure 16, it can be observed
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that failure risk for ordinary glass elements to small-size bird impact (like B#3, in the
present study) is limited and may be critical for a relatively high impact speed/energy
only (out of conventional speed ranges). In the case of a medium-size bird impact (like
B#2, in the present study), monolithic glass panes of typical use for ordinary windows can
be expected to be subjected to moderate damage, even under a relatively small impact
energy/limited speed. This means that mitigation techniques should possibly be taken
into account. On the other side, damage evolution and distribution were found to be rather
localized and to result in a relatively small number of possible shards. For monolithic
glass windows subjected by a possible large-size B#1 type impactor, finally, the analysis
of results in Figure 16 confirms that severe damage can be expected, and the most severe
conditions are characterized by a relatively low impact speed (about ≈100 J of impact
energy), resulting in a large number of glass fragments, rather than a high-speed impact
(with shot-like failure mechanism).

4.4. Target Point

Successively, the effects due to a given impactor with assigned speed for a target
glass panel and different impact points were explored. The influence of restraints, as
well as the bending stiffness of target panel, is notoriously associated with a multitude of
possible dynamic phenomena (and thus possible damage scenarios). This is in line with
standardized protocols for testing the vulnerability of facades under soft-body/human
impact [22], as well as with the general mechanical model of Figure 11b.

Figure 17a, for example, shows the out-of-plane displacement in time, with evidence
of typical behaviors. For the examined impact conditions, it can be noted that maximum
deflection effects can be rationally expected for impact in the center of window (P1 control
point), under a fixed impact energy. This happens when the target point coincides with
P1 but maximum deflection peaks are relatively high also for the panel subjected to other
impacts. Such a finding can be noted by comparing the displacement-time histories of P1
and P3 control points when the target point coincides with P3. It can be noted that the
maximum bending deformation is measured in P3 (target) at around 3 mm, and that is less
than the 50% part of the P1 target scenario. This is slightly higher than P1 displacement due
to the P3 target (2.6 mm), and again less than the 50% part of the P1 displacement under
the P1 target.

Furthermore, local stress peaks should also be carefully addressed for target points that
are close to window restraints and, thus, are possibly affected by local stiffness phenomena.
The typical trend of maximum principal stresses in glass is, in fact, shown in Figure 17b
for P1 and P3 control points. In P1, stress trends are shown both under the P1 target
and P3 target of B#1. In the first case, the comparative analysis of selected stress plots
shows that maximum peaks in P1 are recorded for about ≈0.02 s of the initial bending
response. When the target point is moved to P3, stress evolutions in P3 are characterized by
a relatively shorter time interval of maximum peaks (less than 0.01 s) compared to P1. This
results also from the contact of the bird and its interaction with the progressive bending
deformation of the panel. In this regard, it is worth noting that absolute stress peaks in
P1 (with P1 target) and P3 (with P3 target) in Figure 17b are quantitatively similar, even
with a different evolution of deflections (Figure 17a). When P1 stresses are monitored for
impact configurations with different target points (like P3, for example), stress peaks are
relatively small. Finally, Figure 17c gives evidence of the progressive bending deformation
of the examined panel (P3 target point), where the selected contour plots emphasize the
combination of both a local deformation (in the region of impact) and an unsymmetric
global bending deformation of the panel, with a consequent distribution of deflections and
stress peaks in time.
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Figure 17. Example of bird-strike analysis for a given glass panel under B#1 impact (v = 10 m/s)
in different target points (P1 or P3): time history in P1 in terms of (a) deflection and (b) maximum
stresses, with (c) contour plot of out-of-plane deformations for P3 target point (with scale factor ×10
on deformations and legend in m, ABAQUS/Explicit).

5. Empirical Approach for Vulnerability and Capacity Check
5.1. Operational Steps of Simplified Procedure

A simplified graphical approach was developed on the basis of SPH–FE numerical
observations and some analytical considerations. Such an approach could represent a
first insight into the situation and support a rapid vulnerability analysis, especially for
existing ordinary glass elements where load-bearing capacity could be not required but
safety levels against possible accidental failure could be, in any case, required. For the
present procedure, the conventional B#1 is taken into account as a reference. Furthermore,
a panel size with H = 1.5 × B = 1 m is considered to be a conventional window.

To this aim, the detailed study of SPH–FE results was focused on the analysis of stress
peaks and damage initiation/evolution as a function of impact conditions. The attention
was given to the definition of a threshold configuration that could correlate the dynamic
parameters of the ordinary glass panel with the impactor features. As such, three reference
conditions were detected and are defined as follows:
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• First occurrence of minor damage/damage initiation (noted as D1 damage level),
without visible cracks in glass, but with measurable degradation;

• First occurrence of severe damage (D2);
• First occurrence of shot-like damage (D3).

The Basic assumptions and limitations of the simplified procedure are as follows:

• Monolithic glass panels only are taken into account;
• Rigid linear restraints are considered at the edges of glass, and any kind of possible

damage in boundaries is disregarded;
• The maximum size of the bird impactor is set at 1.81 kg and conventional dimensions

are like those in Figure 6 and Reference [2], while reference (and realistic) impact-
speed values should be derived for the species of interest (like in Table 1 of the
present investigation).

Thus, careful consideration should be paid for different mechanical configurations
(i.e., cross-section of glass, or even presence of weak/flexible boundaries or mechani-
cal/adhesive point-fixings of typical use, especially for new glass components, etc.).

Once the vulnerability has to be addressed for an existing window/envelope, the
minimum D1 damage represents the threshold condition to satisfy the safety check.

For the B#1 impactor, the threshold impact-speed values are reported in Figure 18a,
based on the postprocessing analysis of the SPH–FE numerical results. For a given panel
with frequency f 1, each plot denotes the possible impact conditions with the minimum
speed leading to a specific damage scenario (D1, D2, or D3). It must be noted that dots are
reported as calculated from the SPH–FE numerical analyses. On the other side, the proposed
threshold curves are voluntarily presented with a linear trend in order to simplify the
analytical calculation and, at the same time, preserve a certain safety margin, as compared
to more accurate SPH–FE numerical outcomes and even more complex real scenarios.
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Figure 18. Calculated correlation of damage levels (D1, D2, and D3) as a function of vibra-
tion frequency and imposed impact speed for a glass panel under (a) B#1 or (b) B#2 impactors
(ABAQUS/Explicit).

As far as the impactor changes, see Figure 18b for B#2 impactor, a rather proportional
correlation was found with B#1 results, as a function of mass ratio. This suggests that a
mass ratio correlation can be possibly derived for simplified estimates.

In terms of impact energy, by taking B#1 impactor as a reference, for a general impactor
size (B#n impactor, with mass MB#n and diameter from Equation (4)), the corresponding
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impact condition can be in fact calculated as in Figure 19, that is based on threshold velocity
values in Figure 18a, herein denoted as vref,B#1, and the mass ratio RM:

Eimp,B#n =
1
2

(
vre f ,B#1

)2
RM (7)

and

RM =
Mre f ,B#1

MB#n
(8)
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tion frequency and imposed impact energy for a glass panel under (a) B#1 or (b) B#2 impactors
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The overall simplified empirical approach requires that the fundamental vibration
frequency of the glass panel object of study, f 1, is first calculated or at least approximately
estimated. Under the approximate assumption of continuous restraints along the edges
(ideal boundary condition), this can be roughly analytically predicted as follows:

fn,m =
π

2

[( n
H

)2
+
(m

B

)2
]√

Db
γ

(9)

with n = 1, m = 1 for the fundamental vibration mode, H × B the edge size, and Db the
bending stiffness of panel:

Db =
Egt3

12(1 − ν2)
(10)

where γ is its mass per unit of surface.
In general, a linear modal analysis of the edge restrained panel could also be carried

out with FEA and software support, to predict f 1.
It is worth noting that, once the f 1 is known, the vulnerability and capacity check

against bird-strike could be derived for a general glass panel under bird collision, with
major benefits on design from the use of such a practical tool. Limits of the presently
developed simplified approach, however, are represented by the following:

• Shape of target glass panel (i.e., non-rectangular panes could suffer for additional
sensitivity effects);

• Glass type (float annealed glass is only considered, disregarding any pre-stress contribution);
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• Boundary conditions (linearly restraints are taken into account, disregarding other
boundary configurations of typical use for glass panels);

• Fixed examined range of bird collision parameters (as in Section 4), based on the
case-study system described in Table 1;

• Maximum impact energy of 400 J, following the above point.

5.2. Application of Simplified Procedure to Full-Size Envelopes

For further assessment of the above vulnerability considerations, as well as for confir-
mation of small-scale outcomes previously discussed, the above SPH–FE modeling and
empirical strategy was applied to a full-size glass envelope characterized by the presence of
monolithic, thin glass panels (t = 5 mm in thickness) used to cover relatively wide surfaces.
More precisely, the full-size calculation was inspired by the case-study system schematized
in Figure 2, which was described in Reference [37], and subjected to in-field experimentally
characterization in Reference [52].

Most importantly for dynamic behavior considerations, the full-size system is charac-
terized by a fundamental vibration frequency f 1 = 6.58 Hz [52], and its dynamic behavior is
dominated by the first vibration shape of its central portion of glass (H = 3.3 × B = 2.58 m
in size), which works as a continuously restrained thin monolithic panel in out-of-plane
bending. This response can be noted in Figure 20a, as obtained from a linear modal anal-
ysis of the envelope. For bird-strike analysis, a dedicated structural FE model was in
fact described in ABAQUS/Explicit the form of shell monolithic elements reproducing
the nominal geometry of glass panels and the supporting steel members of frame [52].
Rigidnodal boundaries were applied to frame members. This choice resulted in a total of
≈30,000 elements for the structural part and ≈170,000 DOFs. The 3D bird body for impact
simulations was described with the SPH approach earlier described in Section 3. Simi-
larly, material properties (for glass and bird) and solving strategies were kept as discussed
in Section 3. As such, the typical SPH–FE numerical analysis consisted in a non-linear
dynamic step with imposed impact speed for the assigned bird impactor. This impact
step was carried out after a preliminary linear modal analysis to capture the fundamental
vibration frequencies and shapes of the system.

In terms of impact performance, the full-size steel–glass envelope was found still
characterized by dynamic response governed by out-of-plane bending deformation of the
central panel exposed to strike. The principal stress distribution and evolution in glass was
also found maximum localized in the region of target point and successively propagating
to the other parts of the steel–glass composite system (see an example in Figure 20b).

In this context, a first set of non-linear dynamic simulations and damage severity
estimated was parametrically carried out. Figure 20c presents the expected Rf damage
amount for the same steel–glass system under B#1 impactor (target point at the center of
panel). Input values of histogram chart were numerically derived based on Equation (6).
The maximum impact energy for the parametric configurations in Figure 20c was set in a
top value of 400 J, due to realistic mass and velocity input values for the examined scenarios.
In this sense, higher impact energies for the same B#1 mass would necessarily require an
impact speed which is out of ranges for conventional values as in Table 1. It can be seen
that the calculated Rf parameter progressively increases from zero when the impact energy
is in the range of ≈141 J (with Rf = 0.09, no cracks).

Under soft-body impact, the impactor features but also the target system features
(especially their equivalent dynamic parameters) should be properly taken into account, as
in the form of a mechanical 2DOF system (see for example [22]).

For threshold damage conditions as in Figure 19a, in this regard, the size effect of
glass panel must be also taken into account, and its aspect ratio compared to the reference
window panel from Figure 4. Based on the predicted effects under B#1 impactor, more
precisely, this size effect can be approximately taken into account as follows:

vsize = vre f ,B#1Rsize (11)



Symmetry 2022, 14, 2198 23 of 27
Symmetry 2022, 14, x FOR PEER REVIEW 23 of 27 
 

 

  
(a) (b) 

 
(c) 

Figure 20. Round-shaped steel–glass facade: (a) fundamental vibration shape (linear modal analysis; 
mesh hidden from view, extruded axonometry); (b) example of stress distribution under B#1 
impactor (v = 10 m/s, legend values in Pa; mesh and steel frame hidden) and (c) calculated damage 
severity (SPH–FE values based on Equation (6)) under B#1 impactor at the center of glass. 

Under soft-body impact, the impactor features but also the target system features 
(especially their equivalent dynamic parameters) should be properly taken into account, 
as in the form of a mechanical 2DOF system (see for example [22]). 

For threshold damage conditions as in Figure 19a, in this regard, the size effect of 
glass panel must be also taken into account, and its aspect ratio compared to the reference 
window panel from Figure 4. Based on the predicted effects under B#1 impactor, more 
precisely, this size effect can be approximately taken into account as follows: 𝑣௦௜௭௘ = 𝑣௥௘௙,஻#ଵ𝑅௦௜௭௘ (11)

Moreover, with vref,B#1 from Figure 19a, we have the following: 𝑅௦௜௭௘ = 𝑀௦௜௭௘𝑀௥௘௙  (12)

where Mref (in kg) is the mass of reference window in Figure 19 (≈15 kg), while Msize is the 
mass (in kg) of the general one (for the present study, the target glass system in Figure 
20). Assuming that f1 = 6.58 Hz for the full-size panel, the minimum speed for minor 
damage/possible initiation of degradation risk (D1 level) is given by the following: 

Figure 20. Round-shaped steel–glass facade: (a) fundamental vibration shape (linear modal analysis;
mesh hidden from view, extruded axonometry); (b) example of stress distribution under B#1 impactor
(v = 10 m/s, legend values in Pa; mesh and steel frame hidden) and (c) calculated damage severity
(SPH–FE values based on Equation (6)) under B#1 impactor at the center of glass.

Moreover, with vref,B#1 from Figure 19a, we have the following:

Rsize =
Msize
Mre f

(12)

where Mref (in kg) is the mass of reference window in Figure 19 (≈15 kg), while Msize
is the mass (in kg) of the general one (for the present study, the target glass system in
Figure 20). Assuming that f 1 = 6.58 Hz for the full-size panel, the minimum speed for minor
damage/possible initiation of degradation risk (D1 level) is given by the following:

vsize = vre f ,B#1Rsize ≈ (0.25 f1)
116
15

= 12.6 m/s (13)

Thus, we have the following:

Eimp,size =
1
2
(vsize)

2M1 ≈ 145 J (14)

It is worth noting from Figure 20c that the impact condition for minimum damage
initiation was numerically predicted under an imposed impact energy, and this—even
under simplifications of the empirical procedure—is in close agreement with Equation (14).



Symmetry 2022, 14, 2198 24 of 27

A good correlation can be noted both for D1 and for D2 damage levels. Minor D1 damage
is numerically expected in Figure 20c for an impact energy of ≈141.5 J, which has a scatter
of 2.4% compared to Equation (14).

From a practical point of view, this means that a typical B#1 impactor type with impact
velocity of ≈12.6 m/s or higher (according to Table 1) could manifest—for the investigated
full-size steel–glass envelope—in minor damage initiation that should be properly taken
into account to prevent possible risk for occupants and be mitigated with appropriate tools
and techniques. Similarly, the simplified approach could be used for existing glass systems
that are—especially in historic or monumental or old ordinary buildings—not specifically
designed to resist accidental impact.

It is also worth to note in Figure 20c that the simplified analytical approach for
the examined case-study system would result in a minimum impact speed of ≈18 m/s
(corresponding to a minimum of ≈300 J of impact energy) to detect the threshold condition
for the D2 damage level. It can be seen in Figure 20c that there was a moderate increase of
the numerically calculated Rf values in the range of 300 J of imposed impact energy (≈278 J).
Compared to D1, it must be noted that the calculated scatter for D2 limit is up to 7.8%,
and, thus, further calibration would be required for the generalized use of the simplified
approach. Moreover, this D2 condition is close to the maximum available speed for the
examined impactor/bird type in Table 1 and, thus, less probable than D1. Finally, it should
be noted that the D3 damage level would be analytically quantified with a minimum risk
of occurrence for the examined case-study system. In fact, the simplified approach would
result in a threshold velocity of ≈25.6 m/s (corresponding to ≈600 J of impact energy),
which is largely above the range of practical interest of real collision scenarios.

In this sense, the attention will be spent on a further extended assessment and valida-
tion of the presently reported empirical calculation method, so as to include a wide set of
geometrical and mechanical configurations of technical interest for building retrofit and
mitigation in historic/existing constructions.

6. Conclusions

Especially in historic/old buildings, glass components and partitions are mostly
characterized by monolithic glass sections which, in the past, have not been properly
designed to sustain mechanical design loads, as it is nowadays required by standards for
these load-bearing elements. This results in possible risk for occupants, due to limited
resistance and capacity to accommodate even relatively low accidental design actions.

In this paper, based on inspiration from a full-size thin-glass-envelope case study built
up in Italy in the 60s, a parametric numerical study was focused on the bird-strike impact
performance of ordinary annealed monolithic glass panels of typical use in old buildings.
More in detail, based on a coupled SPH–FE numerical modeling technique, various impact
configurations were taken into account by changing the impactor size, mass, speed, and
target point (up to 1.81 kg of bird mass, 40 m/s of collision speed and 400 J of corresponding
impact energy). Attention was given to annealed monolithic glass panels with a thickness
in the range of 4 to 6 mm. The local and global analysis of performance parameters for such
relatively fragile building components was hence carried out to derive general indicators
for residual capacity and vulnerability of these systems. In this regard, the postprocessing
stage was focused on the definition of a damage severity parameter, so as to quantify and
express the expected damage level (D1 to D3 levels in the present study) and its extension
on a given glass panel, under a set of input parameters for bird collision (first of all, the
impact energy).

Furthermore, the parametric SPH–FE numerical parametric study was used to derive
simple analytical equations and normalized charts for a simplified empirical model, so
as to obtain preliminary predictions for soft-body bird-strike effects on monolithic glass
panels. As a case-study system, the simplified procedure was applied to an Italian case
study of a historic steel–glass envelope, given that it is characterized by relatively thin
monolithic glass thickness (5 mm only) for several meters of covered surface. The anal-
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ysis of the SPH–FE numerical results from the nonlinear dynamic-impact simulations
and preliminary analytical estimates from the simplified approach suggests rather good
agreement and the potential of such a kind of procedure for performing a vulnerability
analysis and mitigation planning in historic glass components. At the same time, further
extended parametric studies are currently required to cover a multitude of geometrical and
mechanical configurations of technical interest for building applications.
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