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A B S T R A C T   

Weathering and operational conditions, as known, have significant impact on typical constituent materials which 
are used for many construction applications. Among others, structural glass solutions can suffer for these effects 
in terms of major modification of material properties of interlayers, bonds, connections, gaskets and polymeric 
components in general. In this paper, the attention is given to the effects of repeated low-amplitude impacts and 
short-term temperature gradients for the characterization of load-bearing capacity in monolithic glass elements 
retrofitted by safety films. Especially for existing glass systems which are made of monolithic glass with limited 
strength and resistance capacity against ordinary and accidental mechanical loads, safety films are commercially 
available for retrofit interventions. They are primarily expected to keep together glass fragments in case of 
breakage, and thus minimize possible injuries. Besides, after first fracture, the so obtained glass-film composite 
elements have uncertain residual mechanical capacity against ordinary loads, given that it mostly depends on 
thin films composed of Polyethylene terephthalate (PET)-layers and pressure sensitive adhesives (PSAs). To this 
aim, a set of experiments (for a total of 950 configurations) is carried out in laboratory conditions (30 ◦C) on 
small-scale samples of fractured annealed monolithic glass elements bonded by commercial safety films, under 
repeated low-amplitude impacts / vibrations (S1-TR series), or additionally subjected to preliminary short-term 
thermal gradients (S2-TC1 series cooled at +5 ◦C and S3-TC2 series at − 20 ◦C). Localized impacts are quantified 
in acceleration peaks in the range of 2 ÷ 14 m/s2 and rotations at supports in the order of 15 ÷ 20◦. The 
interpretation of dynamic experimental results is carried out in terms of post-fracture vibration frequency (based 
on classical operational modal analysis techniques) and used, with the support of simplified analytical models or 
Finite Element (FE) numerical simulations, to characterize the response of cracked glass-film samples. Most 
importantly, the vibration frequency decrease is used to quantify their residual load-bearing capacity under 
unfavourable conditions, and to quantify the post-critical benefit of thin bonding safety films under unfavourable 
conditions.   

1. Introduction 

Connections in structural glass applications can take the form of 
several technological solutions, which include in most of case the use of 
adhesives, bonds and viscoelastic materials [1]. Regardless their 
composition and detailing, connections and many components of glass 
solutions for buildings are sensitive to weathering conditions and 
operational conditions, as well as ageing. This problem is relevant for 
glass but for engineering applications in general. To this aim, an 
increasing number of research studies has been dedicated to the 
experimental, analytical and Finite Element (FE) numerical analyses for 

specific construction components and configurations [2]. For specific 
applications in the field of structural glass, literature studies and ex
amples include durability aspects [3], ageing phenomena [4], capacity 
assessment of embedded connections [5–7] and a multitude of many 
other investigations to support the optimal design of new glass solutions. 

Under the above considerations, a major uncertainty is still repre
sented by existing / in-service glass systems, which have been assembled 
before the definition and availability of specific standards for structural 
design or retrofit technologies, and thus can offer only limited capacity 
to typical mechanical design actions. Especially for monolithic glass, the 
use of safety films to prevent critical shards in case of fracture is a 
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relatively recent and still not fully addressed research topic. These films 
are mostly based on Polyethylene terephthalate (PET)-layers and pres
sure sensitive adhesives (PSAs). Given that these films are used to 
minimize possible risk for customers and reduce the hazard in post- 
fracture stage due to cracked glass elements, a major attention is 
required for the evaluation of their actual characteristics and potentials 
[8,9]. Also, attention should be paid against aging effects on their ca
pacity [10]. Chemical and mechanical characterization based on 
different techniques, such as Differential Scanning Calorimetry (DSC), 
Fourier Transform Infrared spectroscopy (FT-IR), tensile tests and 
peeling tests, was thus reported in [8–10] for small-scale samples under 
artificial aging in terms of high humidity or high temperature (including 
water immersion in vacuum box or heating exposure at 50 ◦C, 70 ◦C or 
100 ◦C). The post-fracture out-of-plane bending response of glass-film 
samples was also preliminary addressed in [10], in terms of load- 
bearing capacity under artificial aging. 

As a further extension of earlier studies, the present investigation 
aims at exploring the residual capacity in post-critical stage for film- 
retrofitted monolithic glass elements, and thus to support possible 
optimization of retrofit interventions, as well as to support a quantita
tive assessment of residual capacities and vulnerability. 

Ambient conditions and temperature gradients are known to repre
sent major influencing parameters for structural glass applications, 
especially when they are combined to polymers. To this aim, several 
literature efforts have been elaborated in last years to characterize the 
mechanical features and residual load-bearing capacity of various 
structural glass components and solutions under imposed artificial or 
natural aging protocols. On the other side, most of existing studies are 
typically related to laminated glass elements or special connections for 
glass applications, and minimum attention is given to the mechanical 
assessment of retrofit strategies or to the vulnerability analysis of in- 
service glass systems. Volakos et al. [11] tested novel embedded 
liquid-laminated connections for glass, at − 10 ◦C or +50 ◦C under pull- 
out test setup, giving evidence of typical mechanical features and failure 
mechanisms. The effect of temperature on typical interlayers for glass 
laminates have been largely investigated, see for example [12–15], with 
major attention for temperatures up to 60–80 ◦C under long-term 
exposure time intervals. Special films and coatings for glass applica
tions have been rather scarcely investigated in the literature, and for 
example few selected solutions have been chemically characterized in 
[16,17]. Benefits of safety films for glass elements under impact have 
been experimentally and numerically investigated in [18,19]. The pre
sent study, in this regard, applies the safety films characterized in [8–10] 
in a post-fracture scenario to quantify the expected load-bearing per
formance of retrofitted glass elements, by accounting for possible in
fluence due to imposed thermal gradients. 

In parallel to aging and unfavourable ambient conditions, most 

importantly, this paper explores the effect of imposed repeated impacts 
for the assembled glass-film samples, so as to quantify the residual ca
pacity after first breakage, and thus the expected safety levels after 
critical accidents. Repeated impacts and vibrations are in fact known to 
strongly affect the durability and efficiency of retrofit interventions, and 
this has been addressed for various engineering applications and struc
tural details [20–22], but not for film-retrofitted glass elements. Ac
cording to literature [23–26], both unfavourable ambient conditions 
and repeated impacts in laminated glass assemblies are typically 
responsible of progressive bonding deterioration, and thus manifest in 
possible delamination of constituent layers, with major consequences on 
the actual bending stiffness of the composite section and on the expected 
load-bearing capacities. This condition represents a major risk for 
functionality and safety preservation, and should be possibly monitored 
and quantified. Among others, it was proved in [23–26] that the 
fundamental vibration frequency (and its modification) can be used to 
efficiently measure – based on dynamic inverse detection techniques – 
possible delamination phenomena (and even damage) in composite 
glass systems [27,28]. 

To this aim, the present investigation focuses on small-scale samples 
which are assembled with the same components characterized in [8,9], 
that is consisting of monolithic glass panes bonded by a commercial 
safety film explored in [8–10]. However, differing from previous efforts, 
the primary goal of current investigation is represented by the experi
mental analysis and characterization of glass-film composite samples 
under repeated low-amplitude impacts / vibrations (after first breakage) 
and various short-term temperature gradients. Such a test setup (small- 
scale detail) is chosen to be representative of a real post-critical appli
cation in buildings, where the cracked glass fragments are kept in po
sition by safety films (Fig. 1) and the composite glass-film system should 
be able to offer a minimum residual capacity before maintenance 
interventions. 

Non-destructive dynamic experiments are carried out on a set of 
preliminary fractured, small-scale samples under a simply support 
configuration. Realistic post-critical configurations of glass-film com
posite elements are reproduced by hammer, to account for possible 
interlock of fragments, as it could happen in constructed facilities after 
damage (i.e., Fig. 1). 

Glass-film samples are thus subjected to repeated, low-amplitude, 
localized impacts and explored based on classical dynamic identifica
tion techniques (Section 2). A primary attention in the analysis of 
experimental results is given to the prediction of post-fracture funda
mental vibration frequency f1,cr and its sensitivity to repeated impacts / 
temperature gradients (Section 3). Additional support for the interpre
tation of test evidences is also derived from dedicated FE numerical 
analyses (Section 4), including parametric studies in terms of vibration 
frequency sensitivity and heat transfer simulations, to quantify the 

Fig. 1. Glass window under hazard: (a) fracture pattern and (b) schematic drawing of safety film (figure reproduced from [9] under the terms and conditions of CC- 
BY license agreement). 
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temperature distribution in the tested samples, and its correlation with 
load-bearing performances. 

2. Experimental methods 

For the present investigation, a primary role was assigned to vibra
tion experiments. The measurement of acceleration records for speci
mens under vibrations was properly combined with dynamic 
identification techniques, so as to characterize the mechanical proper
ties of bonding films under dynamic loads. For the selected setup con
figurations and specimens, more in detail, the investigation was 
qualitatively carried out as in Fig. 2. 

The schematic drawing gives evidence of the initial condition of 
intact (pre-cracked) glass-film composite samples, as well as the ex
pected behaviour under imposed vibrations, in the post-cracked stage. 
Once glass samples were deliberately fractured around mid-pan in the 
preliminary preparation stage, the vibration analysis was carried out on 
composite samples in which two major glass parts were considered 
bonded by the safety film only, which was used to provide the structural 
continuity and mechanical interaction of glass fragments. 

Glass portions, more precisely, were assembled to freely bend under 
tensile (sagging) bending loads as in Fig. 2, while possible mechanical 

interaction (if any) could occur under compressive (hogging) bending 
moments only (due to contact of fragments in compression). When the 
specimen bends like in the schematic setup of Fig. 2, the fractured shards 
are in fact fully separated in tension, while any kind of interposed gap 
can be closed under compression. Due to the presence of bonding film, 
moreover, the tensile side mechanism is the most influencing for the 
vibration performance of the glass sample, and it is thus mostly 
responsible of the final fundamental frequency and dynamic mechanical 
parameters of the composite system. 

In this regard, a simple modelling strategy aimed at exploring the 
interfacial stresses and force components could be possibly developed by 
introducing an equivalent spring with rotational stiffness Krot and able to 
reproduce the physical contact phenomena of glass fragments only, that 
is null stiffness in tension (Krot = 0) and rigid contact mechanism (if any, 
otherwise Krot = 0 as in present study) in compression [9]. Under similar 
assumptions, the bending stiffness of the composite glass-film section is 
fully governed by partial bonding offered by safety film to glass frag
ments, and can be extrapolated by investigating the dynamic response of 
the system [9]. 

For present study, a primary attention was given to dynamic iden
tification for the system components as in Fig. 2, based on classical 
operational modal analysis methods [28]. The basic assumption is that 

Fig. 2. Schematic setup for the present experimental investigation (Lbending = 95 mm, t = 6 mm).  
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for a simply supported composite glass-film system the fundamental 
(uncracked) vibration frequency is proportional to its equivalent 
bending stiffness, given that for a monolithic t section it is [23,28,29]: 

f1 =
ω1

2π =
π

2L2
bending

̅̅̅̅̅̅
EJ
ρA

√

(1)  

with ω1 the angular frequency, E the modulus of elasticity (MOE), J the 
second moment of area, A the cross-section, ρ the material density. The 
analytical result from Eq. (1) represents an ideal upper limit for glass 
components which may be affected by possible delamination, support 
flexibility or degradation, damage, etc. [23,28,30]. In case of a single 
major crack as in the present investigation (Fig. 2), the corresponding 
cracked frequency can be estimated in accordance with [31], that is: 

f1,cr = f (f1, crack size, crack depth, crack position, etc.) (2) 

Assuming that the crack is located at mid-span section and has 
propagation a = 0 ÷ t through the thickness t of glass, Eq. (2) takes the 
form [31]: 

f1,cr = f1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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√

(3)  

with: 

η =
t
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m(a/t) (4)  

where the function m(a/t) is given by: 
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For the presently examined samples, the variation of post-fracture 
frequency (i.e., Eq. (3) / Eq. (1)) follows the trend in Fig. 3. To note 
that when a/t = 0.999, the post-fracture frequency is estimated in f1,cr =

3.59 Hz from Eq. (3), which correspond to f1,cr / f1 = 0.24 (with f1 =

1440 Hz for the uncracked samples, that is a/t → 0). 

3. Experimental analysis 

3.1. Specimens 

The experimental analysis was carried out at the University of 
Trieste, Department of Engineering and Architecture (Italy). Following 
Fig. 2, the typical specimen consisted of a monolithic, annealed glass 
element with L = 100 mm × B = 40 mm × t = 6 mm dimensions. The use 
of monolithic glass was privileged to laminated sections, in order to 
facilitate the computational process and exclude additional possible 
uncertainties (i.e., viscoelastic phenomena in the interlayers, debond
ing, etc. [12,23,26,32–35]). All the specimens were characterized by the 
presence of a thin layer of safety film on the top [8,9], like in Fig. 2. A 
commercial multi-layer film for safety glass applications was used 
[8–10], which is characterized by 0.35 mm total thickness. Also, it is 
composed by two different layers made of PET, with a thickness of 0.11 
mm and 0.22 mm respectively, and a PSA adhesive that was protected by 
environmental conditions by means of a removable release liner [8,9]. 

Before the execution of dynamic experiments, a preliminary crack 
like in Fig. 2 was also imposed to glass elements, by hammer. In this 
regard, it is important to highlight that the use of float annealed glass 
was chosen to allow the propagation of few major cracks in the original 
samples. Moreover, glass-film samples were deliberately fractured by 
hammer in order to reproduce, even at a small-scale level, a realistic 
post-fracture configuration, that is inclusive of possible interlocking 
phenomena for fragments. Fig. 4 shows typical examples of glass-film 
configurations in the initial stage of vibration testing (with all frag
ments still kept in position by the safety film) and after repeated dy
namic tests. 

3.2. Preparation of glass-film specimens 

The monolithic glass specimens were bonded to safety films with 35 
mm in width and 120 mm in length. The width of bonding strips was 
kept identical to experimental samples characterized in [8–10]. The 
preparation was based on dry lamination procedure, and carried out in 
uncontrolled room conditions, before the execution of experiments. A 
strip was applied on the rigid glass substrate with high pressure, in order 
to make perfectly adherent the two materials. The adhesion stage was 
realized with careful attention to avoid the creation of bubbles and 

Fig. 4. Example of glass-film sample: (a) initial configuration and (b) cracked scenario after repeated dynamic tests. Dimensions in mm.  
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superficial folding. To minimize the influence of possible impurities or 
inclusions, the glass surface was treated and the protection film was 
quickly peeled off. Then, pressure was manually applied to the film to 
remove any residual heterogeneity and make the adhesion as much 
homogeneous as possible. 

As a key step of the investigation, the glass specimens bonded with 
safety film were deliberately fractured before the execution of dynamic 
experiments. A steel hammer was used to fracture the glass plates in the 
mid-span region (single major crack, with a/t ≈ 1). To this aim, each 
sample was temporarily bedded on a rigid substrate, and a single 
hammer hit was imposed to glass. The advantage associated to the 
presence of the bonding film, at the time of fracture, was to keep 
together the glass fragments for the subsequent dynamic tests. In addi
tion, the use of hammer for fracture was preferred to glass cutting in 
order to account for a more realistic post-fracture impact configuration 
(with possible minor fragments, interlocking, etc.). 

To note that individual samples were tested under more than a single 
impact, in order to extend the dataset of scenarios and to quantify the 
residual capacity modification as a function of repeated vibrations. A 
typical fractured scenario representative of the initial configuration for 
the dynamic experiments can be seen in Fig. 4, where the structural 
continuity of shards is ensured by the safety film only, depending on its 
adhesive properties. 

3.3. Experimental protocol and configurations 

All the experiments were carried out in a laboratory setup. The room 
temperature at the time of experiments was measured in 30 ◦C (Sum
mer), and the available samples were grouped by three series. For S1-TR 
series, the dynamic experiments were carried out at room temperature 
(30 ◦C, at the time of experiments), without any preliminary thermal 
treatment. For S2-TC1 and S3-TC2 series, in contrary, dynamic tests 
were still carried out in room conditions (30 ◦C), but after a preliminary 
cooling stage. This phase included an imposed time interval for cooling 

the samples (at 5 ◦C for 3 h for S2-TC1 specimens, or at − 20 ◦C for 3 h for 
S3-TC2 specimens respectively). 

Vibration experiments were carried out by positioning the specimens 
on lateral supports like in Fig. 2, and testing them under localized im
pacts. Impacts were repeatedly imposed in the mid-span region of 
samples (see also Section 3.4), based on random finger hits able to 
produce low-amplitude vibrations and allow the inverse derivation of 
dynamic parameters for the examined systems [23,30]. 

For S1-TR samples, the experimental outputs were measured at room 
temperature under different acceleration ranges / vibration amplitudes, 
for a total of 335 configurations (Table 1). For S2-TC1 and S3-TC2 
samples, an identical experimental approach was taken into account, 
with the only difference represented by the preliminary cooling stage. 
These samples were in fact tested in dynamic setup after a given time 
interval Δt from preliminary cooling, to allow for a certain temperature 
increase ΔT, from the cooling setup to room condition. In this case, the 
temperature at the time of vibrations was also recorded. 

In total, 950 impact configurations were investigated for the three 
series of samples. A summary of testing configurations is proposed in 
Table 1. A number of 16 similar specimens was taken into account, thus 
each sample was subjected to repeated low-amplitude impact cycles and 
repeated vibrations. 

3.4. Instruments 

The experimental study was based on classical dynamic identifica
tion techniques as in [28], by taking into account previous engineering 
knowledge and experimental characterization of safety films reported in 
[8–10]. 

For the setup schematized in Fig. 5, a small MEMS sensor was rigidly 
fixed at the support of each specimen, to avoid any interference with the 
mid-span mechanism of fragments in bending. 

Three-component acceleration histories were measured with a 
sampling rate of 200 Hz. Meanwhile, the rotation angle (in degrees) 
about a local reference system as in Fig. 5 (b) was also measured during 
the experiments. The limited size and weight of the sensor in use ensured 
the negligible influencing effect of the instrument on the vibration 
response of the specimens. The mini device in use, more in detail, con
sisted of a commercial sensor based on IMU AHRS MPU6050 chip board, 
wireless, three-axes accelerometer sensor and inclinometer (±16 g its 
range, 0.005 g the resolution, 0.2 ÷ 200 Hz the available sampling rate). 
The sensor is equipped by integrated battery and embedded microcon
troller, ARM® Cortex®-M0 single core type (32 bit, clock frequency up 
to 48 MHz). The size of MEMS sensor was measured in 36 × 36 mm, with 
15 mm its thickness and 20 g the weight. The imposed impacts were 
quantified on glass-film samples acceleration peaks in the range of 2 ÷
14 m/s2, and a maximum rotation angle of 15 ÷ 20◦. 

Table 1 
Summary of experimental configurations for cracked glass-film composite 
samples.   

Series  

S1- 
TR 

S2- 
TC1 

S3- 
TC2 

Preliminary cooling 
stage 

Time interval [h] – 3 3 
Temperature [◦C] – 5 − 20 

Dynamic tests N. of impact 
configurations 

– 335 590 25 

N. of samples – 7 7 2 
N. of cycles – 7 7 7  

Fig. 5. Experimental methods: (a) detail of tri-axial MEMS sensor (figure adapted from [30]) and (b) typical setup (Lbending = 95 mm).  
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3.5. Numerical assessment of experiments 

In support of experimental analysis and interpretation of results, a 
first, simplified FE model was developed in ABAQUS/Standard [36], in 
order to reproduce the reference glass-film sample configuration and 
predict the expected vibration frequency under imposed impact condi
tions. According to [9], the major simplification was carried out in terms 
of geometrical description of glass fragments, compared to experimental 
geometries like in Fig. 4. The reference model included in fact two glass 
portions representative of actual fragments (based on local / average 
measurement of samples), thus corresponding to a/t = 1 major crack in 
Eq. (3), and the nominal size of bonding film (Fig. 6). 

Based on early sensitivity analysis of mesh size, a regular pattern was 
used both for glass and film parts, with reference seed in the range of 
0.35 mm and up to 1 mm. This choice resulted in 6,500 elements for the 

assembly in Fig. 6, with 38,500 degrees of freedom. Shell elements (S4R 
type) and brick elements (C3D8R type), respectively, were used for glass 
and films. 

For the purpose of vibration frequency estimates, input material 
properties were described based on linear elastic constitutive models. 
The use of equivalent linear elastic material properties for both com
ponents, and especially for the bonding film, was justified by earlier 
experimental characterization under various ageing and strain rate 
conditions, including tensile tests, peeling tests and bending tests 
[8–10]. Whilst representing a simplified mechanical characterization, 
such an approach is in line equivalent stiffness assumptions of typical 
use for the analysis of laminated glass elements under well-defined 
operational conditions [37], and can preliminarily avoid – especially 
for inverse detection studies – the use of complex constitutive models 
[27,38]. 

Fig. 6. Simplified numerical model (extruded view): (a) geometry and layout, with (b) bonding surfaces (ABAQUS). Dimensions in mm.  
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In case of annealed glass, the modulus of elasticity was set in 70 GPa, 
with 0.23 the Poisson’ ratio and 2500 kg/m3 the density [39]. The safety 
film was mechanically described based on the experimental outcomes 
reported in [9], that is ≈ 3 GPa for the modulus of elasticity, 0.35 the 
Poisson’ ratio and 1350 kg/m3 the density. In the preliminary stage, 
moreover, a rigid “tie” bond was assigned to the contact interface of 
glass and film. Such a kinematic assumption avoids possible relative 
translations and rotations for the interested nodes, and it is consequently 
not able to capture any debonding phenomena, but can offer a rational 
estimate of vibration response under ideal bonding conditions. For 
initial numerical considerations, the bond length was kept equal to the 
size of glass fragments (Lbond). 

To reproduce the experimental setup in Fig. 2 (linear supports), 
equivalent nodal restraints were distributed at the end of glass frag
ments, with Lbending = 95 mm. Linear modal analyses were carried out to 
estimate the fundamental frequency and modal shape of fractured, 
simply supported glass-film samples. 

4. Results and discussion 

4.1. Experimental records and post-processing 

From the present experimental analysis, a set of records and time 
histories was collected for a total of over 950 impact configurations, 
grouped by the three series of samples. Fig. 7 (a) an (b) show a typical 
example of experimental records from the single MEMS sensor in use. It 
is possible to see multiple impacts (in the form of acceleration or rota
tion peaks) that were imposed at the mid-pan section for all the samples. 
Major elaborations and signal processing analyses for the experimental 
records were carried out with the support of a Matlab® toolbox [40], to 
express the fundamental vibration frequency of glass-film samples as a 
function of input / ambient parameters. The analysis of experimental 
results was further extended by means of FE numerical assessment and 
comparisons. 

4.2. Room temperature performance under repeated impacts 

The attention was first focused on the S1-TR set of samples, char
acterized by vibrations at room temperature and lack of preliminary 
cooling stage. Typical frequency results can be seen in Fig. 8, where the 
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dynamically identified vibration frequency of glass-film samples is 
proposed as a function of the acceleration peak for the individual testing 
conditions, or repetitions respectively. A total of 335 testing scenarios 
was taken into account. It can be seen that the experimental frequencies 
were found comprised in a maximum of 14.4 Hz and a minimum of 6.45 
Hz, which would correspond, based on the analytical model in Eq. (3), to 
a single crack extension in the range of a/t ≈ 0.996 ÷ 0.9982. 

From the set of experimental records is it possible to note, on one 
side, that the frequency estimates in Fig. 8 (a), as also expected, suggest 
a certain sensitivity of vibration parameters to possible local effects / 
variations, such as the stiffness of film, the bond length and / or possible 
localized delamination (i.e., in the region of fracture, where maximum 
deflections were imposed to samples), the partial / local contribution of 
cracked fragments (if any). At the same time, from Fig. 8 (b), it is clear 
that repeated impacts and vibrations – even in small-scale regime – can 
strongly affect the residual load-bearing capacity of bonds, and thus of 
glass-film composite systems. On the other side, a major reduction of 

fundamental vibration frequency (and thus effective bond for the safety 
film and equivalent stiffness for the glass-film composite section) can be 
noted in Fig. 8 (b) especially after the 4th and 5th cycles of imposed 
impacts. In any case, the two major glass fragments were kept in position 
in the experimental setup, until the 7th cycle of repeated impacts. 

From the same figure, it is worth to note the general trend of fre
quency values, especially with respect to FE numerical predictions from 
linear modal analysis. A logarithmic fitting curve is proposed with the 
95% confidence interval for the experimental data. Most importantly, in 
terms of numerical estimates, the blue plot is representative of the glass- 
film numerical assembly with ideally rigid bond for the contact surfaces 
as in Fig. 6 (b). At the same time, the numerical analysis is also presented 
for the same FE model geometry but with a 50 % reduction of bonding 
surface. 

A parametric numerical analysis was in fact carried out to address 
the sensitivity of numerical frequencies to basic input parameters for the 
tested glass-film samples. The attention was focused on film stiffness 
(modulus of elasticity), glass thickness (and thus mass) or even bond 
length (Lbond). 

All the calculations were carried out and compared towards the 
reference “M0” numerical model described in Fig. 6. More precisely, the 
modulus of elasticity for the safety film was modified in a ± 20 % range, 
compared to M0. Similarly, the thickness (and thus mass) of glass 
fragments was changed in a ± 20 % range, compared to M0. Typical 
results can be seen in Fig. 9 (a) in terms of fundamental frequency 
modification of the glass-film assembly. Finally, the bond length was 
also numerically modified, and progressively reduced to account for 
possible delamination phenomena in the mid-span region of glass, 

(a) (b) 

(c)

13 14 15 16
Frequency  [Hz]

-20

-10

0

10

20
∆  

 [%
]

Numerical model (Lbond)
Film (MOE)
Glass (thickness)

Fig. 9. Parametric numerical analysis: (a) variation of post-fracture vibration frequency with modification of film or glass properties and (b) schematic represen
tation of partial debonding, with (c) corresponding modal shape (ABAQUS). Dimensions in mm. 

Table 2 
Effect of bond length on the post-fracture fundamental vibration frequency of 
glass-film samples (selected configurations, ABAQUS).   

m £ Lbond f1,cr 

[Hz] 
Δf [%] a/t (Eq. 

(3)) 
Model Left 

fragment 
Right 
fragment    

M0 1 1  14.51  –  0.9959 
MB-1 1 0.5  8.18  − 43.6  0.9977 
MB-2 0.5 0.5  6.41  − 55.8  0.9982  
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where major rotations are expected under repeated bending de
formations (Fig. 9 (b)). To this aim, the bond size was reduced down to 
50 % the original M0 system, accounting for both symmetrical or un
symmetrical debonding configurations. The typical modal shape can be 
seen in Fig. 9 (c). 

From Fig. 9 and Table 2 is thus possible to note that the most 
influencing parameter is found in debonding at the mid-span region of 
samples, while input material and thickness modifications were typi
cally associated to limited modification in fundamental vibration fre
quency. Most importantly, Table 2 reports also the corresponding a/t 
ratio, which was analytically calculated from Eq. (3) to fit the numerical 
cracked frequency. Given that a/t = 1 in the corresponding FE assem
blies, it is possible to extrapolate from the listed analytical values the 
safety film contribution, in terms of equivalent stiffness and mechanical 
continuity to cracked simply supported samples. 

4.3. Cooling and temperature gradients effects 

For samples in series S2-TC1 and S3-TC2, the attention of experi
mental results analysis was focused both on the effect of repeated im
pacts and on the imposed thermal gradients. Due to preliminary cooling 
stage and a room temperature of 30 ◦C at the time of impact tests, the 
reference gradient was in fact quantified in a maximum of ΔT = +25 ◦C 
for S2-TC1 samples (from + 5 ◦C) and ΔT = +50 ◦C for S3-TC2 samples 

(from − 20 ◦C). Most importantly, the dynamic experiments were carried 
out by taking into account a time interval Δt after cooling, and inter
mediate thermal gradient effects were thus addressed. 

Fig. 10 shows the typical experimental results, in terms of post- 
fracture vibration frequency as a function of time after cooling. Sam
ples are grouped by S2-TC1 and S3-TC2 series respectively, with evi
dence of the corresponding logarithmic fitting curve (with 95 % 
confidence level) and FE numerical estimates previously discussed. 

It is worth to note, especially for the dynamic experiments carried 
out immediately after cooling, that the calculated post-fracture vibra
tion frequency is higher than FE numerical estimates and also higher 
than previous experimental observations for S1-TR samples. 

At time 0, the experimental peaks of Fig. 10 can be quantified, based 
on the analytical model in Eq. (3), in a single crack extension in the order 
of a/t ≈ 0.996 and 0.9945 for S2-TC1 and S3-TC2 samples respectively. 

Such a minimum stiffening effect could be justified by minor effects 
of glass fragments interlocking (if any), but also by a positive contri
bution of low temperatures on the glass-to-film bonding and on the 
stiffness itself of safety film. 

As far as the time interval increases in Fig. 10, both for S2-TC1 and 
S3-TC2 samples it is in fact possible to see a progressive decrease of 
calculated vibration frequency, which suggests a decrease in the 
bending stiffness of the glass-film composite section for each sample. To 
note that the experimental dots tend to a lower limit frequency value 
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Fig. 10. Experimental results for (a) S2-TRC1 and (b) S3-TC2 samples and comparison with FE numerical estimates (ABAQUS).  
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which again – as it was for the S1-TR samples – is well fitted by FE 
numerical models with debonding / delamination in the mid-span re
gion of glass. For the S3-TC2 samples, most importantly, the frequency 
decrease is even more pronounced and premature rather than S2-TC1 
samples. Assuming a logarithmic fitting for both the series of samples, 
in the form: 

f1,cr = Aln(Δt) +B (6)  

it is in fact found from Fig. 10 that A = − 1.347 for series S2-TC1 and A =
− 2.590 for series S3-TC2 respectively. To note that Eq. (6), applied to 
S1-TR series of samples without thermal gradients, would result in A =

− 1.202, and thus confirm the progressive frequency decrease. 

4.4. Numerical analysis of temperature gradients 

To further support the interpretation of results, a FE numerical “heat 
transfer” simulation was also carried out to focus more in detail on 
temperature evolutions in the typical glass-film sample. To this aim, a 
primary attention was given to the experimental evidences for S2-TC1 
and S3-TC2 subjected to preliminary cooling before dynamic tests at 
room temperature. 

The nominal sample, more precisely, was described in the form of 
solid brick heat transfer elements from ABAQUS library and exposed to 

Fig. 11. Temperature evolution in the glass-film sample after cooling (selected contour plots, ABAQUS). Dimensions in mm and temperatures in degrees Celsius.  
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uniform initial temperature of 5 ◦C or − 20 ◦C respectively, as experi
mentally done for S2-TC1 and S3-TC2 samples. Accordingly, the room 
temperature was numerically set in 30 ◦C as for the experimental setup. 
The thermal analysis was carried out by monitoring the temperature in 
time interval after initial cooling, and the progressive temperature in
crease towards room conditions. 

Selected contour plots (half transversal section) are presented in 
Fig. 11 for S3-TC2 samples. Additional comparative data are reported in 
Fig. 12. 

Especially from Fig. 11, it is worth to note that the uniform tem
perature of 30 ◦C in glass and film components was numerically ach
ieved in around ≈ 2600 s after initial cooling (time 0). After a time 
interval of ≈ 400 s after initial cooling, it is possible to see in Fig. 11 that 
the average temperature in glass thickness an width is in the order of ≈
9.5 ◦C for most of glass section, with temperature peaks (10.4 ◦C) in the 
lateral portions of glass only. For the intermediate time interval (i.e., 0 ÷
400 s), it can be noted in Fig. 11 a rapid temperature increase which can 
be responsible of major experimental evidences as in Fig. 10, and also 
suggest further experimental investigations in terms of material and 
bond characterization under low temperatures. The same numerical 
outcomes can be also further elaborated in combination with experi
mental observations. 

Fig. 12, more precisely, shows the previously discussed experimental 
frequency results as a function of the numerically monitored tempera
ture in time, and in particular the measured temperature at the glass-to- 
film interface after cooling. The logarithmic fitting trend for experi
mental frequencies is also reported, based on Eq. (6). 

It is possible to note that the higher is the measured thermal gradient 
ΔT at the glass-to-film interface, and the higher is the frequency 
decrease in the explored time interval. After the first ≈ 100 s after 
cooling, for example, the S2-TC1 samples are subjected to a thermal 
gradient ΔT = 5 ◦C, with a glass-to-film interface temperature in the 
order of + 10 ◦C. The corresponding average experimental frequency, 
based on the logarithmic fitting of Eq. (6), is measured in the order of f1, 

cr ≈ 9 Hz, which also corresponds to a crack depth a/t ≈ 0.9975 from Eq. 
(3). To note that the experimental post-cracked frequency f1,cr spans in 
the range ≈ 6.5 ÷ 11.7 Hz, thus corresponding to a/t ≈ 0.9968 ÷ 0.9982 
based on Eq. (3). 

For the S2-TC2 samples, the first 100 s of time interval after cooling 

are associated to ΔT = 11 ◦C thermal gradient, with a glass-to-film 
interface temperature which is numerically estimated in the order of 
− 10 ◦C, and a corresponding average vibration frequency which is 
measured in f1,cr ≈ 4.5 Hz from logarithmic fitting of Eq. (6), that is a 
crack depth a/t ≈ 0.9987 from Eq. (3). From experimental data, it is 
observed that f1,cr ≈ 6 Hz and a/t ≈ 0.9983 after 100 s. While the limited 
number of experimental data for S3-TC2 samples does not support more 
detailed considerations on thermal gradient effects, the present 
comparative results suggest in any case that they have – similarly to 
repeated impact configurations – major effects on bonding efficiency for 
glass-film samples, and thus on the actual out-of-plane bending stiffness 
for the examined composite specimens under repeated vibrations. 

In this sense, it is thus necessary to further explore the composite 
behaviour under unfavourable operational conditions, to maximize the 
structural efficiency and safety of possible retrofit interventions. 

5. Conclusions 

In engineering applications, structural glass solutions in combination 
with polymers can suffer for mechanical degradation as a consequence 
of unfavourable operational conditions, ambient, temperature, etc., 
with major effects on load-bearing performances and safety levels. 

In this paper, the attention was focused on annealed, monolithic 
glass samples bonded by commercial safety films of typical use for 
retrofit, which are based on Polyethylene terephthalate (PET)-layers and 
pressure sensitive adhesives (PSAs). An experimental investigation was 
carried out to address and quantify the effects of post-fracture repeated 
impacts and thermal gradients on glass-film composites. Based on a 
small-scale laboratory setup of cracked composite beams on simply 
supports (single major crack), a total of 950 configurations was inves
tigated in terms of impact conditions and preliminary thermal 
treatment. 

The interpretation of dynamic experimental results was carried out 
in terms of post-fracture fundamental vibration frequency (based on 
classical identification techniques), with the support of simplified 
analytical estimates and Finite Element (FE) numerical simulations. 

Overall, the mechanical characterization of glass-film samples under 
low-amplitude vibrations was successfully used to quantify their resid
ual load-bearing capacity under unfavourable conditions, and thus to 
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address the robustness of similar retrofit interventions. Most impor
tantly, it was shown that even under repeated impact cycles, the selected 
bonding films can still offer a certain mechanical continuity to glass 
fragments, which is of primary importance for post-fracture redun
dancy. On the other side, a marked and progressive decrease in the 
corresponding vibration frequency, and thus in the corresponding me
chanical coupling of glass and safety film, was also measured from ex
periments. In terms of analytical calculations, the mechanical bonding 
and structural continuity offered by safety films to cracked glass frag
ments was measured in about an equivalent a/t≈ 0.99 ratio of crack 
depth a, compared to the glass thickness t. On the other side, it was also 
shown that short-term thermal gradients may be responsible of major 
debonding in the region of cracks, and thus reduce further the composite 
action of the glass-film system under vibrations. 
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[33] Vokáč M, Hána T, Machalická K, Eliášová M. Viscoelastic Properties of PVB 
Interlayer for Laminated Glass Structures Used in Building Reconstructions. Key 
Eng Mater 2019;808:115–22. 

[34] Salgado-Pizarro R, Castro JR, Cabeza LF. Viscoelastic characterization of seven 
laminated glass interlayer materials from static tests. Constr Build Mater 2021;279: 
122503. 
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