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ABSTRACT

Mechanical performance assessment of load-bearing elements under ordinary design actions is a priority when
material degradation or even severe damage may be experienced. This is especially the case of unconventional
constructional materials, or assembled systems like laminated glass (LG) solutions, in which multiple load-
bearing components may suffer of different mechanical issues. This turns out in potential risk for customers,
and in the need of specific design assumptions to address the problem. For load-bearing elements with direct
interaction with final users (as pedestrian systems), a reciprocal modification of mechanical and dynamic pa-
rameters should be properly taken into account in the early design process.

This paper explores the sensitivity of human-structure interaction effects and performance indicators for LG
slab modules subjected to various walking paths of single pedestrians. An extended set of Finite Element (FE)
nonlinear dynamic numerical simulations is presented, in which the variation of conventional performance in-
dicators (such as acceleration peaks, deflection, vibration frequency) is investigated for two in-service LG
modular units with intact (LGU) or partially fractured (LGF) glass layers. Walking scenarios are described with
the support of consolidated deterministic method in use for pedestrian loads, in which walking features do not
account for the features of structural background. The comparative analysis of numerical results with earlier
experimental outcomes for two reference LG slab modules subjected to random walking conditions shows that
time-domain nonlinear simulations with simplified pedestrian loads can efficiently capture some major effects of
pedestrians, as well as the presence of damage in glass. At the same time, it is shown that fractured glass layers in
LG pedestrian modules can still provide partial post-breakage contribution to the resisting section.

1. Introduction

literature studies can be found to support the in-depth analysis of
structural glass members under specific laboratory conditions. Examples

Given the increasingly use of laminated glass (LG) components in
buildings, knowledge and appropriate description of post-breakage re-
sidual stiffness and residual strength is of utmost importance for design
considerations [1-3]. Due to intrinsic material brittleness, the analysis
of possible damage scenarios and assessment of fractured LG elements is
a crucial issue [4].

Besides, the post-breakage performance of LG elements is a rather
complex phenomenon, which is characterized by the presence of glass
fragments that are expected to adhere to the residual section (thanks to
bonding interlayers) and provide some stiffness and mass contribution
to the original composite layout.

Multiple aspects are implicitly involved in the definition of key
mechanical parameters that govern the uncertain post-breakage
response of LG members, like fragmentation of glass, fragment size,
interlayer type, ambient conditions, strain rate, etc. [5], and few
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can in fact be found for deliberately pre-cracked LG panels [6,7], LG
balustrades with cracked layers [8], fractured columns under impact
[9], beams and connections in samples affected by partial glass fracture
[10-12], and others [13-15]. In this direction, various analytical models
and computationally refined Finite Element (FE) numerical tools have
been also elaborated. Among others, a simplified analytical approach
has been presented in [16,17] for fully cracked LG elements under
tensile loads, in order to predict the bridge effect of interlayers. Pre-
liminary numerical models based on Cohesive Zone Modelling (CZM)
technique have been presented in [18] for small-scale fractured samples
under high temperature and in-plane bending. Impact simulations have
been presented in [19] to critically assess the post-breakage perfor-
mance capacity of LG panels under blast. In [20], the pre- and post-
breakage analysis for LG in out-of-plane bending has been explored.
Experimental data from quasit-static setup were used for the validation



of a refined phase-field based numerical model inclusive of glass fracture
and viscoelasticity for the interlayer. A micro-macro approach inclusive
of homogenization and elementary cell concepts with CZM has been
presented in [21] for the study of in-plane loaded small fragments of
tempered glass (Fig. 1(a)). It was shown that the stress pattern of a single
fragment can be efficiently described and homogenised to describe the
response of a given element, but major uncertainty relies on the actual
bonding (or possible debonding) of fragments from interlayers.

The numerical investigation reported in [8] introduced, with the
support of full-scale experimental validations from the impact response
of balustrades in out-of-plane bending, the simplified concept of cali-
brated equivalent modulus (MoE) to efficiently describe the residual
capacity of fractured tempered glass layers for LG members in out-of-
plane bending (Fig. 1(b)). Such a mechanically simplified concept as-
sumes that the LG bending response is mainly governed by a fractured
glass layer which can contribute in compression or tensile region
respectively. Consequently, glass fragments are assumed kept together
by interlayers and intact glass panes, and homogenised by a reduced
MoE (Section 2). This kind of elaboration follows the existing design
assumptions for glass [1-3], where conventional calculations at the
Collapse Limit State are based on the physical removal of a sacrificial /
fractured glass layer from the LG section to verify (Fig. 1(c), with frag-
ments on the tension side). While safe, such a kind of approach fully
disregards any king of collaboration of glass fragments from the resting
cross-section with damage [8]. The result is that severely conservative
assumptions are often taken into account for FE numerical purposes, or
rather complex experimental / numerical protocols should be followed
quantify the actual damage sensitivity and residual capacity of fractured

LGs. Moreover, the approach does not account for other possible acci-
dental damage scenarios as in Fig. 1(c), where fragments on the
compression side (for the examined loading setup) are expected to offer
improved residual capacity compared to tension side. Finally, the
cyclical bending regime which affects the residual LG section (with
fragments still in place) under pedestrian motion should be also
addressed.

In this paper, a still open issue is investigated for LG in buildings. A
special attention is given to the FE numerical analysis of pedestrian LG
modules which are expected to sustain ordinary walking paths and
vibrate in out-of-plane bending (due to customers), but could also to
suffer for partial degradation in operational time, such as possible
fracture of glass layers for in-service structural systems subjected to
accidental scenarios under normal use. While it is known that vibrations
of glass members can be generally sensitive to boundaries, occupancy
levels and walking features [22-25], limited literature efforts are still
available to judge the potential of FE numerical tools to efficiently
predict the expected critical scenarios, and thus optimize the structural
analysis of such a kind of vulnerable building components.

2. Research methodology
2.1. Goals

The present research investigation arises from the current need of
more in-depth discussion and knowledge about the actual post-breakage

and vibration performance of LG members in buildings, as well as from
the detection of a reference in-service LG walkway suffering from partial
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Fig. 1. Post-breakage analysis of laminated glass components: (a) elementary cell for fully fractured tempered glass (figure reproduced from [21] with permission
from Elsevier®, Copyright license agreement n. 5260101350166, March 2022); (b) partially fractured LG balustrades (figure reproduced from [8] with permission
from Elsevier®, Copyright license agreement n. 5260111418020, March 2022) and (c) schematization of current structural design problem with Collapse Limit State

concept for LG pedestrian systems (sacrificial fractured layer).



glass breakage, and thus representing a potential risk to rapidly address
for customers. More precisely, the study aims at addressing the potential
or limits of time-domain numerical approaches and deterministic
models to reproduce walking paths when specifically applied to struc-
tural LG components which are characterized by typically high slen-
derness and flexibility, compared to other slab solutions of typical use in
buildings, as well as limited mass, compared to occupants [22-25].

2.2. State of art

The vibration response assessment of glass structures, in the same
way of post-breakage considerations, is a relatively recent research topic
[26-30], and research in support of design is still needed. As a basic rule,
occupied glass slabs should be verified against vibrations in the same
way of pedestrian structures composed of other constructional materials
[22]. Specific uncertainties and criticalities for in-service pedestrian
structures made of glass could be represented by typically small
thickness-to-size ratios, limited mass compared to occupants [22], high
flexibility and slenderness, unconventional or limited number / size /
stiffness of restraints (i.e., point supports, etc.), see [31], the possible /
progressive degradation of materials and restraints [32], and even par-
tial glass fracture [25].

For the study reported in [8] and Fig. 1(b), Kozlowski investigated
experimentally and numerically the dynamic performance of fully
tempered (FT), double LG balustrades under conventional pendulum
test. The impact analysis carried out on deliberately pre-cracked LG
sections (i.e., one glass layer fractured as in Fig. 1(b)) subjected to twin-
tyre setup showed that an isotropic, equivalent MoE for cracked glass
layers (Ef, in the following) could be efficiently used to simplify the
post-breakage analysis of LG components, in place of the nominal glass
MoE (E = 70 GPa). In that context, the reference Ef, value was experi-
mentally justified and quantified in 17.5 GPa (~ 1/4th the uncracked
value E) for fractured glass layers in compression and 2.35 GPa (=~ E/
30th) for the fractured glass layers in tension from Fig. 1(b). Basic
assumption in this equivalent characterization was represented by the
knowledge of (p1) mechanical properties for the interlayer in use (with
viscoelastic modelling to account for material type, loading, ambient
conditions, etc.), (p2) geometrical features of structural components and
(p3) experimental structural dynamic response for fitting and model
updating.

In this regard, the coupled experimental-numerical frequency anal-
ysis and sensitivity investigation presented in [25] for the herein dis-
cussed slab modules (and in the specific for the partially fractured
module) confirmed that the equivalent MoE approach for fractured glass
can represent an efficient approach for post-breakage considerations in
partially fractured LG systems, as far as knowledge of (p1) to (p3) pa-
rameters is satisfied for model updating. Input values for Ef, presented in
[25], moreover, were found in close correlation with [8]. This suggests
that non-destructive dynamic testing and simple predictive modal ana-
lyses carried out to quantify partial glass damage in terms of vibration
frequency modification (due to stiffness degradation) could represent a
useful procedure for early structural health monitoring and for the
derivation of preliminary performance indicators.

2.3. Solving approach

The present study further explores the selected in-service walkway
from [25], but discusses original extended numerical investigations in
time-domain which are addressed to investigate their potential in the
measure of relevant dynamic parameters and damage quantification in
LG slabs. More precisely, as in Fig. 2, the study wants to assess:

(i) the potential of consolidated numerical protocols based on the
use of deterministic walking loads which are not sensitive to the
supporting structure (but they account for general walking fea-
tures only), and

(ii) the use of numerical output from (i) for the efficient detection of
damage in pedestrian LG systems. Compared to other construc-
tional systems, LG slabs are in fact known to manifest higher
dynamic modifications when subjected to pedestrians and
human-structure interaction phenomena [22-25]. In this sense,
differing from in-field or laboratory experimental studies, FE
numerical estimates could lack of accuracy for the extrapolation
of relevant mechanical parameters on the structural side.

In doing so, a major advantage is taken from earlier experimental
studies carried out on a reference LG walkway [22-24], as well as on a
preliminary frequency assessment of selected walkway modules affected
by partial glass fracture [25]. Rather than on the dynamic identification
of structural mechanical parameters as in [22-25], the goal is focused on
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Fig. 2. Reference research methods for the detection of damage in LG pedestrian systems.



the discussion of input mechanical loads on similar structural systems,
and on the quantitative measure of expected effects for diagnostic pur-
poses. Earlier validated Finite Element (FE) numerical models are in fact
further elaborated in ABAQUS [33], and the attention is given to the
analysis of different walking paths to address the effects induced by
single pedestrians.

The primary objective, as shown, is to measure in time-domain the
sensitivity of vibration and dynamic mechanical parameters for LG
pedestrian modules subjected to several walking paths, which are
commonly described with consolidated, deterministic models of litera-
ture [34,35]. In doing so, a wide set of dynamic analyses is carried out
for a LG slab module characterized by intact glass layers (LGU, in the
following), as well as on a LG module with identical geometrical prop-
erties and boundaries, but suffering for fracture of one glass layer (LGF).
Based on the availability of experimental data in support of in-place
Operational Modal Analysis for the in-service walkway, the analysis of
results from up to 100 simulations is hence focused on the quantification
of maximum human induced effects under walking paths, as well as on
the verification of time-domain FE model potentials and accuracy to
detect and quantify possible damage in similar systems [36].

3. Analysis of vibration parameters due to human-induced
interaction

3.1. Experimental operational modal analysis for in-service pedestrian
systems

The numerical analysis of human-induced dynamic effects on
pedestrian structural components is known to represent a critical issue
for design. Generally speaking, consolidated structural health moni-
toring approaches and procedures in use for the mechanical assessment
of constructed facilities and building components confirm that structural
system can express any kind of damage in different ways [37,38]. Modal
analysis and frequency estimates are for example representative of early
damage detection, but many other performance indicators and dynamic
parameters could be efficiently taken into account [39-43]. At the same
time, it is also recognized that more detailed investigations in which the
walking features and the pedestrian interaction with slab modules could
be taken into account (Section 3.2).

Such a refined experimental approach can result in difficult appli-
cation for the vibration and mechanical performance assessment of in-
service structural system, where complex experimental protocols could
not be allowed to preserve the functionality of the system to analyse. In
this regard, the present study takes advantage from Operational Modal
Analysis (OMA) techniques and the field experimental analysis of in-
service LG modules (Fig. 3). Differing from earlier investigations, the
experimental outcomes are used for the validation and assessment of
standardized FE numerical procedures in which the structural parame-
ters are derived from time-domain nonlinear dynamic analysis of
walking patterns and related effects.
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3.2. Deterministic numerical approach

The numerical analysis of human-induced dynamic effects on
pedestrian structural components is known to represent a critical issue
for design, and several research studies have been focused on the defi-
nition of reliable deterministic models to describe pedestrians [44-47].

Literature studies show that human body works as actuator for
pedestrian systems [48] and even more for LG systems, due to their
intrinsic mechanical properties [49]. Psychological human comfort on
transparent / flexible slabs can also further affect the motion features of
occupants [50]. When conventional pedestrian loads are applied to LG
systems, additional uncertainties can derive from the multiple interac-
tion of geometrical and mechanical properties as in Section 2, and their
possible sensitivity (with modification of dynamic parameters) to the
motion features (i.e., pacing frequency and phase, walking speed, stride
length, etc.).

In the present study, the validated analytical proposal by [34,35] is
taken into account, since rather well representative of typical footfall
effects due to pedestrians. More precisely, the approach assumes that a
single footfall is able to transfer a force time history equal to (in
Newton):

8
F(t) =746 > Kit'
i=1
=746 (Kt + K>t* + st + Kyt* + K5 + Kot® + Kot” + Kst®) (6))

with K; the coefficients in Table 1 and t the time (in seconds) within a
single footfall, where:

t, = —0.515f° +3.2242f> — 6.9773f, + 5.8531 @)

denotes the duration of a single footfall (in seconds) of walking fre-
quency fs (in Hertz). A typical example is shown in Fig. 4(a). The cor-
responding walking speed is given by:

v, = 1.67f2 — 4.83f, +4.5 3

Key parameters to analytically reproduce a realistic walking path as

Table 1
Definition of input coefficients K; for Eq. (1), based on walking frequency f;.
fs [Hz]
<1.75 1.75+2 >2
Ky -8f,+38 24f,-18 75 f, - 120
K> 376 f, — 844 — 404 f, + 521 -1720 f, + 3153
K3 — 2804 f; + 6025 4224 f, - 6274 17055 f; - 31,936
K4 6308 f; — 16,573 — 29144 f; + 45468 — 94265 f; + 175710
Ks 1732 f; - 13,619 109976 f; - 175,808 298940 f; — 553,736
K¢ — 24638 f; + 16045 - 217424 f; + 353403 - 529390 f; + 977335
Ky 31836 f; — 33,614 212776 f; — 350,259 481665 f; — 888,073
Kg —12948 f; + 15532 — 81572 f; + 135624 - 174265 f, + 321008
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Fig. 3. Classical output-only test setup for Operational Modal Analysis.
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in Fig. 3(b) are the possible time overlap of subsequent footfalls (t,), the
length of steps (Ly):

1
o — s — 4
t tﬁ ()]
Vs
Ly=-— 5
=7 (5)

and the lateral / transversal distance of footfalls (Ds = 0.2 m).

Eq. (1), as many others, well reproduces the effects of a “M—shaped”
footfall force by accounting for the mass of pedestrian and the walking
frequency. Otherwise, the force time history from Eq. (1) is disconnected
from the structural parameters of the pedestrian system to verify and
design.

Accordingly, the present study aims at exploring the reliability of
numerical procedures for the detection and quantification of human-
induced effects on slender slab members as it is typical for most of
structural glass pedestrian solutions. In the present analysis, three
different walking models are taken into account from Eq. (1), see Section

(b)

Fig. 4. Description of footfall loads in time based on Eq. (1): (a) typical variation of walking frequency and (b) spatial / timing effects (S#2 and S#3).

4.
4. Numerical investigation of a case-study LG system

According to Sétra document [51], as also discussed in [31], the
investigated structural system can be preliminary classified as “Class III”
in-service walkway (footbridge for standard use) from a vibrational
assessment point of view. The indoor walkway is in fact composed of
independent modular unit with vertical vibration frequency in the order
of 13-15 Hz [23-25]. This corresponds to a reference “F4” frequency
range in Sétra (greater than5 Hz [51]) which is expected to be associated
to “negligible” resonance risk under normal walking conditions.

4.1. Layout and geometry

The reference LG panel has total dimension of 1.35 x 2.65 m (Fig. 5
(a) and (b)). The slab consists of a triple section composed of fully
tempered (FT) glass layers (3 x 12 mm) and interposed PVB foils (0.76
mm). An additional protective layer made of annealed (AN) glass (6 mm
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Fig. 5. Case-study LG slab: (a) reference LGU module detail (Crypt of Excavations), with (b) nominal plan dimensions (values in m, with evidence of #n mea-
surement points) and (c) cross-section layout (values in mm). Reproduced from [25] under the terms and conditions of CC-BY license agreement.



in thickness) is positioned on the LG top surface (Fig. 5(c)). The me-
chanical interaction between LG and the top AN layer is offered by
contact only. The selected modular units are linearly supported along
the short edges. To limit large bending deformations under walking
occupants, two pairs of pre-stressed tendons composed of AISI 316 steel
are used (10 mm the nominal diameter). Their mechanical interaction
with the bottom surface of LG is offered by two unilateral mechanical
mid-span point supports only. Two LG modular units are selected for the
present investigation. They are part of the indoor pedestrian system
serving the Basilica of Aquileia (Italy), and partially experimentally
analysed in [22-25]. For the present study, the attention is focused on
two original modular units (from a set of 39 elements) that are part of
the Crypt of Excavations suspension path (Fig. 6(a)). The difference was
represented by the presence of intact glass layers (LGU) for the LG + AN
module, or by the presence of one fractured glass layer for the LG section
(LGF), see Fig. 6(b). To note that the top LG layer was fractured during
maintenance operations, and a carpet was temporarily used to cover
cracks, before replacing the LG + AN module.

4.2. Modelling

The numerical investigation of the walkway module was carried out
in ABAQUS, in the form of a set of parametric frequency analyses aimed
at predicting the fundamental frequency and vibration shape of the
structural systems object of study, as well as nonlinear dynamic analyses
for more accurate time-domain investigations under human walking
patterns.

In doing so, the reference FE numerical model was described based
on nominal geometrical and mechanical properties of the system, but
also based on the extended calibration of model details that was derived
and adapted from [20-23]. A major advantage was in fact represented
by knowledge of characteristics of the case-study system, namely con-
sisting in an in-service LG structure with more than 10 years of life and
affected by unfavourable ambient conditions [22], thus resulting in
rather weak bonding contribution from aged PVB layers [23].

The geometrical layout of the typical modular unit is schematized in
Fig. 7. Similar modelling assumptions were taken into account for both
LGU and LGF modular units, while the presence of a fractured glass layer
was described in the form of material characterization.

A set of “composite” layered shell elements (S4R type) was used for
the cross-section of the LG plate (3 x 12 mm glass layers and 2 x 0.76
mm PVB foils) and the sustained AN cover. In this manner, all the
constituent layers and materials were separately defined, in accordance
with Fig. 6(c). For the unbonded AN glass plate, an additional mono-
lithic layer (6 mm in thickness) was taken into account and placed

(a)

within the “composite” shell (Fig. 6(c)). To this aim, a thin / soft layer
was introduced in-between, so as to account for the actual contact
interaction of LG + AN glass (and lack of mechanical fixing).

The final result consisted of a 7-ply shell representative of the LG
section (3 glass layers + 2 PVB foils), the top AN cover (1) and the
interposed soft bond (1). The typical FE assembly was discretized with a
regular mesh pattern having average edge size of 40 mm. Beam elements
(B31 type) were used for the steel tendons, to account for their nominal
circular section (10 mm the diameter). The FE assembly in Fig. 7 con-
sisted of ~2000 elements and ~11000 Degrees of Freedom.

4.3. Boundaries and mechanical interactions

The FE system in Fig. 7 was linearly supported via distributed nodal
restraints for the composite shell elements reproducing the LG + AN
system. The mono-dimensional steel tendons were also pinned at their
ends.

For the point supports at the mid-section of each LG panel, as it can
be seen in the box detail of Fig. 7, a unilateral contact interaction was
defined for each side, via combined “slot & rotation” connectors. The
effect was to reproduce a mechanical point-fixing support able to carry
on compressive loads only, but allowing free relative displacements and
rotations at the steel-to-LG interface when subjected to tensile / sepa-
ration loads. Based on an additional “coupling” constraint, such a nodal
effect of the coupled mechanical connector was properly distributed
onto the whole surface of steel circular plates in Fig. 7 (3 mm their
thickness, 40 mm the diameter).

4.4. Material properties

Linear elastic constitutive laws were used for steel, glass and inter-
layer foils, based on studies earlier discussed for similar modular units of
the investigated walkway. The in-field experimental analysis was car-
ried out on the LGF module still affected by glass fracture of one layer.
Differing from literature studies voted to explore the coupled pre- and
post-breakage response of a given LG system, the present investigation
was specifically focused on a damaged setup. As such, the use of linear
elastic constitutive laws was justified by expected stress peaks in
structural components under walking paths and by the analysis (for LGF
case) of a composite section that was already fractured at the time of
experiments. The calibrated input values are summarized in Table 2.

A major support for the calibration of PVB bonding layers was taken
from the in-service conditions of the studied system, as also discussed in
[22-24]. For the LGF module with fractured glass layer on the top of the
LG section, an equivalent linear elastic constitutive law was used for FT

o ____ANglass
FTgla§$ (1) I_o.?s. o 8
3 FT@
FT (3) S

(b)

(c)

Fig. 6. Operational context for in-field experiments: (a) Crypt of Excavations, with evidence of (b) selected LGF modular unit and (c) corresponding cross-section
(values in mm). Reproduced from [25] under the terms and conditions of CC-BY license agreement.
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Fig. 7. Assembly concept for the geometrical description of reference FE numerical model (ABAQUS). Adapted from [23] with permission, license order n.

5261980998230, March 2022.

Table 2
Major input material properties for LGU and LGF numerical models.
Glass Fractured Glass [25] Interlayer Steel
(LGF - DAM(top) only)  [23] [23]
E MPa 70,000 17,500 4 160,000
v - 0.23 0.23 0.49 0.3
p kg/ 2500 2500 1100 7850
3
m

fragments, see Fig. 8. More precisely, the anisotropic material option
was used for the fractured glass layer in the DAM(top) assembly. Ma-
terial orientation in the damaged shell layer was set so that the MoE for
out-of-plane bending (x-y plane in Fig. 8) could coincide with Eg, = 17.5

Fractured glass =
z anisotropic, linear elastic \\.\

GPa (fractured layer in compression [25]). The “no tension” material
option was used from ABAQUS library. In order to avoid misleading
behaviours of the FE model and reproduce the features of FT glass
fragments for the composite layout of Fig. 8, the nominal MoE for un-
cracked glass (E = 70 GPa) was used in the vertical direction z of ma-
terial orientation (perpendicular to fractured glass pane).

Regarding the actual LG + AN contact interaction, finally, the shear
flexible bond was defined in the form of a fictitious linear elastic ma-
terial (Esorr = 1 MPa [23]).

Overall, the dynamic performance of LGU and LGF modules under
random walks was explored by taking into account the reference cross-
sections in Fig. 9(a), so as to quantitatively compare the response of:

- Uncracked (LGU) module,

Soft layer =
isotroplc, linear elastic

~___Glass =
isotropic, linear elastic

.
isotropic, linear elastic

Uncruckes glas

Compression

Froctured ghass ]

Fig. 8. Material characterization for present DAM(top) model assembly (ABAQUS).
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Fig. 9. Numerical approach (ABAQUS): (a) cross-section features (values in mm) and (b) reference control points.

- DAM(top) = Damaged (LGF) modular unit, with fractured glass layer
on the top (corresponding to the experimental observation and tested
sample in Fig. 6(b), (c)), and material characterization as in Fig. 8,
DAM(LG2m) = Damaged (LGF) module, being representative of a
simplified numerical description of damage characterized by full
removal of the out-of-plane stiffness contribution for fractured glass
layer and by inclusion of residual mass contribution only for frag-
ments (i.e., Ef, = 0).

For all the above configurations, the control points P1 to P4 in Fig. 9
(b) were taken into account for quantitative comparison of structural
behaviours under random walks.

4.5. Damping

A conventional Rayleigh approach was taken into account to define

U, Magnitude
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the mass-proportional and stiffness-proportional damping terms
through the parametric numerical analysis [52]. More specifically, they
were calculated as:

o 260|(02
ap = 50)1 T o (6)
2
bo= éwl T o (7)

where o1, wg are the natural circular frequencies corresponding to first
and second vibration modes of the examined system. Given that the LGU
and LGF modular units proved to have different vibration frequencies in
the experimental and numerical analysis from [25], this means that the
damping terms from Egs. (6) and (7) were separately calculated for each
one of the investigated FE configurations. In doing so, a conventional 2

(a) fircr = 13.86 Hz

(b)ﬁ,LGF =33.34 Hz

(C)f3,LGF =39.82 Hz

Fig. 10. Vibration modes of the reference modular unit: (a) first, (b) second and (c) third vibration shape (ABAQUS, with glass components in evidence).



% damping term was initially considered. To note that such a damping 5. Experimental feedback, model validation and loading

value is also in line with average experimental damping estimates pre- protocol
sented in [24] for similar modular units of the case-study walkway,
under single pedestrian walks. Typical vibration shapes are shown in 5.1. In-field experiments
Fig. 10 (with glass components in evidence), were the corresponding
frequencies (example for the occupied LGF module) are also proposed. To assess the FE numerical predictions of the LGU and LGF model
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assemblies calibrated to previous literature studies, a specific advantage
was taken from the availability of experimental records which have been
collected during the in-field investigation performed in August 2021.

A single tri-axial Micro Electro-Mechanical Systems (MEMS) accel-
erometer was used [53] and the on-site investigation program was
deliberately focused on selected LG + AN modules according with
Figs. 5 and 6, that is identical global dimensions, boundaries and cross-
section layout / composition, but the presence of intact (LGU sample) or
partially fractured (LGF) glass layers. A single occupant (M = 80 kg the
weight) was invited to take part in measurements on LGU and LGF
modules. Output-only tests data were collected under the effects of
normal walks or in-place jumps. For the investigation in object, the
sampling rate was set in 100 Hz. The typical record was characterized by
a maximum duration of ~2 min. During random walks, a single MEMS
sensor was repeatedly moved on the slab, so as to capture the acceler-
ation time histories from control points #1 to #5 schematized in Fig. 5
(c). Basically, due to limited size of each LG + AN module, most of the
walking configurations included linear paths along the midline of each
module (i.e., a total of 4 steps as in Fig. 12). In-place jumps were
imposed at the centre of LGU and LGF modules. For the herein presented
analyses, experimental records measured in #1 were only considered.
Moreover, due to the fact that the experimental measures were collected
in the Basilica without functionality interruptions, but also due to some
uncertainties on the residual capacity of LGF modular unit, walk pat-
terns were characterized by average frequency in the order of f;=~ 1.3 Hz,
that is slightly lower than a conventional walk (f; = 1.5-2.5 Hz).

A typical example of experimental records selected from [25] is
shown in Fig. 11. Moreover, Fig. 11(c) and 11(d) summarize some
calculated walk parameters (vertical acceleration peak aq and vibra-
tion frequency f; of the occupied system), as a function of walking fre-
quency f;. In this regard, it is worth to note that maximum acceleration
peaks under random walks never exceeded the top value of 2.4 m/s2. In
accordance with recommended performance indicators by Sétra [51] for
vibration serviceability assessment, the calculated acceleration peaks in
Fig. 11(c) and (d) would correspond to “minimum” comfort level for
occupants (with 1-2.5 m/s® the reference acceleration range, “A3”).
Besides, such a discomfort against vibrations was not confirmed by the
involved volunteer [22]. The experimental measurements were post-
processeed and preliminary analysed in [25] with the support of SMIT
Toolsuite [54], in order to detect the fundamental vibration frequency of
the structure object of study. The test setup and experimental protocol
was in fact optimized based on the previous investigation [24], where
some LG modular units of the case-study walkway have been previously
explored. In the post-processing stage, the ERA-OKID-OO approach was
used [55,56].

Worth to note in Fig. 11(d) that the average vibration frequency of
LGF and LGU modules was experimentally calculated in [25] in fi 1gr =
13.8 Hz (+£0.21 Hz) and f; 16y = 15.05 Hz (£0.2 Hz) respectively, thus
manifesting down to a mean —8.3% of frequency decrease due to
damage. Model updating based on simple frequency analyses was then
proposed in [25] to assess the potential stiffness contribution of the
fractured glass layer, based on the equivalent Ef, concept and on the
fundamental vibration frequency sensitivity as a major early warning
parameter (Fig. 11(e)). Further, modal correlation was carried out in
[23] for uncracked modular unit and a similar FE modelling approach,
giving evidence of rather good Modal Assurance Criterion (MAC)
estimates.

Besides, no detailed walking features were taken into account in [23]
or [25] in terms of structural analysis for the occupied system under
random configurations. The present analysis starts from material cali-
bration in [25] to investigate the mechanical response of the system in
time-domain, under a wide set of walking paths.

5.2. Solving approach and loading strategy

Special care was given to the nonlinear dynamic analysis of walkway
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modules under pedestrian loads.

Three different walking paths were taken into account. The first
approach consisted in a simple simulation procedure (S#1, in the
following) in which the footfalls were imposed at the centre of slab
module. No spatial and time variations of subsequent footfalls (4 in
total) were taken into account in the time-domain nonlinear dynamic
analyses (Fig. 12(a)).

In the second case (S#2), a more realistic loading scheme was
considered, and 4 subsequent footfalls according to Eq. (1) were
considered for the examined slab module (Fig. 12(b)). More precisely, as
also in accordance with [47], a spatial variation Dy = 0.2 m was included
in the transversal direction. For the longitudinal direction, the overlap
time t, was also introduced between subsequent footfalls. The distance L
of subsequent footfalls was set with “footfall 1 positioned close to the
lateral supports of the slab module.

Finally, the third configuration (S#3 in Fig. 12(c)) was derived from
S#2, with the difference that “footfall 2” and “3” were symmetrically
centred with respect to the middle point of the slab module. Accord-
ingly, “footfall 1” and “4” were positioned at a longitudinal distance L.

The third set S#3 was taken into account to assess possible sensitivity
of slab vibrations and performance indicators to walking features
(footfall position).

For the so-defined S#1 to S#3 schemes, the walking frequency f; was
modified in the range from 1.5 Hz to 2.5 Hz (0.1 Hz the variation step). A
reference footwall with 10 cm x 10 cm was used to uniformly distribute
the load-time function as in Eq. (1) and Fig. 12. The integration time of
analyses was set in 0.005 s, that is two times the sampling rate of
experimental records.

6. Discussion of parametric numerical results
6.1. Performance indicators

The analysis of parametric numerical results was focused on different
aspects for vibration detection. First the vertical acceleration peaks and
corresponding deflection values were detected for the LGU and LGF
modules under various walking conditions.

For the discussion of parametric results, the attention was focused on
control points in Fig. 9(b) and on the analysis of vertical accelerations in
time and deflections. Major attention was paid for walking schemes S#2
and S#3, due to the time and space variability of footfalls. The typical
effect on glass (vertical accelerations in evidence) can be seen in Fig. 13.
A preliminary look at principal stresses in glass was also taken into ac-
count to ensure a linear elastic performance of glass panels. Besides,
limited stress peaks were generally observed in time-domain.

The typical comparative analysis can be seen in Fig. 14 for the LGU
(uncracked) model under variable walking configurations. Worth to
note the variation in time history content and amplitude, as a function of
conventional walking loads as defined in Eq. (1) for a selection of S#1,
S#2 and S#3 schemes.

Minimum variations in performance indicators were generally
measured for schemes S#2 and S#3, even under different walking fre-
quencies f;. This means that localized position of footfalls for the present
modular units has no marked effects for mechanical and vibration issues.
Accordingly, simplified numerical protocols may also be taken into ac-
count for human-induced effects.

Worth to note that the S#1 scheme, as far as performance indicators
are examined in the central control point P1, are largely pronounced
compared to S#2 and S#3 effects in Fig. 14, thus confirming the need of
various control points and maximum envelope considerations to quan-
tify the dynamic effects on the slab modules. For this reason, compar-
ative data were considered as envelope outcomes of the parametric
numerical study herein discussed.
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6.2. Sensitivity of performance indicators to walking conditions and
damage

The analysis of numerical results was first examined in terms of time-
domain parameters and maximum performance indicators, for various
walking paths and both uncracked or fractured glass layers. Typical
examples can be seen in Fig. 15 and confirm a certain sensitivity, as also
expected, of monitored data. In doing so, the attention was focused on
S#1 and S#2 schemes, given that minor modifications were generally
observed between S#2 and S#3 scenarios.

Figs. 16 and 17 show selected results for S#1 paths and the LGU or
LGF modules, together with DAM numerical configurations. In general
trends, the higher walking frequency fs was found to manifest in
increasingly amplitudes for vertical acceleration and deflection. Such an
outcome strictly depends on the fundamental vibration frequency of
LGU and LGF modules. As a result, the higher is fs and the higher are the
measured vibration parameters. Clearly, current outcomes cannot be
generalized to draw conclusions, but the focus of present study is to use
the available comparative data to possibly quantify the expected effects
of combined damage and conventional walking paths.

Most importantly, it can be noticed a different sensitivity and nu-
merical interaction of damage scenarios with walking configurations.
The LG2m module, which is the most conservative of numerical damage
scenarios (i.e., removed fractured glass layer), is also associated to lower
and unrealistic vibration frequency f;. The interaction of multiple as-
pects results in a LG2m damage condition which is the most flexible
compared to others, and related to large deflections (~-68% =+13.3 the
average deflection increase under various S#2 walking paths, compared
to LGU). On the other side, even compare to the uncracked model, the
LG2m module is not necessarily associated to maximum absolute peaks
of vertical acceleration and deflection for the imposed walking paths.

Regarding the DAM(top) approach for the LGF modaule, finally, it can
be seen in Figs. 16 and 17 that appreciable variation of maximum
deflection was typically observed compared to the LGU system (=-6%
+4.6 the average deflection variation under various S#2 walks).
Accordingly, a numerical monitoring of maximum deflections in time —
based on conventional walking paths and features — may result in
difficult quantification of mechanical damage.

6.3. Accuracy of numerical walks to predict human induced accelerations

As far as the acceleration peaks are taken into account as a function
of walking frequency f; for several paths, see Fig. 18, the parametric
numerical data can be easily compared with experimental outcomes.
The attention is focused in Fig. 18(a) on the uncracked LGU module,
where experimental data derived from variable walks an P1 acceleration
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measures are taken into account. Worth to note is the general good trend
of amgx-fs data with numerical predictions. S#1 numerical configura-
tions, more precisely, largely overestimate the actual acceleration peaks
that the uncracked LGU module is expected to suffer. A good trend can
be indeed noticed between variable S#2 walks and corresponding
experimental peaks in P1.

In case of LGF module, comparative data are collected in Fig. 18(b) to
(d), grouped by walking paths. Worth to note, in this case, that experi-
mental data are obtained from various control points and are not limited
to P1. This justifies the sensitivity of experimental accelerations to
rather small walking frequency variations. As far as numerical results
from Fig. 18(c) and (d) are taken into account (envelope), it is possible to
see that experimental peaks are within the top numerical trend from
dynamic analysis. A major sensitivity can be noticed in presence of
damage. Besides, a still good trend of comparative results can be
observed. Also in this case, the use of S#1 walking paths as in Fig. 18(b)
tends to overestimate the acceleration peaks for the numerical model,
and should be limited to preliminary estimates and considerations only.

Finally, see Fig. 19, the use of a simplified LG2m approach would act
on the conservative side in terms of envelope of effects due to numerical
walking paths, but overestimating the actual numerical response.

6.4. Accuracy of numerical walks to predict human induced frequency
variation

In conclusion, the acceleration time histories collected from the
parametric numerical analysis were used for signal processing of FE
outcomes, as it is usually done in case of experimental protocols. The
post-processing methodology was carried out as described in Section 5,
with the exception that the output-only analysis was based on numerical
time-acceleration records. In this manner, the vibration frequency of
examined slab modules was calculated and compared in terms of dam-
age sensitivity for the LGF or LGU conditions (% scatter). Typical results
are proposed in Fig. 20, by taking account the walking frequency
modification. Evidence is given also to the average frequency decrease
that was measured in [23] (and recalled in Section 5) for the fractured
LGF module.

It is possible to see in Fig. 20(a) that frequency scatter is not uniform
with f;, and for some walking paths is close to zero. Major frequency
variation is mostly obtained for the S#2 walking paths rather than for
various in-place S#1 schemes. Moreover, low frequency walks (f; =
1.5-1.6 Hz) are numerically associated to f; decrease in the order of
~-6%, which tends to the mean experimental value of —8.3%. This is not
the case of S#1 scenarios, which are mostly associated to rather small
frequency sensitivity, even in presence of damage.

In Fig. 20(b), a similar comparison is presented for the simplified
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LG2m modelling approach. As expected, the calculated scatter for LGU
and LGF conditions looks numerically higher than in Fig. 20(a), down to
~-25%. Furthermore, less sensitivity to S#1 or S#2 walking paths can be
noticed in Fig. 20(b), as far as f; modifies. In any case, the measured
vibration parameters look largely overestimated, compared to the
experimental outcomes. This confirms that the LG2m procedure for
collapse prevention is on the conservative side for design purposes but
roughly efficient in reproducing the actual performance of fractured LG
members, thus underestimating the post-breakage residual capacities of
glass fragments.

Knowledge of numerical response and performance indicators for
LGU and LGF modules can suggest to introduce a further parameter:

X, o
Ry = LGF

" Xwou ®
in which the measured performance indicator X can be compared for the
fractured or uncracked module (maximum value), as a function of vi-
bration frequency variations from Fig. 20, under various walking con-
ditions. In this regard, Fig. 21(a) and (b) show the acceleration peak
increase, as a result of damage in glass (and modification of mechanical
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/ dynamic parameters for the slab module under walking paths), while
Fig. 21(c) gives evidence of deflection variations, for various walking
paths.

As far as the central control point P1 is taken into account, the
measured vertical acceleration peak is slightly sensitive to walking
conditions, while major effects are given by damage description for the
fractured glass (and thus frequency modification compared to LGU).
Besides, the analysis of envelope accelerations for damaged slabs as in
Fig. 21(b) confirms the high sensitivity of the examined LG solutions to
walking paths characterized by time and space variability. Compared to
the LGU condition, fracture of one glass layer can result in up to ~2-3
times the expected acceleration peaks under ordinary walking paths.

Finally, Fig. 21(c) shows a rather limited variation of P1 deflection
due to human induced effects for movable walking loads as in S#2 (or
S#3) schemes.

7. Summary and conclusions

The post-breakage performance assessment of structural glass ele-
ments is a critical issue for design, and especially for structural members
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which are expected to suffer for direct interaction with customers, as
pedestrian systems. Due to intrinsic material properties, boundary
conditions and operational configurations for laminated glass (LG) ele-
ments, a multitude of aspects should be in fact considered on the
structural side. Furthermore, sensitivity to vibrations may be addressed
under random walks. In this regard, dedicated experimental protocols
would generally efficiently support design and retrofit decisions and
considerations. On the other side, experimental methods are often not
available or difficult to arrange, especially for in-service structures.

In the present study, the attention was focused on the vibration
analysis of in-service LG modular elements belonging to an indoor, case-
study pedestrian system built in Italy, affected by more than 10 years of
life and suffering (August 2021) for partial fracture of the constituent
glass components when subjected to ordinary walking conditions.

A major advantage was taken from an extended set of nonlinear
dynamic simulations carried out with the support of Finite Element (FE)
numerical models calibrated to earlier vibration experiments A special
attention was preliminary given to fundamental frequency estimates,
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given that they represent a rough but still rather exhaustive parameter
for structural health monitoring and early maintenance purposes. The
vibration performance indicators (including damage) were then
numerically assessed by means of several walking paths and pedestrian
loads from a single individual, which were analytically described with
consolidated approaches of literature.

From the present study, the following conclusions can be derived:

Any kind of material degradation or damage in LG slabs is typically
associated to marked variation in mechanical performance in-
dicators, such as vibration frequency, acceleration peaks, de-
flections. Early monitoring studies can be thus carried out based on
quantitative comparison of classical indicators. For the present
study, for example, fracture of one of constituent glass layers was
quantified in ~-8.3% fundamental frequency decrease under random
walks, compared to the intact in-service system (see Fig. 11(e)).
The analysis of damage scenarios based on geometrically simplified
numerical models in which the fractured glass layers are fully dis-
regarded in terms of residual stiffness (as it is design in practice, in
accordance with existing design guideline documents for Collapse
Limit State prevention) was found to result in largely conservative
estimates of mechanical response parameters, and also to strongly
underestimate the actual post-breakage capacity of experimental
modules, up to ~68% variation in terms of deflection (see Fig. 17).
The use of deterministic analytical models of classical use to describe
walking paths and pedestrian loads (which is known to disregard the
mechanical and dynamic features of supporting structure, and
possible local interaction), the numerically predicted structural
response may not capture the real dynamic behaviour under human
induced effects. For the presently investigated LG slab modules (see
for example Fig. 18), the use of similar loading procedures was
associated to structural dynamic estimates that both underestimated
or overestimated the available in-field experimental results on the
structural side.

Moreover, from the numerical investigation it was shown that:

Acceleration peaks in time-domain analysis should be predicted by
deterministic load patterns in which time and space variability of
footfalls is taken into account (i.e., S#2 or S#3 walking schemes,
rather than S#1);

e Multiple control points should be taken into account to quantify
human-structure interaction effects on slender LG slabs, rather than a
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Fig. 20. Numerical analysis of LGU or LGF modules under various S#1 and S#2 walking conditions, with evidence of predicted vibration frequency variation: (a)

DAM(top) or (b) DAM(LG2m) versus LGU models (ABAQUS).
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single mid-span node (i.e, P1 to P5 control points for the investigated result in marked viscoelastic behaviour and high sensitivity to
modular units); operational conditions.

e In terms of absolute acceleration peaks on the structure, the use of
conventional walking paths (like S#2 schemes in Fig. 17(a)) resulted Data Availability Statement: Data will be available upon request.
in rather close correlation with experimental estimates of accelera-
tion, both for uncracked (LGU) and damaged (LGF) slab modules; Declaration of Competing Interest

e The use of conventional analytical walking paths (S#1 to S#3) in
time-domain analysis for numerical signal processing and derivation The authors declare that they have no known competing financial
of vibration frequencies for the occupied slab (i.e. Figs. 20 and 21),  interests or personal relationships that could have appeared to influence
on the other side, was found not sufficiently accurate to derive the work reported in this paper.
appropriate mechanical considerations for structural monitoring
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