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Abstract

A fundamental understanding of resisting and collapse mechanisms is required to ensure the structural safety of primary
load-bearing elements, like columns and beams. The present research, in this regard, experimentally investigates the in-
plane bending and Lateral-Torsional Buckling (LTB) response of tempered glass beams, analyzing key factors such as
the evolution of bending stress, the critical buckling moment, and the corresponding failure mode for a total of 52 origi-
nal samples. The study focuses on specimens with small slenderness (less than 1.2), revealing that well-defined failure
mechanisms can be detected when varying rhis ratio. The stress ratio (7 = 0.57) is crucial in determining the bending
behaviour, with high slenderness following Euler’s buckling curve for beams in LTB, but medium- or low-sleenderness
specimens exhibiting an inelastic response, with a sudden and brittle collapse mechanism which diverges from Euler’s
curve, indicating a critical condition for safety. The study identifies three slenderness ratios satisfying specific limits. Sta-
tistical analysis is applied to the collected results, revealing that the allowable stress curve begins on the y-axis with an
approximate reduction factor of 0.55 and converges with Euler’s curve at high slenderness values. As shown, the strategy
can be used to correlate the failure type to the slenderness. It could hence provide practical support for improving the
safety and efficiency levels of structural glass members. Besides, a more extensive database will be required for a sound
and robust calibration of key parameters.
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1 Introduction

In architecture, glass has evolved from a secondary building
material to a strategic solution for innovation and creativ-
ity, contributing to the development of new aesthetic con-
cepts and even complex load-bearing mechanisms [1, 2].
characterised by the progressive minimisation or deletion
of supporting metal frames to maximise. Additionally, this
transition has been characterised by the progressive minimi-
sation or deletion of supporting metal frames to maximise.
Additionally, this transition has been characterised by the
progressive minimisation or deletion of supporting metal
frames to maximise the transparency of glass [3]. In this
sense, the increasing demand for frameless glass structures
has promoted a rise in research efforts supporting structural
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innovation, including the use of tempered glass panels as
load-bearing elements [3-5].

To address the challenge of high transparency for spatial
structures that can ensure both aesthetic impact and struc-
tural efficiency, see, for example, Fig. 1. Chen et al. [5-8]

@ Springer



196

International Journal of Civil Engineering (2026) 24:195-208

(a) Reciprocal panels emerged from traditional

Chinese window grilles

Fig. 1 Configuration of frameless glass structure

proposed a solution based on ancient structural principles,
inclusive of beam-like members, which play a key role in
frameless glass structures. The Lap-beam system [5], more
in detail, was inspired by the structural principles of ancient
wooden bridges like the Honggiao, and can represent an
innovative solution for modern structural design. The
Reciprocal panel system, as shown in Fig. 1, was derived
from reciprocal frames that are typical of several cultures
and can provide a robust framework for constructing fra-
meless glass structures, combining heritage-inspired design
with modern engineering principles [6—8].

The study reported in [6-8] also promoted a process
for structural design calculations of frameless structures,
including the calibration of allowable stress as shown in
Fig. 2, which basically requires, as for most of load bearing
members composed of traditional constructional materials
[9, 10], that the maximum stress o,ax should not exceed
the limit:

Omax S afi (1)

whit o a sound design safety factor and fijthe allowable
stress. Specific parameters and considerations are taken into
account for different loading conditions, within the consoli-
dated allowable stress design method [9, 10].

The design of members composed of glass, in this con-
text, could be adapted to the allowable stress approach, but
necessarily requires a sound calibration of the reference
parameters and values that could ensure short-term and
long-term safety and durability. For flexural members, as
in the present study, the allowable bending stress should
be calibrated, but the same concept can be considered for
many other loading configurations, such as compression or
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(b) Glass roof of an arcade

tension, to guarantee the structural integrity of load-bearing
elements made of glass.

For frameless glass domes like in Fig. 1, a preliminary
model transformation as in Fig. 2 is also required, which
makes the mathematical problem easier to solve and to be
adapted to different configurations. A trial structural design
is, necessary for each glass member, given that equivalent
beams having comparable axial and bending stiffness are
taken into account. The design should account for dead
and seismic loads, which can be conventionally established
according to standards. In similar conditions, the structure
can be designed to withstand the maximum stresses due to
design loads, preventing it from exceeding the allowable
reference value [11].

As shown in the following sections, the presently dis-
cussed methodology is overall supported by a set of experi-
ments carried out on a total of 52 tempered glass beams.
Mechanical properties that are relevant for structural
analysis, such as bending response and Lateral-Torsional
Buckling (LTB) capacity, are evaluated. The performed
experimental investigation, in this sense, aligns with Euro-
code theory [12] and earlier literature efforts on LTB [13—
19], and supports a more detailed study for critical buckling
analysis of glass members in pure bending.

The allowable bending stress is successively derived
based on the elaboration of experimental results, with statis-
tical analysis. The outcome, as shown, is a set of equations
that could be used for calculating the allowable bending
stress in general members and could represent a practical
tool for safety prevention.
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Fig.2 Structural design processes o
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2 Background and Previous Studies

According to the literature, several researchers primar-
ily focused on the structural performance assessment of
laminated glass members under various loading scenarios,
including LTB [13] or other critical conditions for buckling
[14]. As a part of spatial domes [11], the supporting glass
members can be subjected to in-plane bending and in-plane
axial forces. For structural safety and stability purposes [15,
16], the effect of axial forces should be carefully addressed
because particularly critical and able to give evidence of in-
plane bending or even LTB [17-19]. When in-plane axial
loads are applied, the neutral axis of the resisting section
moves in fact to the opposite side at equilibrium limits [20],
and LTB may manifest itself in the form of large deforma-
tions and critical stress peaks [21, 22], and even premature
collapse [23].

To detect and mitigate any LTB design criticality, it is
thus necessary to address the slenderness of the glass beam
to verify [24]. However, the slenderness itself may be insuf-
ficient. Whilst the literature offers various simplified strate-
gies, there are still several aspects to address and develop
for the optimal calibration of efficient design procedures.
Among others, the present study draws attention to the

analysis of mechanical properties for laterally unrestrained
glass beams in pure bending, and in particular, to the deri-
vation of allowable stress values to prevent failure. Such
a goal agrees with standard structural design procedures,
where there are several types of allowable stress, including
those for bending, compression, tension, and joint failure.

In [25], the authors conducted in-plane loading tests
on tempered glass panels to experimentally evaluate the
mechanical properties of members in pure compression.
The study was extended in [18] to tempered beams under
in-plane bending and LTB. As a further extension from
previous efforts, the present study aims to evaluate their
allowable bending stress, to support the elaboration and
calibration of practical design considerations based on the
consolidated allowable stress design method, and to adapt it
to frameless glass structures.

As illustrated by Fig. 3, the design procedure, as in Fig. 2,
is based on the analysis of the pure bending mechanism for
an equivalent glass beam, which could result in large bend-
ing deflections and even lateral-torsional buckling (LTB)
mechanisms for a given critical moment.

The reference beam of Fig. 3 has a 4-high x ¢-thick cross
section, [, effective length, and is composed of glass, with £
and G the elastic and shear moduli, respectively.
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Fig.3 Lateral deformation of a
monolithic beam in LTB
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The critical buckling moment for LTB can be obtained
from the differential equations of equilibrium, assuming that
the positive curvature of the deflected beam axis in Fig. 3 is
expressed as d?u/dz*and d?v /dz*:

o
dz?

d?v
El,— = M,
dz?

do du
EI =dM, — =——0M,
Y GJ dz dz

2)

Where the bending stiffness parameters (E1,, E1,) and the
torsional stiffness (GJ) have both a primary role in the beam
stability assessment. The Euler’s critical moment M, is in
fact conventionally expressed as [12]:

M, = ZE\/EI GJ (3a)
b

and for a general boundary and loading configuration, it is:

M. =C, 2 VEI GJ

. (3b)

Where [ represents the second moment of the area around
the minor axis and J is the torsional moment, while C}, is
the moment modification factor. There are several litera-
ture attempts to study the moment modification factor and
improve the description of the expected LTB behaviour for

a general beam setup and boundary/loading configuration
[26-30].
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As in Eq. (3b), it largely affects the critical bending
moment based on boundary conditions, in addition to mate-
rial properties and geometrical parameters.

A more accurate LTB assessment, however, necessarily
requires determining the real maximum bending load (and
corresponding failure stress) that the structural member can
withstand without losing its integrity and stability. The gov-
erning parameter for the realistic estimation of the corre-
sponding LTB capacity is hence represented by the buckling
reduction factor, which basically can be estimated for a real
member as [14]:

Mcr
Mres

<1 4)

XLT =

an is usually implemented (in empirical form [11]) for the
definition of modified buckling curves for design, as a func-
tion of the slenderness ratio [12, 14, 16]:

O'th

. ©)

AL =

with o, the tensile strength of glass.

For practical purposes, the effective LTB slenderness
(and thus capacity, based on Eq. (4)) is strictly correlated to
a combination of parameters of simple determination [14],
such as the resisting bending moment (M,.s = ctW,) and
the elastic modulus of the section ( W=ht?/6) [15]. A key
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Fig. 4 Experimental sample,
restraints and instruments (before
testing)

role is indeed assigned to the imperfection coefficients and
factors that strictly affect the final xpr value for the real
member object of study [16].

In this context, an important aspect to consider is that
for medium-large slenderness ratios, the use of conventional
methods and Euler-based buckling theories represents an
efficient design approach to manage LTB collapse. Besides,
the glass members are characterized by small slenderness
(as for the presently examined glass specimens), the fail-
ure mechanism is typically associated with an inelastic LTB
mechanism a sudden and brittle collapse, which represents
a critical condition for safe design.

3 Experimental Program

Given that the purpose of presently reported experiments is
to support the determination and calibration of a possible
allowable bending stress value for glass beams in bending,
it is first crucial to understand the mechanical properties of
glass material and beam performance. Failure mechanisms,
in this context, are strictly dependent on both the brittle
properties of glass and on the possibly high slenderness
of the members, where the latter represents a parameter of
paramount relevance for LTB considerations. The mutual
interaction of material brittleness and member slenderness

Loading

Point

Table 1 Geometrical properties of the experimental specimens (52
samples for a single test each; /=2000 mm)

Series Series label ~ No. of Thickness (t) Height
specimens [mm)] (h)
[mm]

A TG6-200 4 6 200
TG8-200 4 8 200
TG10-200 4 10 200

B TG8-130 10 8 130
TG8-150 10 10 150
TG10-180 10 8 180
TG12-200 10 12 200

— in addition to individual influencing parameters — is thus
a particularly critical aspect to generally assess and quantify
in a univocal way.

3.1 Test Matrix and Specimens Geometry

The experimental program focused on the LTB mechanism
of 52 full-scale specimens, as in Fig. 4; Table 1. Overall, for
practical reasons, a uniform length /=2000 mm was taken
into account for the tested toughened glass specimens, con-
sidering indeed variations in width and thickness.

Until breakage, glass can be handled as a linear elastic
material, with Young’s modulus £ =70 GPa, Poisson’s ratio
n = 0.23, and density » = 2500 kg/m?. Besides, the tensile
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strength o, (with 70 MPa the nominal value of character-
istic strength in tension) is a well-known uncertain param-
eter, which is further affected by many different aspects.
Moreover, among others, the bending and LTB response
of real glass beams depends on a combination of addi-
tional influencing parameters, including the beam shape and
aspect ratio — and thus slenderness [14]. While simplified
techniques and realistic empirical formulae, such as those
in [5], can offer preliminary estimates for the Euler’s criti-
cal moment and actual LTB capacity of glass beams under

< .
Frame Length: 2070 mm

-1

Loading Beam -
Jack ——
3 .

/
Load
\

Cell

various loading configurations, these approaches may take
advantage of further insight into some additional important
mechanical and geometrical aspects [11].

3.2 Loading Strategy and Measurements

The test frame, schematically shown in Fig. 5, was used for
the experimental investigation of the 52 specimens from
Table 1. The glass beam specimens were placed under LTB
conditions and gradually loaded with two concentrated

Risplacement
Meters

Rotation and
translation allowed

Rounded shape
(bottom)

(b) Boundary detail

Fig.5 Experimental arrangement
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vertical forces. These imposed vertical loads were incre-
mentally increased until a predetermined value was reached
in the elastic stage, and then an additional load increment
was applied until failure or LTB occurrence.

Instruments for key measures included a load cell with a
capacity of 200 kN and wire displacement transducers, with
a stroke of 500 mm. The mid-span vertical displacement and
lateral twist (due to LTB) of each member were continu-
ously monitored at the top and bottom edges, as a function
of the imposed load. In addition, strain gauges were used to
measure the top and bottom stresses at the glass edges.

As shown in Fig. 6, the experimental investigation sys-
tematically tested both Type A and Type B specimens as
in Table 1, under in-plane loading conditions, to assess
the consequent out-of-plane bending. Moreover, the study
investigated the effect and influence of in-plane axial load-
ing on the structural resisting mechanism of the same glass
beams, to find possible correlations in terms of load-bearing
capacity, type of collapse, and beam characteristics.

As an example, the collected results for beam specimens
with 12 mm thickness are illustrated in Fig. 7, where the
in-plane axial loads up to =32 kN were applied to reach
failure. A negative displacement, like in Fig. 7a, denotes a
vertical deflection of the specimen. The basis of the typi-
cal trend for the collected records is the pronounced out-
of-plane displacement and twist of the member, which was

characterized by a failure mechanism consisting of a sudden
catastrophic collapse, see Fig. 7d.

For both the vertical and horizontal displacement compo-
nents reported in Table 2, different rates were measured dur-
ing tests. The out-of-plane displacement of each member,
more precisely, was calculated according to the strain-based
method discussed in [18].

Following past literature studies [11, 14, 16], the slender-
ness A; rof the tested members is also reported in Table 2. As
far as the results for Type A beams are considered, the varia-
tion of beam thickness can mostly double the calculated
slenderness ratio. The modification of bending and inertial
properties is expressed, based on experimental observations,
in a more than linearly proportional variation of vertical and
horizontal components of displacement. The corresponding
failure load follows a similar trend, moving from 6 mm to
10 mm in the A series with fix beam dimensions. Besides,
the primary attention of the present investigation is given to
Type B specimens, which are characterized by a relatively
low slenderness.

The top vertical displacement (Top-ver (v)) is measured
using in-plane bending, whereas the horizontal top edge
(Hor (u,)) and bottom edge (Hor (u,,)) displacements
assess the lateral twist and buckling of the beam. For the
tested specimens, the increase in thickness is combined with
variations of width, with a consequent more pronounced
reduction of the calculated slenderness.

Fig. 6 Experimental observations of LTB mechanism (selection)
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Fig. 7 Example of test results for the specimens with 12 mm thicknes

Table 2 Average of experimental outcomes. Specimens grouped by series and listed by slenderness

Series Specimen Mt Displacement Maximum load [kN] Rotationg [rad]
Top-ver (v) [mm] __ Hor () [mm] __ Hor (i) [mm]

A TG6-200 2.15 36.31 72.60 85.10 5.75 -0.062
TG8-200 1.61 15.00 40.00 16.02 7.63 -0.119
TG10-200 1.29 5.00 10.52 16.00 10.86 -0.030

B TG8-150 1.12 10.40 2.65 18.75 12.40 -0.107
TG12-200 0.93 6.40 0.30 21.40 30.10 -0.117
TG8-130 0.71 18.50 32.10 14.50 12.13 -0.104
TG10-180 0.48 6.32 0.60 26.34 10.65 -0.030
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4 Elaboration of Test Results
4.1 Stress Ratio

Several significant facets of the structural behavior of sin-
gle-layer tempered glass beams and panels under tensile and
bending loads have been covered by experimental research.
Tempered glass exhibits a brittle failure mechanism without
plastic deformation before to rupture, in contrast to ductile
materials like steel or aluminum. Failure happened abruptly
and disastrously as soon as the applied tensile stress sur-
passed the material’s inherent strength. This emphasizes
how crucial it is to adopt adequate safety measures and pre-
cisely define acceptable stress levels when employing glass
as the main load-bearing component in tensile constructions.

The bending behaviour of a beam, as known, is basi-
cally governed by a combination of tensile-to-compressive
stresses at the extreme top/bottom edges of the resisting sec-
tion. The determination of the tension-to-compression stress
ratio at failure can thus represent an efficient tool to support
the investigation of resisting mechanisms (initiation and
progressive evolution) until failure.

For the present experiments, Table 3 shows the estimated
stress ratios that are an integral part of the herein presented
methodology, and provides insights about the way the mem-
ber can respond to different loading regimes, particularly
when the slenderness is small. The present study, in particu-
lar, proposes an average calibration of stress ratio, such that
the tensile stress can be calculated as oy = f; (¢.), where
T, 1s the maximum experimental compression stress (at
failure).

The stress ratio y introduced in Eq. (6), more in detail, was
determined by averaging the collected experimental values
for the 36 specimens belonging to series B of Table 1, being
associated to a relatively low slenderness and (expected)

Table 3 Experimental determination of stress ratio g for type B speci-
mens

No. of test in each Specimens

series TG8-150 TG12-200 TG8-130 TGI10-
(A=1.12) (= (= 180
0.93) 0.71) A=
0.48)
1 1.4067 0.4049 0.2044 2.1999
2 1.5526 0.2670 0.2238 0.4596
3 0.8487 0.5975 0.2266 0.6428
4 2.0302 0.2465 1.5569 0.1758
5 0.3333 0.4347 0.3290 0.1412
6 0.9444 0.6150 0.1155 0.5999
7 0.0895 0.6397 0.1955 0.1491
8 0.4382 0.5897 0.1355 0.5772
9 0.4963 0.1877 - 0.1751
Avg. (series) 0.9044 0.4425 0.374 0.5690
Avg. (type B) 0.5780

small sensitivity to large LTB deflections (Table 2), but oth-
erwise to a more pronounced inelastic mechanism with sud-
den and brittle collapse. To note that — from the original set
of 10 available samples for each series — one of them was
used for trial measurements, and thus not accounted for in
the statistical analysis. Also, the 9th test for series TG8-130
was affected by the misleading track record of measures,
and thus, it was disregarded for comparative calculations.

The overall post-processing of experimental data, which
is also briefly summarized in Table 3, resulted in about a
final mean ratio y=0.57 for the examined set of beam sam-
ples, that is:

oy = fi(Gc) =7 T = 0.57 7. (6)

Notably, the final result of Eq. (6) is herein used to sup-
port the general methodology only. For this reason, the
stress ratio g is preliminarily averaged from the available
test results. On the other side, given the high variability of
the collected experimental outcomes — as it can be perceived
from Table 3 — it is clear that a more extended experimental
database is necessarily required for a sound calibration of
this key parameter.

4.2 Allowable Bending Stress
4.2.1 Statistical Analysis

From past experience and literature experiments, high
slenderness ratios are demonstrated to be associated with
an LTB response large displacements and elastic buckling,
which is in line with Euler’s buckling theory. Conversely, as
in the present investigation ( for example, Fig. 7d), a small
slenderness ratio results in a progressively reduced defor-
mation, with inelastic LTB and mostly sudden collapse, or
even brittle failure, making this aspect crucial for design.
Therefore, from a safety design perspective, it is essential
to focus also on small slenderness ratios, due to the critical
nature of the collapse mechanism.

In any case, it is also worth noting that the experimen-
tally measured failure moment fluctuated significantly for
each series of specimens, making statistical analysis neces-
sary to determine trustworthy allowable stresses.

The presently elaborated statistical model, to this aim,
applied a normal (symmetrical bell-shaped Gaussian) dis-
tribution and distinguished three specific cases/ranges of
resisting mechanism and collapse based on slenderness,
namely corresponding to (i) elastic buckling, (i1) inelastic
buckling, and (iii) brittle collapse. The determination of the
allowable bending stress for different failure mechanisms
is crucial to guarantee structural safety against buckling,
and thus also for the specific LTB case. Besides, while high
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slenderness typically follows the Euler’s theory, the pres-
ent study aimed to mitigate the chance of brittle failure in
glass beams with less pronounced susceptibility to elastic
buckling.

The variability of the experimental buckling loads
reported in Table 2 and illustrated in Fig. 9 appears approxi-
mately symmetric about the mean, indicating that the scatter
of the present dataset is not strongly skewed. On this basis,
a normal distribution was adopted to represent the statisti-
cal variability of the test results. Although alternative mod-
els such as Weibull or lognormal distributions are widely
used for fracture strength analyses in large glass datasets,
previous studies [31, 32] have shown that normal distribu-
tions can adequately describe the mechanical response of
tempered glass, especially when the number of specimens
is moderate. Accordingly, the assumption of normality was
considered reasonable for the present study, providing a bal-
anced representation of the average performance and dis-
persion. The basic assumption was to study the variation of
bending stress at failure for the tested structural elements,
and ensure, by applying statistical concepts, a 95% confi-
dence level.

The probability density function of a normal distribution
is given by:

f (@) = ——eap ((X”“)> ™)

oV 2m 205

The standard deviation & measures the spread of the
moment values around the mean value, calculated by taking
the square root of the average squared deviations from the
mean (Fig. 8).

Fig. 8 Normal distribution curve
(95% confidence level)

The approach promotes structural safety improvement
and stability by combining critical moment variance modi-
fications with probabilistic modelling. A statistical approach
is used to compute the lower limit parameter of the normal
distribution curve, where:

C = M (8)

g

Generally, the standard normal distribution is
N (x LT, b 52)). The lower limit of the normal distribu-
tion curve is found by distributing the experimental data

variance over each slenderness ratio, and the expression:

Z:@ )

g

is used to ascertain the confidence interval C with a 95%
confidence, where:

[0 > 2> C):/ocf(z)dz=95% =~ Cc=-1619  (10)
0

To ensure that the maximum bending stress stays within
safe limitations, the true mean bending stress is compared
to the member average strength or design stress limits, using
the upper and lower bounds provided by the computed con-
fidence interval. Subsequently, it is suggested to estimate
the ultimate bending moment of glass beams using M., i
and @, as presently derived from in-plane loading experi-
ments with a given set of specimens.
The computational approach assumes that:

Standard deviation
95% level
< -
Upper limit . Z-score
Lower limit
' =0 '
Normal probability
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— the allowable/ultimate bending moment M, should fall
in a range of probability of 95%;

— the critical moment M., may be determined consider-
ing that —1.6449 = ( M. /M, cs— 11 )/

In conclusion:

M, = (u — 1.64497) Mer.avg (11)
can be used to calculate the reduction factor of M,,, where
M ¢r.qvg accounts for the average critical moment from the
available experimental data.

4.2.2 Results

For the present study, “allowable stress curve” is presented
in non-dimensional form in Fig. 9, which gives evidence
of the evolution of the reduction factor for the bending/
buckling capacity of the examined members. Also, Fig. 9
emphasized three slenderness ratios (or ranges) that are spe-
cifically detected to satisfy the following limits:

— the calculated Apr falls in the first range, that is App <
A 1= 0.5 for beams with very high stiffness, very small
slenderness, and sudden brittle failure;
— A1 =05< App < Ao =1.25 for beams with prevail-
ing bending collapse and inelastic buckling; or.
— A7 > Ay =1.25 for beams that follow the Euler’s
buckling theory (elastic buckling).

In particular, the fitting expression in Fig. 9 is given by:

xor = —0.2102 1 + 0.12 7 + 0.54 (12)

Slendreness ratio

Table 4 Calculated reduction factors for critical and allowable bending
moments, grouped by series/slenderness

Series it Hu > Reduction Reduction
factor for factor for
A < Ny
TG8-150  1.12 0.6714 0.151457 0.7179 0.4236
TG12-200 093 0.7638 0.176695 0.8153 0.4719
TGS8-130  0.71 0.8555 0.183941 0.8425 0.5399
TG10-180 0.48 0.8862 0.161076 0.8663 0.5533

and is valid for the range 0.5 < App < 1.25.

Such a curve was conservatively obtained from the
minimum values of the available experimental data (for
the examined slenderness range of Type B specimens), by
using the lower limit of 5% of normal distribution, based
on the calculated Z-score. The curve in Eq. (12) was then
extended and connected to the first and third slenderness
cases/ranges, see Fig. 9. As it can be seen, the “allowable
stress” curve approached the Euler’s one for large slender-
ness, and intercepts the y-axis at about a=~0.55 reduction
factor, based on statistical analysis.

In support of Fig. 9; Table 4 summarizes the mean ()
and standard deviation (&) of critical moment variance for
each examined slenderness ratio. The calculated reduction
factor for the allowable bending moment (M ,,) also derives
from the lowest limit of the normal distribution curve.

4.3 Basis for the Proposal of a General Allowable
Bending Stress Formulation

In conclusion, the basis of a generalized methodology for
calculating the allowable bending stress in glass beams is
proposed [9], in analogy with research studies and literature
proposals for other constructional materials [33-37].
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4.3.1 Case 1:Brittle Behaviour (A < Al = 0.5)

When a member exhibits a mostly brittle collapse, substan-
tial structural deformations do not take place before the
sudden failure. Such a kind of failure mechanism is usual
for materials with high strength but low ductility. Besides,
specific considerations are required for glass members. In
these hypotheses, the allowable bending stress should be
limited to:

fo < apyo. (13)

with:

vy = a suitable tension-to-compression stress ratio to
derive from tests.

7. the maximum compression stress value (from tests).

a; = environmental factor (to be quantified, based on
experiments).

More in detail:

— Long-term allowable stress

fop = gOéL’Yﬁc (14a)
— Short-term allowable stress

2 _
fs,b = gaL'YUc (14b)

4.3.2 Case 2: Inelastic Critical
Buckling(A1 = 0.5 < Apr < Ag = 1.25)

Before collapse, considerable elastic deformations usually
occur for a member subjected to inelastic critical LTB. When
the material can offer considerable flexibility and deforma-
tion capacity, and the slenderness ratio is still relatively low,
this is the typically observed behaviour at failure. As such,
the following inelastic buckling stress formula can be used:

fy = oA = 0.575. A1 (15)

By using Eq. (15) and accounting for the previously
described Eq. (12), it is possible to express:

fo=0575, (0.21A7 + 0.12A7 + 0.54) (16)
and thus:

— Long-term allowable stress.

@ Springer

1
Jop = gfb (17a)
— Short-term allowable stress

2
fop = §fb (17b)

4.3.3 Case 3:ElasticBuckling (A7 > A = 1.25)

Elastic buckling is the typical behaviour outcome of load-
bearing members that bend elastically and are generally
characterized by high slenderness. The Euler’s buckling
formula, adjusted for LTB, can be potentially employed to
determine the critical stress.

This would result in:

— Long-term allowable stress

C
fop= oL ( 2 VBT GJ (18a)
3 Walp
— Short-term allowable stress
2nas [ C
fop = —= (=L VBT GJ (18b)
3 Waly

where the input parameters have been previously defined.

Allowable bending stresses for glass beams must be
differentiated between short-term and long-term loading
circumstances based on experimental data and statistical
interpretation. In the presence of continuous loads, glass
shows time-dependent behavior, especially when exposed
to external factors including wind pressure, temperature
changes, and creep effects in sealants or interlayers. For
long-term applications, allowable stress levels must thus be
lowered to accommodate sub-critical fault propagation and
gradual fracture formation.

The basic tension ratio, which is the ratio of the applied
stress to the intrinsic tensile capacity of tempered glass,
including a safety factor, was proposed by Eq. 6. A baseline
criteria for determining whether the applied demand stays
within reasonable design bounds is provided by this ratio.

The allowable stress for brittle behavior, as stated in
Eq. 13, is calculated by dividing the ultimate tensile strength
by a suitable safety factor. The abrupt fracture mode seen in
the trials, where no plastic redistribution of stresses is fea-
sible, is reflected in this method. Therefore, it is especially
important in situations involving short-term loads, such
wind gusts or unintentional impacts, when the glass must
withstand high demands without breaking.

The allowable stress formulation for inelastic behavior,
as defined by Eq. 15, acknowledges that while glass is brittle
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in and of itself, structural assemblies may exhibit a limited
redistribution of stresses through neighboring panels, sup-
porting frames, or sealants. This scenario provides a more
realistic depiction of system behavior under service demands
by calibrating the allowable stress to a lower value that takes
partial stress sharing into account. This is especially impor-
tant in situations with repetitive or quasi-static loads when
redistribution mechanisms postpone catastrophic collapse.
Finally, by limiting service stresses to remain firmly within
the glass’s linear elastic range, (Eq. 18a and 18b) determines
the allowable stress for elastic behavior.

In summary, the differentiation between brittle, inelastic,
and elastic assumptions provides a flexible framework for
design. Short-term actions can be evaluated against brittle
or inelastic formulations depending on the structural redun-
dancy, while long-term loading must rely on elastic-based
allowable stresses to ensure safety against delayed fracture.
The proposed equations, therefore, enable designers to tailor
the allowable bending stress to both the material behavior of
glass and the nature of the applied load, ensuring consis-
tency with experimental findings and statistical scatter at the
95% confidence level.

5 Conclusions and Future Work

The present research study experimentally investigated
the in-plane bending and Lateral-Torsional Buckling
(LTB) response of tempered glass beams such as TG8-150
(A= 0.93), TG12-200 (A= 0.93), TG8-130 (A= 0.71),
TG10-180 (A 1= 0.48), analysing some key factors in their
mechanical response, such as the bending stress evolution,
the critical buckling moment, and the corresponding fail-
ure mechanism. Such an investigation was supported by 52
original samples, and the primary attention was specifically
spent on beam specimens characterized by a small slender-
ness ratio (less than (A=1.2), to address their inelastic LTB
response.

The present research set out to find an effective method
for calculating the allowable bending stress and moment
(as well as its reduction factor 0.55) for glass members
in bending configurations, as a function of their slender-
ness ratio. In this context, the study of experimental evi-
dence received the majority of emphasis. After accounting
for the moment variance of experimental results for a set
of slenderness ratios that can be typically associated with
inelastic LTB and sudden failure mechanism, the overall
post-processing of experimental data, which is also briefly
summarised in Table 3, produced a final mean ratio of
vy=0.57 for the examined set of beam samples, which means
ot = fr (G.) =7 7. =~ 0.57 7.

For post-processing of experimental results, a normal
distribution with a 95% confidence level was used in the
statistical analysis. Such an outcome was used for the pre-
liminary assessment and development of a general method-
ology able to support the definition of allowable bending
stress formulations.

As shown, the primary advantage of the present gen-
eralized proposal is that it considers the possible resist-
ing mechanisms and failures for the long term and short
term (including behaviour proposed the equcation brittle
fo <apyae, inelastic fy, = oyApr = 0.576,. A\, or
elastic LTB behaviours at collapse in Eq. 18a and 18b for
the long-term and short-term loading, respectively) as a
function of the slenderness ratio, which is used as a key
input parameter. On the other side, however, the collected
experimental outcomes also gave evidence of scattered
results and suggest the need for a more extended experimen-
tal database, to support a sound and robust calibration of
input parameters. In the future, the focus of research will be
given to the experimental analysis of more configurations
of technical interest, as well as to many additional influenc-
ing factors that could further affect the structural behaviour
of similar members, including, for example, environmental
factors or boundary and loading conditions.
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