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Glass-Steel Triangulated Structures: Parametric Nonlinear
Finite-Element Analysis of In-Plane and Out-of-Plane
Structural Response of Triangular Laminated Glass Panels

Francesco Laccone’; Christian Louter?; and Maurizio Froli®

Abstract: Glass exhibits brittle failure behavior. Therefore, redundancy is a fundamental design requirement when using glass as a main
structural material. On this basis, a novel structural concept has been developed for hybrid glass-steel posttensioned triangulated structures,
where the two materials collaborate. In forming such lattice structure, local fracture must be avoided. This paper presents a parametric study
that highlights the influences of mechanical and geometrical parameters on the in-plane and out-of-plane static behaviour of laminated
triangular glass panels. The resulting data set constitutes a useful source for the designer to select the most appropriate component. The
main sensitivity parameters are panel length, laminate thickness, and interlayer stiffness. DOI: 10.1061/(ASCE)AE.1943-5568.0000374.
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Posttensioning.

Introduction

In the last decades, the use of glass as a structural material has in-
creased considerably. Driven by transparency and its apparent sense
of lightness, such material satisfies the quest for dematerialization
in contemporary architecture. However, as is well known, glass ex-
hibits brittle behavior and high scatter tension strength. In order to
avoid sudden collapses caused by high stresses, static fatigue, and
accidental damages, the rules of fail-safe design (FSD; Haldimann
et al. 2008) are adopted. In addition, hybridism provides a further
safety margin.

Because primary all-glass structural elements usually lack duc-
tility, except the quasi-ductile behavior inherent in laminated pan-
els, research efforts have focused on several static concepts based
on glass-steel collaboration. These range from composite beams
(Martens et al. 2015a; Louter et al. 2012; Martens et al. 2016a, b)
to arched (Sobek 2007; Weller et al. 2009) or vaulted structures
(Weller et al. 2008, 2010; Ioannis et al. 2012).

In analogy with posttensioned concrete elements, prestress has
been more recently introduced in glass structures (Martens et al.
2015b), practiced by bonded (embedded or glued) components
(Louter et al. 2014; Cupac et al. 2017; Bedon and Louter 2017)
or unbonded external tendons (Jordao et al. 2014; Feng et al. 2015;
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Engelmann and Weller 2016; Bedon and Louter 2016). The aim is
to add additional tensile strength to glass for safer postbreakage
behavior.

The current paper is framed in the research context of postten-
sioned segmented glass-steel structures and focuses on a specific
concept, Travi Vitree Tensegrity (TVT), developed at the Univer-
sity of Pisa for building long-span beams (Froli and Lani 2010;
Froli and Mamone 2014; Mamone 2015) and frames (Froli et al.
2014, 2017). TVT is based on the principles of FSD, foremost
hierarchy, segmentation, and redundancy.

TVTs comprise two segmented mutually connected webs,
where triangular glass panels are arranged in a Warren scheme.
Panel corners are clamped into monolateral steel nodes by means
of posttensioned bars, which secure contact at the interface of the
two materials, allowing detachment in case the prestress rate is
overcome. Full-scale experiments showed calibrated ductile failure:
the yielding of the lower bars always preceded the buckling of the
glass within a hierarchical chain of ruptures. Segmentation and
component doubling allow TVTs to withstand external loads with
areduced safety factor even in the case of accidental failure of some
panels. Dry assembly (without bolts and adhesives) makes replace-
ment cost-effective. A photo of the third TVT prototype, TVT~,
spanning 12 m, is shown in Fig. 1.

In the development of long-spanned and tall lattice structures,
redundancy is indeed an essential requirement. Therefore, because
it is not possible to benefit from a parallel assembly of webs as in
TVTs, a novel alternative static concept (Froli and Laccone 2018c)
has been developed to create volume-forming envelopes, free-form
fagades, or roofs. The static concept is based on the collaboration of
multiple laminated flat glass panels with a filigree steel truss.

Enhanced redundancy with respect to state-of-the-art static
concepts was stated in Froli and Laccone (2018c) on two example
structures by means of simplified global finite-element models
(FEMs). The next step, and the subject of the present research,
is to focus on local failure modes. The ultimate limit state (ULS)
of in-plane—loaded and out-of-plane—loaded triangular laminated
glass panels was investigated by means of three-dimensional (3D)
nonlinear finite-element analyses (FEAs) using ANSYS Release
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Fig. 1. Third example of segmented hybrid glass-steel TVT beams:
12-m-span TVT~.

version 16.2 to highlight the influences of key geometrical and
mechanical parameters. A conveniently modular tetrahelical tower
was selected to derive reference design values.

Structural Concept and Geometry

The static concept is based on earlier experimental tests made on
full-scale TVT prototypes. More specifically, the structural system
(Fig. 2) consists of several flat glass panels connected to a slender
steel frame. Spatial steel nodes merge three to six beams and house
monolateral dry recesses that clamp the panel corners. External
posttensioned cables are fixed at the nodes and transfer prestress
to the structure. The main points and structural principles of the
static concept are briefly stated as follows:

* The ideal continuous curve—shaped surface is segmented, gen-
erating multiple triangular (or in general polygonal) flat glass
panels, in compliance with FSD and constituting a low-
maintenance, cost-saving strategy because only broken panels
need to be replaced once failed.

* Mutual prestress of the components is applied by means of
external cables. This is done to globally stiffen the system and
to additionally apply a beneficial compression prestress. A de-
sign opportunity is to orient the cable path based on loading
condition.

Fig. 2. Schematic of base unit of investigated hybrid glass-steel
system.
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e The dry assembly of the connection allows easy mounting and
replacement of the components. Because only contact ensures
the transfer of forces, the panel can slide within the connection
in case of tensile stresses greater than precompression values.

* In the way just described, the panel is mostly compressed except
for tension stresses that may arise from significant second-order
effects or out-of-plane loadings.

e The steel beams that form the metal skeleton frame are set
adjacent to the panels’ edges and collaborate with the glass in
supporting loads. The frame additionally constitutes a suitable
redundancy barrier before ULS collapse and so is designed to
withstand at least its own weight in the absolute worst case
where all glass panels are accidentally cracked and so mechani-
cally useless. Lastly, the metal skeleton facilitates assembly and
replacement, avoiding the use of provisional scaffolding.

The structural principles apply to self-supporting volume-
generating structures. To this end, a particularly convenient ge-
ometry category, triangulated solids, is adopted. Among these,
triangulated helical polyhedrons (Kappraff 2001; Pottmann 2007)
are one of the most promising for enhancing modularity, and their
inherent geometric properties may be additionally exploited for
structural purposes [Figs. 3(a—c)]. Triangulated helical polyhedrons
are cylinders decomposed into all-equal equilateral triangular faces,
whose vertices lie on the base cylindrical surface. The edges of
adjacent triangles draw polygonal paths that are dual of cylindrical
helices on the cylinder can be drawn by iteratively joining consecu-
tive edges of adjacent triangles—hence, the name. For each solid
outer surface, it is possible to identify three groups of parallel hel-
ical spirals characterized by different slopes with respect to the
horizontal plane.

The installation of a hybrid structure on triangulated surfaces
provides for flat glass panels in place of triangular faces and a for
steel truss at panels’ edges. Such a triangulated frame is inherently
statically determinate with six-way stiff connections. Glass panels
provide a noticeable stiffening contribution in compressed areas
of the structure, reducing the structural role of the frame itself.
Additionally, the helical polylines are optimal paths for external
posttensioned cables.

The smallest and simplest triangulated helical polyhedron is
the tetrahelix [Fig. 3(c)], selected as a reference case study for
its similarity with a cantilever hollow cylindrical beam. The term
tetrahelix was first introduced by Fuller (1982) because its form can
be regarded as a vertical assembly of tetrahedrons with each one
sharing a face with another one [Fig. 3(d)].

In the hybrid tetrahelix (Fig. 4), the glass collaborates with a
steel filigree truss, whose nodes are six-way connections except for
the ground and upper nodes, where connectivity is reduced. The
nodes are the crucial part of the system, constituting the location
of the anchoring part of both the beam end extremities and the panel
vertices. The posttensioned cables are also point-fixed at the outer
side of each node.

Effective prestress paths overlap the most inclined group of
helical polylines. Their mechanical role is to confer on the panel
in-plane precompression and additionally to equip the structure
for radial confinement, vertical compression, and global stiffen-
ing. Global analysis results are provided in Froli and Laccone
(2018a, b).

Local safe breakage is obtained using double-laminated equilat-
eral triangular glass panels, and, as in a TVT system, the panel cor-
ners are rounded to avoid stress concentration and are confined in
a dry-clamped steel casing. To obtain a monolateral restraint, nei-
ther bolted nor adhesive connections are introduced on the glass.
Only compression forces, by contact, can propagate from the steel
truss to the panel. Moreover, the panel can slide in the direction of
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Fig. 3. Triangulated solids: (a—c) helical polyhedrons; and (d) genesis of tetrahelix geometrical form.

Fig. 4. Seven-meter-tall hybrid glass-steel tetrahelix.

the bisector line of the corner angle to avoid undesired tension

stresses. For this reason, the posttensioned triangular panel may be

sensitive to compressive forces, leading to buckling due to its slen-

derness. Tensile failure may also occur because of bending for

an out-of-plane load. This is why the main conservative load cases

selected for analysis were

* Nonlinear progressive buckling of an in-plane symmetrically
loaded panel; in a single-layer lattice structure, local buckling is
relevant because it can cause fracture;

* Nonlinear static analysis for an out-of-plane—loaded panel,
where fracture occurs when tensile strength limits in the bent
glass panel are reached.
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Laminated triangular glass panels with clamped corners as part
of a lattice structure have not been investigated experimentally or
numerically. TVT panels, although the closest structural compo-
nent to these panels in terms of boundary conditions and geometry,
present different loading conditions: being web panels of beams,
their own weight represents in-plane loading as well as posttension-
ing load; out-of-plane loads are negligible.

Several researchers have addressed the in-plane and out-of-
plane behavior of large glass panes. In particular, rectangular plate
is an active research area because it is extensively adopted in floor-
to-floor facades (Silvestru et al. 2013; Englhardt 2007; Englhardt
and Bergmeister 2005; Huveners et al. 2007; Wellershoff 2006;
Haarhuis and Wever 2016; §trukelj etal. 2015; Stepinac et al. 2013)
and insulating glass units (Memari et al. 2003). Even though sim-
ilarity exists in loading and boundary conditions, the structural sys-
tem and the shape of the panels play a substantial mechanical role.
Consequently, the present study, a first step in the analysis of these
panels, adopted the methodology of parametric nonlinear finite-
element (FE) investigations.

Materials and Method

Parameters

The effects of mechanical and geometrical parameters were inves-
tigated via geometrically nonlinear FEA on a double-laminated
triangular panel with rounded corners. In each analysis, only one
parameter was varied while the others were kept invariant as refer-
ence values. Fig. 5 shows the configuration and key parameters
investigated: panel side length L, glass thickness ¢/, interlayer shear
modulus G;, interlayer thickness ¢;, and initial imperfection of the
panel u. Table 1 summarizes the parameter values assumed in the
analyses. The reference values were L = 1,000 mm, 7, = 8 mm,
G; =300 MPa, t; = 1.52 mm, and « = 0 mm.

Side lengths were spaced from 500 mm to a maximum
3,000 mm—well within the limits of typical commercial sizes
(i.e., 6 x 3.21 m). The reference 1,000-mm-sided panel was the
one adopted in the design of the structure in Fig. 4 and in Froli
and Laccone (2018a, b). For 7,, the nominal values of 4, 6, 8,
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Fig. 5. Triangular panel: geometrical parameters.

Table 1. Parameters varied in nonlinear analyses

Parameter Notation (unit) Values

Side length L (mm) 500, 1,000, 1,500, 2,000, 2,500,
3,000

Glass thickness 1, (mm) 4,6, 8, 10, 12, 15

t; (mm) 0.38, 0.76, 1.52
G; (kN/mm?) 0.1, 1, 10, 70, 150, 300, 600

Interlayer thickness
Interlayer shear
modulus

Initial imperfection u (mm) 0, L/1,000, L/400, L/100, L/50

Note: Reference values are in bold.

10, 12, and 15 mm were chosen in line with commercially available
thicknesses. For the interlayer, thickness values of 0.38, 0.76, and
1.52 mm were assumed. In order to simulate the effects of viscosity
as well as the various interlayer polymers, different values for shear
modulus were assumed but, as a simplification, both glass and in-
terlayer polymers were considered linear elastic isotropic despite
their evident nonisotropic behavior.

The reference value of 300 MPa characterized a stiff polyvinyl-
butyral (PVB) interlayer with a low load duration at room temper-
ature (Eastman 2017; Kuraray Europe 2017). Other values adopted
in the parametric investigation represented various load durations
and temperature as well as other interlayer polymers (for instance
SentryGlas and Trosifol ExtraStift).

As yet there has been no systematic evaluation of imperfection
in 2D large plates; both imperfection amplitude u# and shape were
therefore unknown. Amplitude u was expressed as the maximum
of the imposed field of deformation, and its absolute value was a
fraction of the side length of the panel. For other structural compo-
nents, the following values were considered: L/1,000, which
Amadio and Bedon (2010), Mocibob (2008), and others introduced
when studying rectangular panels; L /400, which Belis et al. (2011)
recommended as a characteristic design value after processing
experimental measurements on 312 monolithic and laminated
beam-like panels; and L /100 and L /50, which were chosen to de-
termine the tendency of the numerical curve. The value of L/50
is not within production tolerance. Concerning imperfection
shape, a parabola was adopted for all simulations as suggested by
Belis et al. (2011). Cylindrical and spherical inelastic deformation
fields were considered, but the obtained ultimate load was always
larger than the parabola. Eigenmodes, which are usually considered
for buckling studies, provided conservative values as well. Their
resulting shape was stiffened because of the presence of clamp-
ing areas.

The materials used in the numerical models followed constitu-
tive linear stress-strain law. The properties of the glass (soda, lime,
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Table 2. Mechanical properties in numerical models

Mechanical properties Notation (unit) Glass Interlayer
Density p (kg/m?) 2,500 1,070

Young’s modulus E (N/mm?) 70,000 Variable
Poisson’s coefficient v 0.23 0.45

silica) and the interlayer (typical PVB values) were derived from
Haldimann et al. (2008) and are summarized in Table 2.

Method

The static scheme of the studied panel is shown in Fig. 6(a).
Corners were provided with compression-only in-plane support,
while the out-of-plane clamping restraint was modeled as an elastic
support [Fig. 6(b)].

The two load cases (in plane and out of plane) were computed
in a two-phase analysis (Fig. 7). In the first phase, the structure was
simulated without external loads to mimic positioning of the panel
on the truss and its posttensioning. Two loads applied in this phase:
dead load, which was directly computed from the material proper-
ties of the panel layers, and posttensioning load, regarded as a self-
balanced group of free-body forces. In order to maximize dead load
gravity g and to decouple its effect from that of in-plane loading,
the gravity direction was set normal to the midsurface plane. As a
consequence, because the dead load was out of plane, the resulting
deformation (in Phase 1) acted like a geometric imperfection for the
loading to follow.

For all analyses, the contribution of dead load was assumed to
always be present, even if it was not highlighted in the resulting
graphs. Particularly in the imperfection sensitivity analysis, the
deformed shape at the end of Phase 1 should be read as the super-
imposition of dead load deformation and initial imperfection
displacement field.

The overall structural behavior of a hybrid tetrahelix tower
had been investigated in a global analysis by Froli and Laccone
(2018a, b), from which the ratio of loads acting on a single panel
was deduced. Posttensioning loading and cable layout were respon-
sible for vertical and radial confinement of the structure. Only the
most inclined helices of the base polyhedron were equipped with
cables. Three continuous cables were used. Posttensioning was
not carried out along all edges but only on one for each panel. That
edge was subjected to a main compressive loading flux adjacent to
the external cable path and a minor isotropic confinement in the
orthogonal direction.

Based on the results of the global analysis, the external forces
in Phase 1 were derived to reproduce these effects: a main compo-
nent was parallel to the BC edge of the triangle (y-axis), and a
minor load was oriented perpendicularly (x-axis). The A vertex
gave the equilibrium reaction.

For simplicity in describing the behavior of laminated triangu-
lar glass panels, the load magnitude was disassociated from the
effects of the tower aspect ratio and the cable posttensioning rate.
Therefore, the two Phase-1 external load components were set to
differ by one order of magnitude, F; = 10 kN and F, =1 kN,
respectively.

Two separate analyses were directly linked to the Phase-1
results and simulated the two critical live loads of Phase 2. For
in-plane loading, the lowest external force able to buckle the
panel was configured as posttensioning loading. This load scheme
was represented as uniformly increasing up to failure by the
coefficient A. The final value of A was defined as the nonlinear
buckling multiplier
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Fig. 6. Modeling of panel: (a) static scheme; and (b) boundary conditions.

Fig. 7. Loads on panels: Phases 1 and 2 for each load scenario.

F
A==
Fy
where F ., = snap-through value of each geometrically nonlinear
analysis, manually identified from the load-displacement graph
when the following condition occurred:

F _F"_1<6

Up — Up_q

n

where F,, (F,_y) and u,, (1,_,) = force and maximum out-of-plane
deflection at the nth (n — 1) load step; and 6 = 0.1, identifying a
low slope segment in the force-displacement curve.

For out-of-plane loading, a specific uniform pressure of p =
1.0 kN/m? was applied on the surface of the z = 0 face of the
laminated panel and its coefficient o was increased to register
the peak of the maximum principal stress. Based on the « values
of the out-of-plane load multiplier, tension stress isolines were
derived. This strategy to highlight the range of stresses avoid
the introduction of a specific glass strength, which was a function
of treatments and processing, environmental factors, and probabil-
ity distribution. Long-term effects associated with posttensioning
losses were neglected in this study.

Modeling Strategy and Analysis

The geometry of the equilateral triangular laminated panel was
generated from a parametric 3D solid model, in which all key geo-
metric parameters were scalable. The size of the clamping area—
namely, its depth w and the radius R of the rounded panel corners
(Fig. 5)—was also scaled with respect to the parameter L and met
the mechanical and technological requirements of force transfer.

A full solid FE model was realized through discretization of the
imported three-layer solid geometry by means of three-dimensional
FEs exhibiting quadratic displacement behavior (SOLID186 and
SOLID187) and three degrees of freedom per node. The mid-side
node avoided susceptibility to any shear locking that may have
occurred because of its low height-to-width ratio—for instance,
in the discretization of the interlayer. All materials were set as elas-
tic isotropic according to the previous hypothesis.

The mesh pattern was produced using a hex-dominant method.
Its maximum size was determined based mesh sensitivity analysis
[Fig. 8(a)] and panel side length L. The latter was indeed
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Fig. 8. FE mesh: (a) sensitivity analysis; and (b) typical mesh pattern
on L = 1,000-mm panel.

proportional to the w and R dimensions, which in turn governed the
accuracy of the solution at the corners because loading and con-
straint conditions were set there. Therefore, the ratio between the
panel side length and the mesh maximum size (L/x) assumed the

value of 50 for the 500-mm-sided panel, 66.7 for the 1,000-mm-
sided panel, and up to 150 for larger panels. A typical mesh pattern
is shown in Fig. 8(b). Generally, only one solid FE was used for
the thickness of each layer except in panels thicker than 10 mm,
such as the double 15-mm-thick 500-mm-edge side panel, where
an additional thickness subdivision was applied in order to improve
bending stress results and deformation accuracy.

To simulate a perfectly bonded interface between all layers,
contact elements CONTA174 were used. Such an interface would
not allow any relative movement or interpenetration between the
solids.

To comply with the static scheme in Fig. 6(a), boundary con-
ditions were applied at the corners: the faces orthogonal to the
midplane were equipped with nonlinear compression-only normal
supports; the upper and lower faces of all corners had elastic
supports—a bed of springs with a specific stiffness of k =
85 kN/mm? derived from the moment-curvature plot obtained by
means of a geometrically nonlinear detailed FEA of the clamping
device. For this purpose, the spacer material, technology, and meth-
odology used by Froli and Lani (2010), Froli and Mamone (2014),
and Mamone (2015) were used. The spacers had significance for
the behavior of panels with a limited load introduction area, as
noted by Ebert (2014). In the present study, to avoid tension peaks,
2-mm-thick EN AW 6060 T5 aluminium alloy meeting CNR DT
208/2011 specifications (CNR 2011) and having almost the same
Young’s modulus as that of glass, was used for spacers at the
interface between the glass and the steel.

External loads were applied as remote forces in the models.
To avoid nonrealistic distortions, only glass faces were loaded. For
large deformations, a two-step geometric nonlinear analysis was
run for each model. Despite the parametric model-building strat-
egy, the results were manually verified with a nonlinear solver.
Recurring displacement fields on the Phase-2 panels are shown
in Fig. 9.

Results and Discussion

In this section, the results of the numerical analyses are summarized
and the effects of the different parameters are discussed. For the
in-plane load case, the results are shown in a plot of the non-
linear buckling multiplier A versus the parameters (Figs. 10-13);
for the out-of-plane load case, the magnitude of surface pressure

Fig. 9. Displacement field for reference glass panel: (a) in-plane load; and (b) out-of-plane load.
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Fig. 10. Nonlinear buckling multipliers for in-plane loading: effect of
(a) side length; and (b) glass thickness.

a x p versus the sensitivity parameters is plotted (Figs. 11-17).
Reference values are represented by continuous lines marked by
symbols.

In-Plane Loading

Effect of Side Length and Glass Thickness

The side length of the panel and the thickness sensitivity of both
laminate glass components are depicted in Fig. 10. Because slen-
derness is the governing parameter for stability problems, special
attention was paid to its effect on the ultimate buckling multiplier \;
all possible combinations of glass thickness and side length were
evaluated using the 3D domain shown in Fig. 11.

From Fig. 10(a), it is seen that, concerning the effect of side
length, the buckling multiplier exponentially grows with increasing
glass thickness: the smaller the panel, the higher the exponent of
the ideal fitting curve. Negative exponential functions are shown
in Fig. 10(b), where the thinner the component pane, the flatter
the interpolating curve of the buckling multipliers. Glass thickness
and panel side length exhibit a larger influence on the mechanical
response of predominantly in-plane—loaded panels with clamped
edges. The border curve of the progressive buckling failure domain
is an exponential 3D function.

Effect of Interlayer Stiffness
Time behavior, due to long-term loading, and temperature effects
were not computed. The interlayer shear modulus G; was varied

© ASCE
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Fig. 11. Nonlinear buckling multipliers for in-plane loading: effect of
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Fig. 13. Nonlinear buckling multipliers for in-plane loading: (a) effect
of imperfection ratio; and (b) maximum principal stress domain for the
1,000-mm-sided panel.

from the reference value of 300 MPa, while Poisson’s coefficient
was kept invariant at v = 0.45.

As can be seen from Fig. 12(a), despite the balancing of com-
pression forces demanded by the in-plane stiff glass panels, the
weakest composite effect obtained for the lowest values of the G;
modulus produced a noticeable decrease in the buckling multiplier.
This effect was heightened by the panel dead load in the postten-
sioning phase. Increasing the G; modulus from the reference value
of 300 to 600 MPa seemed not to affect the panel’s out-of-plane
response, even when the monolithic limit was reached. Conversely,
decreasing the G; modulus led to a loss of 18% at G; = 70 MPa for
the 8-mm panel (12% for the 10-mm panel) and a loss of 74% at
G; = 0.1 MPa (70% for the 10-mm panel). Although there was no
apparent advantage to selecting an interlayer stiffer than 300 MPa,
its choice was justified in terms of viscosity sensitivity. There
was a risk of premature panel buckling if the interlayer stiffness
dangerously decayed with long-term loading and increasing
temperature. This aspect needs to be carefully considered in the
design phase.

Effect of Interlayer Thickness

Fig. 12(b) shows that the thickness of the interlayer with 300-MPa
stiffness had only a minor influence on the out-of-plane buckling
of a 1,000-mm-sided panel. This result did not alter even when
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the thickness of the component laminated panels varied. The ideal
interpolating line was roughly constant. Because any value can be
chosen as the best interlayer thickness, the choice should be based
on detailed studies of postbreakage behavior.

Effect of Initial Imperfection

The effect of geometrical imperfections in glass panels is shown in
Fig. 13(a). Parabolic imperfections led to the lowest buckling multi-
pliers, so only their output is represented. Although the panel was
bent out of plane because of the dead load applied in Phase 1, yield-
ing generally conservative values for the final multipliers, the im-
perfection amplitude had a noticeable influence on the structural
response. For imperfection ratio values lower than L/400, the
buckling multiplier decreased exponentially, while for high values
it decreased linearly. The more slender the panel, the less sensitive
it was to imperfections, especially within the imperfection ratio
range of 0—400. Thus the 2,000-mm-sided panel interpolating line
can be regarded as an almost linear function.

The effect of imperfection on failure mode was considerable.
The fracture of a panel without imperfections occurred with pro-
gressive buckling, and no noticeable tensile stresses arose until
the snap-through multiplier was reached. Because of out-of-plane
imperfections, such a configuration suffered from bending stress
increased by in-plane loading. Consequently, tensile stress peaks
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Fig. 15. Nonlinear out-of-plane loading: effect of (a) interlayer stiff-
ness; and (b) interlayer thickness.

appeared at the upper panel border line between the clamping area
and the free surface, causing tensile failure to precede compression
buckling. Fig. 13(b) shows the in-plane load multiplier versus out-
of-plane displacement obtained for the reference panel by varying

the initial imperfection amplitude. For larger imperfections, major
values for maximum principal stress occurred with lower load
multipliers.

Out-of-Plane Loading

Effect of Glass Thickness

Bending stress affected the panel in the out-of-plane loading of
Phase 2. The highest tensile values normally occurred in the upper
panel adjacent to the Corner-A clamping [Fig. 6(a)] because the
effect of precompression was minor away from the main compres-
sion line (Edge BC).

The influence of glass thickness on tensile stresses could be
regarded as an exponential function of the out-of-plane multiplier
or a bilinear with a shifting point at the abscissa of § mm. Even
though panels thicker than 8 mm can withstand common wind
pressures or snow loading, it appears that thinner panels cannot.
Indeed, high stresses were reached for limited values of load
multipliers. The stress isolines spread out with glass thickness
[Fig. 14(a)].

Effect of Side Length

Side length had a great influence on the panel’s mechanical re-
sponse as shown in Fig. 14(b). For this reason, the multiplier axis
value was limited to 30 in order to improve the readability of larger
panel values. The 3,000-mm-sided panel is not been represented
because of its lack of appreciable bending strength. A decreasing
exponential tendency described the effect of length. Because the
high slope of such curves was also due to major loaded areas
associated with larger panels, the stress isolines came closer with
increasing panel length.

Effect of Interlayer Stiffness

The effect of interlayer stiffness on out-of-plane-loading shown in
Fig. 15(a) is similar to that shown in Fig. 12(a). The stress isolines
are rapidly decreasing for lower interlayer shear moduli. Values for
the G; modulus higher than 70 MPa lead to roughly linear inter-
polating lines: almost constant for lower stress isolines and slightly
sloped for higher ones. For values lower than 70 MPa, the lami-
nated panel approaches its layered limit and the stresses on the glass
reach high values more rapidly.

Fig. 16. Schematic of normal stress distribution at boundary of Corner A: effect of interlayer thickness for the load multiplier o = 9.0.
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Effect of Interlayer Thickness

Interlayer thickness ¢; played a greater role in out-of-plane behav-
ior, as shown in Fig. 15(b). In particular, major panel stiffness is
observed for the 0.38-mm-thick interlayer because, given its lim-
ited dimension, the behavior of the panel is close to the monolithic
limit. The less stiff panel in the three tested models has a 0.76-mm-
thick interlayer, while the load multiplier increases to a thickness
of 1.52 mm. The latter has still lower stiffness with respect to the
0.38-mm panel, so the monolithic limit is not reached but is larger
than the 0.76-mm panel because of the major distance between
the glass plates. To confirm this difference stiffness, Fig. 16(a) com-
pares the three in a plot representing normal stress for the same load
multiplier o = 9. Despite this « value being quite high, a slight
predominance of compression stresses highlights the benefits of
posttensioning.

Effect of Initial Imperfection

Initial imperfection appeared to have a beneficial effect on the
stress levels of the out-of-plane—loaded panels, probably because
of inherent shape resistance as shown in Fig. 17. Ideal interpolating
isolines present a local maximum at u = L /400 imperfection am-
plitude and then decrease with higher values. The lower stress lines
are flatter than the higher stress lines.

Conclusions

Parametric nonlinear FE investigations were carried out on lami-
nated triangular glass panels with rounded edges in a hybrid glass-
steel system. Mechanical and geometrical parameters were studied
to evaluate their effect on the panels’ structural responses. The
posttensioned panels were shown to have relevant and uncharted
potential in long-span and tall structures.

The results show that the geometrical parameters of panel length
and thickness have maximum effect on both in-plane and out-of-
plane behavior. As for the mechanical parameters, it was shown
that, if the interlayer shear modulus is lower than 70 MPa, the panel
exhibits major stiffness decay; if lower than 150 MPa (soft inter-
layer), the panel is more inclined to buckle.

Imperfection also affects panel response. In the earliest phases
of the study, the parabola was observed to be the most severe im-
perfection shape. The more slender the in-plane—loaded panel, the
greater its sensitivity to imperfection amplitude. On the other hand,
as in the out-of-plane loading phase, imperfections seemed not to
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deeply affect stiffness. However, dead load deformation (Phase 1 of
loading), albeit small, acting as a kind of geometrical imperfection,
is always present.

Interlayer thickness has a small effect on panel statics. Because
no criteria emerged from this parametric study, the selection of
thickness can be better determined via postbreakage behavior,
which was not covered in this research.

The research findings provide reference values for the design
of hybrid spatial triangulated structures. Full-scale experiments
will have to be performed that carefully evaluate imperfection
(both shape and amplitude), deviation from glass nominal thick-
nesses, and long-term loading and temperature. Where appropriate,
possible strategies to improve in- or out-of-plane behavior are
increasing node stiffness and providing additional (punctual or
continuous) edge restraints so as not to magnify the panel’s self-
weight.
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