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Abstract

For millennia, long-span roofs have held significant im-
portance in both architectural and engineering fields, evolving
alongside technological advancements in materials and their
intrinsic properties.

The concept of gridshell emerged within this framework as
a lightweight, form-resistant structural typology capable of
spanning large distances with minimal material thickness
and weight. This revolutionary aspect enabled gridshells to be
widespread worldwide, especially where lightness and trans-
parency were paramount design criteria. The membrane-like
structural behaviour of gridshells involves the high degree of
structural efficiency of these structures, but also results in a
propensity for buckling instability, which have been studied
over time.

The need to adapt gridshells to existing structures as well as
ensuring accessibility has led gridshells to be designed with
free-edges. They are achieved by trimming the reference sur-
face and result in breaking the continuity of their spring line.
The free-edges significantly compromise the membrane be-
haviour of gridshells, and potentially involve bending internal
forces and large displacements, in addition to persisting sta-
bility issues.

The present MSc Thesis aims to propose design solu-
tions for free-edge gridshells and to assess their structural
performances. The study takes advantages of the recent
FreeGrid benchmark intended to fill the gap between design
practice and scientific research. Specifically, the current
study focuses on the Barrel vault Design Baseline Geometry
(DBG), proposed by the benchmark as one of the references,
with the aim of testing Design Solution Gridshells (DSGs) that
enhance the performance of the DBG and restore the mem-
brane behaviour. The assessments were conducted through a
holistic approach, synthesized by FreeGrid into partial metrics
of Structural performance, Buildability performance and Sus-
tainability performance.

The initial phase of the research focused on the Ultimate
Limit State (ULS) and Seviceability Limit State (SLS) analyses
of the DBG mechanical behaviour through a 3D Finite Element
Model. Based upon these latter analyses, several DSGs were
proposed, conceived from both traditional and uncommon

strategies for free-edge gridshells. For each DSG, a preliminary
ULS and SLS analysis returned as output two main Structural
performance partial metrics: the critical Load Factor from the
load-displacement curve, identifying the instability regime
at ULS; the maximum vertical displacements at SLS. These
evaluations served as a touchstone for assessments of the
Structural performances among the DSGs and with reference
to the DBG.

With these premises, the second phase was devoted
to the detailed analysis of few DSGs, selected as the most
effective in terms of Structural performance. For each of
these DSGs, the ULS assessment provided as outputs the
load-displacement curve linked to element plasticization; the
SLS assessment evaluated maximum normal and tangential
displacements, axialforces and bending moments, allnormal-
ized with respect to the corresponding peak values of the DBG.
Lastly, for each selected DSG, partial performance metrics as
well as the overall performance metric were computed and
evaluated in relation to the DBG.

The analyses revealed that each DSG successfully reinstates
the dominance of membrane behaviour over the flexural
one, thereby reducing the occurrence of fully and partially
plasticized members and shifting each gridshell into a global
instability regime rather than the local one. The selected DSGs
marked an improvement in Structural performance terms with
respect to the DBG, although none satisfied the displacement
threshold established by the benchmark. Additionally, each
DSG exhibited an enhancement in the overall Bulk metric,
despite the decrease in Buildability and Sustainability perfor-
mances.

In light of these assessments, the future phasis of research
could involve final sizing of structural members as well as
testing further shape variations, with the aim of fulfilling the
threshold set by the benchmark.
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Introduction

For millennia, long-span roofs have represented a fo-

cal point for the technological and architectural interest, first L
. . . . (a) Zarzuela Hippodrome, Eduardo Torroja , il
serving as expression of power and mark of identity. Later on, (Madrid, 1935) w'}ﬂﬂ”ﬂ“m

ﬂ'

they evolved to guarantee the fulfillment of functional require-

N .

ments, evolving over the time in terms of materials as a conse-
guence of their intrinsic properties.

Due to the transition from the use of materials with a high dead
load to live load ratio to those with a reduced one, it has been
possible to drive forward the advancing of experimentations,
leading to increase the complexity of structural configurations &
with reduced construction time and costs. (b) Los Manantiales Restaurnat, Félix Candela
This development has marked a significant advancement in (Mexico City, 1958)

the field of Structural Engineering and therefore in Architec-

ture, enabling the attainment of long-span roofs covered by
elements with a minimal thickness. In ancient times, such
achievement would have been unattainable as the use of
bricks and lithoid materials -not effective in resisting tensile
stress- required considerable thickness to ensure the stability
of vaults, arches, or domes. The increase of thickness assured

that the thrust line generated by the structural weight would
(c) Norwich Sports Village Hotel, Heinz Isler

remain within the section, even under the influence of the ap- (Norwich, 1991)

plied load (Majowiecki, 2012).

Throughout history, design efforts have been targeted to
the reduction of the ratio between dead load and live load. The
achievement of this latter goal was enabled by introducing ma-
terials with enhanced mechanical properties, thus achieving

a decrease of over 100-fold. This research reached a turning
point during the Second Industrial Revolution when steel pro-
duction was greatly enhanced by the Bessemer converter, by
which steel was established as a hallmark of the groundbreak-
ing innovation of the period.

The effectiveness in reducing the dead-to-live load ratio was (d) CNIT, Nicolas Esquillan
ensured by the fact that, combined with concrete, steel could (Paris, 1958)

be used to withstand tensile stress, allowing for more complex

and wider geometries.

In this backdrop, pioneering figures of Eduardo Torroja (1899-

1961) (Figure 1.1-a), Félix Candela (1910-1997) (Figure 1.1-

b), Nicolas Esquillan (1902-1989) (Figure 1.1-c), Heinz Isler

(1925-2009) (Figure 1.1-d) stood out for using the steel-con-

crete combination to design form resistant structure. Figure 1.1: Examples of steel-concrete shells




Introduction

Despite of these fascinating experimentations, the steel-con-

crete combination had a negative impact on the labor costs Figure 1.2:  Vyksa Steel Production Hall,
Vladimir Shukhov
and the need for specific curve formwork. These factors ex- (Vyksa,1897)

plain the reason why the widespread adoption of these struc-
tures was hindered.
With this background, engineers and architects began to en-
vision alternative solutions to overcome long-span spaces,
recognizing the greater potential of steel to further minimize
the amount of structural material.
In the late ‘50s of 20th Century, Frei Otto established the the-
oretical framework for the development of a new, lightweight
structural type compared to the thin opaque shells previously Figure 1.3:  Multihalle Pavilion, Frei Otto
tested, also introducing the possibility of transparency to allow (Mannhaim, 1975)
light to pass through. He identified this innovative structure as
Gitterschale, translated as Gridshell (Liddell, 2015).
Although the first known application of a double-curved
grid structure dates back to the 1897, pioneered by engineer
Vladimir Shukhov in the Vyksa Steel Production Hall (Figure
1.2), it was in the second half of the 20th Century that sig-
nificant advancements were made in this field. The research

was led by the work of Frei Otto, as well as by contributions of
Buckminster Fuller, Jorg Schlaich e Hans Schober of Schlaich

Bergermann und Partner, who collaborated to define techno-
Figure 1.4: Patent for Building Construction,
Richard Buckminster Fuller

Frei Otto developed the concept of post-formed timber grid- (1954)
(Carlini and Tedeschini Lalli, 2019)

logical and design principles for gridshell structures.

shell, exemplified by the Multihalle Pavilion for the Mannheim
Bundesgartenschau in 1975 (Figure 1.3), building one of the
greatest timber gridshells and among the lightest compression

structures ever built; Richard Buckminster Fuller patented the
geodesic dome typology (Figure 1.4), focusing on spherical
surfaces, referring to gridshells domes (Carlini and Tedeschini
Lalli, 2019); Jorg Schlaich and Hans Schober focused on steel
and glass, bending-inactive or pre-formed gridshells (Bruno
and Venuti, 2018) in the roof of the Swimming Bath Aquatoll in

Neckarsulm (Figure 1.5), standing as one of the earliest exam- Figure 1.5:  Swimming Bath Aquatoll,
. . Schlaich Bergermann und Partner
ples in this sense. (Neckarsulm, 1990)

Subsequent research has greatly broadened the appli-
cation of the gridshell concept, driven by these emblematic
examples, and enabled its widespread use across the world in

a variety of materials and typological declensions.




Whereas in the early 1960s geometries of gridshells were con-
strained to limited surface types, advances in computational
technology, in particular nonlinear Finite Elements Analysis
(FEM), have allowed design to explore far more complex ge-
ometries.

The efficiency and optimization of gridshell structures have to
face the huge number of variables that affect their structural
performance, often leading to instability phenomena. As a
notable example, the collapse of the Bucharest Exhibition Hall
dome in 1970 shifted research focus towards the mechanical
behaviour of gridshells.

The elasto-plastic stability phenomena affecting these struc-
tures is still nowadays an open research topic, particularly
regarding the stability of free-edge gridshells and the effects in
elastic boundary structures (Bruno and Venuti, 2018). Despite
this challenge, free-edge gridshells are widely used in practical
design.

In light of these premises, the present work was under-

taken subsequent to the FreeGrid international benchmark
(https://sites.google.com/view/freegrid), launched at the IASS
Annual Symposium 2023 in Melbourne. The aim to bridge the
gap between practical design and scientific literature (Bruno
et al, 2023-a), is led by FreeGrid by establishing a unified ref-
erence for the design and engineering of free-edge steel grid-
shells. Toaccomplish this latter goal, the benchmark proposes
to compare and test various approaches on three baseline ge-
ometries: barrel vault, parabolic dome, hyperbolic paraboloid.
In alignment with the benchmark guidelines, this study focus-
es on the barrel vault with its predefined characteristics and
aims to test various solutions to address the posed questions
and to improve the metrics of Structural performance, Builda-
bility and Sustainability, compared to the barrel vault baseline
geometry.
More broadly, this work seeks to contribute to the scientific
research on free-edge steel gridshells, highlighting potential
future directions in the design of gridshells and, more general-
ly, long-span roofs and the architectural implications that may
arise.

Introduction
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Definition of Gridshell

Itis no coincidence that the conception of this structural

typology by Frei Otto occurred atthe Institut fur leichte Flachen-
tragwerke of Stuttgart (or Institute of Lightweight Structures).
When we refer to gridshells we are indeed identifying first of all
a typology belonging to the category of lightweight structures
with a high span-to-thickness ratio (Schlaich, 2011), able to
cover large spans through the geometric configuration. Grid-
shells are form-resistant structures (Bruno and Venuti, 2018),
meaning that they ideally carry loads through in-plane normal
forces (membrane behaviour) rather than through bending
moments (Bruno and Venuti, 2018; Van der Linden, 2015; Raf-
faele etal, 2024). For thisreason, gridshells are able to achieve
large spans with minimal thickness. As in shell structures,
the presence of bending moments would lead to significant
deformations because of the relatively low flexural stiffness
compared to the axial one.
However, the main mechanical distinction between gridshells
and shells lies in the absence of a continuous solid surface
(Figure 2.1), so the load is restricted to flow along the grid
elements, as opposed to shells where infinite load paths are
available across the continuous surface (Van der Linden,
2015).

Because of their lightness and ability to span wide open
spaces, gridshells are particularly suited for structures that de-
mand transparency and lightness as well as spatial character-
istics, such as wide spaces free from structural obstructions
and internal flexibility. As such, they represent an efficient
solution for designing sport facilities, like stadia and swimming
pools, industrial buildings, as hangars and airport terminals,
social buildings, as pavilions and auditoriums, for covering
existing courtyards and even for temporary installations.

Gridshells in Architecture
2.1.0

Figure 2.1: Shell and Gridshell




Morphology

The combination of these efficiency and adaptability
factors has enabled the widespread adoption of gridshells
worldwide, giving rise to distinctive structures and innovative
shapes. Notably, it is the shape itself that assumes a key role
when discussing the structural behaviour of gridshells.
Defined as a structure with the shape and strength of a dou-
ble-curvature shell, but made of a grid instead of a solid sur-
face (Douthe, 2006), it becomes clear that the geometrical
configuration of a gridshell must be understood as a structural
form (Dyvik and Mork, 2015), i.e. the geometry cannot be only
determined by preconceived design choices but it must strike
the balance between architectural aesthetics and mechanical
performance of the structure.

Since Frei Otto’s earliest experimentations in Essen (Songel,
2020), the pursuit of structural form involved the use of the
Hooke’s hanging chain method, traditionally adopted to model
compressed structures since Giovanni Poleni (1683-1761)
(Chilton, 2016) (Figure 2.2), Antoni Gaudi (1852-1926) (Perr-
son, 2023) (Figure 2.3), Heinz Isler (1926-2009) (Boller, 2024)
(Figure 2.4), for instance.

He used the same principle in order to obtain an optimized
geometry for compression through the inverted hanging chain,
as the model for the Mannheim Multihalle shows (Figure 2.5).

The key distinction that defines gridshells as form-resist-
ant structures is that their shape is exclusively dictated by the
presence of forces. There are several important parameters to
guide the conceptual form-finding of a form-resistant struc-
ture: if a portion of the surface tends to be flat, configuration
can arise bending deformation phenomena due to the struc-
tural tendency to behave like a beam. On the other hand, if the
surface is curved, the configuration benefits an advantageous
distribution of forces. As demonstrated in Heinz Isler’s test,
a straight element bears less load than a curved one and for
shells case, it allows the structure to withstand out-of-plane
loads through in-plane forces (Persson, 2023). As a matter
of fact, the optimal geometry is defined by a double-curved
surface , which does not necessarily has to be symmetrical
(Figure 2.6-a). An efficient geometry also occurs when the
curvature is highly pronounced in one direction and flat in the
other one (Figure 2.6-b). The structural efficiency can also be
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Figure 2.2:

Figure 2.3:

Figure 2.4:

Figure 2.5:

Hooke’s analogy between arch
and hanging chain and analy-
sis of the Dome of St.-Peter’s
in Rome, Giovanni Poleni
(1748)

(Block et al, 2006)

Sagrada Familia hanging chain
model, Antoni Gaudi

(1889)

(Fernandes et al, 2016)

Hanging membrane model
with unstiffened free edges,
Heinz Isler

(Chilton, 200)

Mannheim Multihalle Pavilion
model, Frei Otto
(Liddell, 2015)




compromised by the presence of folds or prominent cantilever
edges (Dyvik and Mork, 2015) (Figure 2.6-c). In addition to this,
the membrane behaviour can be modified when the geometry
has holes or free-edges (Figure 2.6-d) which lead the shell to
bending moments.

From a morphological standpoint, the geometric nature
of the shape can be considered focusing on the fundamental
geometric elements that define the spatial configuration of
gridshells.

When the arch-shape generatrix, or a semi-circle in geomet-
rical terms, is translated along a straight directrix, the result
will be a single curvature configuration, known as barrel vault
(Figure 2.7-a).

If this translation first occurs along a vertically oriented par-
abolic arch and then along a horizontally oriented one, the
resulting geometry will be a hyperbolic paraboloid, or more
precisely a ruled double-curved surface with positive curva-
ture in one direction and negative in the other one (Rockwood,
2015) (Figure 2.7-b).

If the generatrix is revolved around a vertical straight axis in-
stead of being translated, the configuration will be a dome,
defined by a double-curved surface with entirely positive cur-
vature (Figure 2.7-c).

Within double-curved surfaces, it is possible to distinguish
between synclastic geometries, where loads are transferred
either entirely through compression or tension (Figure 2.8-c),
and anticlastic surfaces such as the hyperbolic paraboloid,
which are more efficient in resisting out-of-plane instability
although exhibiting both stresses in combination (Van der Lin-
den, 2015) (Figure 2.8-b).
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Figure 2.6: Form finding concept parameters

Figure 2.7:

Figure 2.8:

Reference and trimming surfaces of geo-
metries: barrel vault (a), hyperbolic para-
bolic (b), dome (c)

Synclastic (b) and anticlastic (c) dou-
ble-curved surfaces
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Classification 2.3.0

In order to analyze the various factors involving in the
design of gridshells, a range of evaluation methods can be
outlined. The following classification is based on a compara-

tive criterion which relates to construction methods, boundary Figure 2.9: 9 Building process of Frei
conditions, geometric aspects and different materials. grtiéos’ﬁ;fse” bending-active

(Drew, 1976)
Bending-active and post-formed Gridshells 2.3.1

The construction process approach of a gridshell es-
tablishes differences between structure conceived as bend-
ing-active or elastic, and post-formed.

Bending-active gridshells are linked to the concept of devel-
opable surfaces (Van der Linden, 2015), where the structure

) ) ) ) Figure 2.10: Building process of Frei Otto’s
starts from a planar grid then deformed into its final shape, Mannheim bending-inactive

through a kinematic process, which requires shear stiffening gridshell
by locking the nodes of the grid and adding bracings (Mesnil,

2013) (Figure 2.9).

Post-formed gridshells are generally classified as non-de-

velopable structures instead, meaning that they cannot be

flattened without undergoing geometrical alterations. As a re-
sult, they are better suited to resist internal forces and provide
greater rigidity compared to elastic gridshells (Faber, 1963).
In this case, the grid elements are typically discretized into
straight segments, whereas in bending-active gridshells they \

follow the curvature of the surface (Dyvik et al, 2021) (Figure . )
2.10). (a) Frei Otto’s Essen gridshell . o

2.3.2 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, \,\::1:‘
Fully-constrained and free-edge Gridshells

Examining various examples of built gridshells, it be-
comes clear that the final shape is often achieved by trimming
the geometry with horizontal, vertical, inclined planes or even
curved surfaces, thus giving rise to elastic boundary struc-
tures. (b) Frei Otto’s Mannheim gridshell
About this issue, a recent research (Bruno and Venuti, 2018)
classifies gridshells in two categories: a first type where the

geometry is trimmed by a single surface, giving rise to spring-
lines that rigidly constrain the structure (Figure 2.11-a); a sec-
ond type where the geometry is intersected by multiple planes.
In this case the spring lines result from one cut, while the other Figure 2.11: Example of fully-constrained (a) and free-edge (b) gridshell
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give rise to free-edges (Figure 2.11-b). These are known as
free-edge gridshells, where the structural design is further
more challenging due to the fact that the membrane behav-
jour is compromised by the presence of unrestrained edges
(Raffaele et al, 2024). The study of the structural behaviour of
free-edge gridshells represents a gap in the scientific literature,

even though free edges are commonly seen in constructed

gridshells, often serving as access points to buildings or as in- (a) British Museum Great Court, Foster and Partners (Camden, 2000)
tegrations with existing structures, features hardly achievable
using fully-constrained gridshells.

In realized examples of free-edge gridshells, stiffening the free
edge and adding vertical elements to reduce its free length are
the most widely adopted strategies to address the challenges
due to the presence of elastic boundaries (Bruno and Venuti,

2018).

2.3.3
Single-layer and double-layers Gridshells

The geometry of gridshells can also be classified based
on the number of layers they consist of, generally distinguish-

ing single-layer and double-layer gridshells.

Single-layer gridshells consist of a grid lying on a single surface
(Figure 2.12-a). While they are efficient at distributing stresses
evenly, however they are susceptible to out-of-plane bending
behaviour and to shell-like buckling (IASS WGS8, 2014) due
to the action of external loads on the structure (Figure 2.13-
a). Several studies (Kato et al, 1998; Fan et al, 2011; Van der
Linden, 2015; Grande et al, 2018; Zhang et al, 2022) have ex-
amined the joints effect and their stability to better understand

this phenomenon.
Despite these challenges, single-layer gridshells offer advan-

tages in terms of buildability semplicity, cost-efficiency and
the ability to suit complex geometries.

Double-layers gridshells are an extension of this system,
involving multiple planes - typically parallels - connected to

each other (Figure 2.12-b). These structures are significantly (b) Chiddingstone Oranéery gridshell, Buro Happold

more rigid against bending, thanks to the connection between (Chiddingstone, 2004)
upper, lower and diagonal elements, yet they are prone to

. . . Figure 2.13:Single-layer (a) and

member buckling before the entire structure reaches shell-like double-layers (b) buckling

global buckling (IASS WG8, 2014) (Figure 2.13-b). (IASSWGS, 2014) Figure 2.12: Example of single-layer (a) and double-layers (b) gridshell




Gridshells in Architecture (a) Schubert Club Band Shell,

Schlaich Bergermann und Partner
Mesh patterns 2.3.4 (St. Paul MN, 2002)

Regardless the number of layers composing the grid-
shell and the overall geometry, the grid is made up by the sum

of smaller, repetitive units that together define the geometry,

replacing the continuous surface of traditional shells. The ty-

pological regularity of these units holds aesthetic, constructive

and, most importantly, structural values (Bruno et al, 2023-a).

The most widespread are quad mesh and triangular mesh (1) (Tonelli et al, 2016)

patterns.

Quad mesh patterns (Figure 2.14-a-1) are particularly suited

for the design of elastic gridshells (Dyvik et al, 2021), especial- (b) ggﬁ{a‘?é;hge"r"gae(:;;daiiliﬁgF‘)jaertcr:]‘;”umcadones: <]
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of brace cables to triangulate the mesh, without which the
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necessary in-plane shear stiffness and membrane behaviour .Esh;:&%x X%
would not be ensured (Van der Linden, 2015; Boling, 2021). £ °é~f3§g&

. . : TR S
Conversely, triangular mesh patterns (Figure 2.14-b-2), as the =

name suggests, inherently provide in-plane stiffness and the

. . . 2) (Tonelliet al, 2016
corresponding structural advantages, though itis less effective 2 )

in handling out — of - plane forces (Majowiecki, 2012). Other

types of patterns have been recently introduced, such as hex- (c-d) Mock-up of static-aware Voronoi free-form

agonal (Figure 2.14-c) and Voronoi-like topology (Tonelli et al, grid shell vault, o ‘
. L. . Structural Laboratory of University of Pisa
2016) (Figure 2.14-d-3). In all cases, achieving planar faces is (Froli and Laccone, 2017)

advantageous for economic reasons - curved panels would
significantly increase costs - and for structural analysis, as
planar elements reduce degrees of freedom in the structure
(Persson, 2023). While triangular mesh patterns inherently

ensure planarity of faces, other patterns require alternative
methods to achieve this (Raffaele et al, 2024). (3)
A second classification can be based on the orienta-

—

Tonelli et al, 2016)

Figure 2.14 Gridshell mesh patterns: quadrangular (a-1), triangular (b-2), hexagonal (c), Voronoi-like (d-3)
tion of the base units i.e. orthogonal or diagonal to the cut-

ting planes. The distinction becomes clear when examining
the grid elements: orthogonal mesh patterns (Figure 2.15-a)
require the elements to follow more pronounced curvatures
compared to diagonal mesh patterns (Figure 2.15-b), and this
challenge increases with the rise of the gridshell (Dyvik and
Mork, 2015).

Specifically, the free-edge and grid-layout orientations lead to

different structural behaviour.
A gridshell is defined as anisotropic when the grid pattern is Figure 2.15: Gridshell mesh patterns: orthogonal (a), diagonal (b)
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Figure 2.16: Schluterhof Roof,
] ] ] } Schlaich Bergermann und Partner
authors classify gridshells with equilateral cell mesh patterns (Berlin, 2002)

oriented differently from the cutting plane. Furthermore, some

as isotropic, differently from orthotropic ones. Notably, regard-
ing instability resulting from variations in free-edge orientation,
orthotropic gridshells are significantly affected, unlike isotrop-
ic gridshells (Venuti, 2021).

Materials
Among the gridshells constructed so far, a relatively re- 2.4.0 Figure 2.17: Weald and Downland gridshell,
cent study (Dyvik et al, 2021) shows that -for cases where the %:;%gfopn?%lgoz)
materialis known- the majority are made of steel (Figure 2.16),
wood (Figure 2.17) results widely employed, and fewer exam-
ples use bamboo (Figure 2.18) or composite materials (Figure
2.19). The choice of materialis closely tied to the construction
process: wood and bamboo, although both anisotropic ma-
terials and therefore not capable of defining true gridshells
(Rockwood, 2015), are well suited to the kinematic construc-
tion method due to their high flexural performance (Dyvik and Figure 2.18: Eeasf;j:;% gtgcai;hfgjtbg'}ﬁjfg;gésé
Mork, 2015; Rockwood, 2015; Van der Linden, 2015). Oliva Salinas
While wood was the first material used in early experimen- Egﬁﬁl‘;ﬂgméem
tations about gridshells, bamboo has been more recently
explored as a sustainable option. However, its construction
techniques are not yet completely defined in literature, par-
ticularly concerning its tendency to fracture during bending
(Nurdiah et al, 2023) and the challenge of standardizing con-
nections between bamboo elements because of the variable
size of nodes (Rockwood, 2015). Figure 2.19: E,@ggeral Cathedrl,
On the other hand, steel gridshells are necessarily construct- (Creteil, 2013)
ed using pre-formed elements (Raffaele et al, 2024), typically
derived from the discretization of the continuous reference
surface, assembled on site, thus not subjected to strain (Pers-
son, 2023). The ability to span large distances with low per-
centage of structural material is ensured by the high strength
of steel, which has contributed to the widespread use of steel Figure 2.20: Concrete gridshell pavilion,
gridshells, often combined with glass surfaces. (A:ar:‘hUuSS?ChOOLOf Architecture
Although gridshells have been explored as an optimization of (Pedersen, 2013)

concrete shells, the idea of constructing grid structures from
concrete has rarely been pursued (Persson, 2023), as even

with the reduced use of material, special formworks would




still be required. Notable research of the Aarhus School of
Architecture sought to overcome this limitation by proposing
a concrete gridshell composed of connected, triangularized
units (Pedersen, 2015), tested for the design of a pavilion, but
it remains a single experimental case (Figure 2.20).

Main issues in the design of Gridshells

As previously discussed, the development and wide-
spread application of gridshells in architecture have been
driven by their efficiency in spanning wide spaces with minimal
thickness, enabling the creation of aesthetically fascinating
and functional structures such as providing wide spaces free
from structural members. Despite these advantages, several
factors that complicate the apparent ease of designing grid-
shells must be considered.

A main aspect to be discussed concerns the structural
behaviour of gridshells. The collapse due to instability has
been over time a significant focus of the research about these
structures and it still is nowadays considered by the scientific
community the main cause of their structural failure (Gioncu,
1985).

In general, for single-layer gridshells, failure occurs at a stress
level lower than the yield strength of the material. This hap-
pens because of small displacements from the undeformed
configuration, which significantly reduce the stiffness of the
structure (Majowiecki, 2012), ultimately leading to its collapse.
The typologies of collapse can be different depending on the
specific class of gridshell and the nature of instability can be
classified as follows:

-localinstability, when the collapse affects one or more nodes;
-global instability, when the entire structure collapses, as seen
in single-layer gridshells (IASSWGS8, 2014);

-element instability, where the failure of an element does not
immediately compromise the entire structure, as can happen
in double-layers gridshells (IASS WGS8, 2014);

-combined instability, which combines the previously men-
tioned categories (Bulenda and Knippers, 2001).

Several factors can influence the stability of gridshells, includ-
ing Gaussian curvature (Abel and Chilton, 2011) which varies
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according to the geometric nature of the structure; grid ty-
pology (Bruno and Venuti, 2018; Raffaele et al, 2024); joint
rigidity (Kato et al, 1998; Fan et al, 2011; Van der Linden, 2015;
Grande et al, 2018; Zhang et al, 2022); geometric imperfec-
tions (Bulenda and Knippers, 2001); boundary conditions, in
particular concerning free-edge gridshells, for which a limit-
ed percentage of scientific studies exists (Bruno and Venuti,
2018; Gioncu, 1995). Regarding this latter variable, there is
a notable lack of specific information in literature despite
numerous free-edge gridshells examples in the design prac-
tice, which have been built using various solutions for elastic
boundary structures.

Afurther consideration can be done regarding buildabili-

ty of gridshells. Since gridshells geometries can exhibit varying
degrees of complexity, from a construction point of view this
leads to increased construction costs - a particularly signif-
icant factor for free-form, double-curved and post-formed
gridshells where elements may have different length and
non-standard joints (Raffaele et al, 2024).
This issue generally does not interest elastic gridshells where
both joints and lengths of the elements can be unvaried
throughout the grid. Nonetheless, an economic sustainabil-
ity challenge for elastic gridshells lies in the potential lack of
planar faces, i.e. when a gridshell is created using kinematic
process by raising a flat grid with quad mesh pattern, the sur-
faces remain undiscretized and this means that the resulting
cladding panels cannot be planar.

From a sustainability perspective, yet another consid-
eration can dome. In the current context, designing the possi-
bility to reduce the amount of structural material can be read
as an opportunity to address sustainability issues. Beyond the
guantitative aspect, attention has to be given to the qualities
of materials, specifically the potential to build gridshells using
non-conventional materials with efficient intrinsic properties
and lower embodied energy (Raffaele et al, 2024).
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This chapter refers to the technical specifications de-
fined in FreeGrid documentation (Bruno et al, 2023-a, b, c, d,
e, f, g, h; Raffaele et al, 2024).

Introduction: Aims and Goals

The state of the art presented has shed light on the wide

range of aspects that define gridshells. It highlights that their
design cannot be confined to a single thematic discipline, but
it must reflect multidisciplinary expertise instead, engaging
with various, possible approaches and addressing goals of
different nature.
In response to this, the FreeGrid Benchmark has been pro-
moted with the aim of providing a common reference point
for testing and comparing different approaches to design and
optimization methodologies within the field of gridshells.

Launched at the Annual Symposium of the International
Association for Shell and Spatial Structures IASS2023 held
in Melbourne in July 2023, FreeGrid addresses seven general
problem statements, each aligned to specific goals related to
the following themes:

-the polarization in gridshell engineering between the phasis
of modeling/analysis and practice/application, which FreeGrid
seeks to bridge;

-the multidisciplinary nature of gridshell design and optimiza-
tion, which FreeGrid aims to bring together by gathering exper-
tise from different fields;

-the wide range of approaches to the structural concept of
form-resistant structures, ranging from heuristic, trial-and-er-
ror methods based on the designer’s experience to optimiza-
tion techniques and artificial intelligence;

-the occurrence of free-edges in gridshells, which compro-
mise the assumption of perfectly rigid constraints, promoting
FreeGrid to fill this gap in current scientific literature;

-the multiple goals that holistic design activities must satisfy,
for which FreeGrid establishes performance metrics;

-the reproducibility of results, for which FreeGrid adopts an
Open Data policy applied to the data and tools provided to and
required from participants;

-the impartiality of evaluations, which FreeGrid ensures by
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Figure 3.1: FreeGrid logo

introducing performance metrics that guarantee objective and
guantitative control.

For this purpose, FreeGrid adopts three geometrically,
structurally defined reference case studies, called Design
Baseline Gridshells, (DBGs) and establishes a methodological
framework to be applied in their analysis. Each participant in
the challenge is required to contribute by improving the overall
performance of the three DBGs. To achieve this goal, each of
them has to develop their own design solutions by modifying
the baseline geometry according to constraints and criteria set

by the benchmark.




Design Baseline Gridshells: geometry

The three gridshells identified by FreeGrid as DBGs refer
to geometries of barrel vault (Figure 3.2-a), parabolic dome
(Figure 3.2.b) and hyperbolic paraboloid (Figure 3.2-c).
Belonging to the class of single-layer gridshells, the three case
studies differ in the typology of curvature, single curvature
(barrel vault), double Gaussian positive (parabolic dome) and
double Gaussian negative (hyperbolic paraboloid).

The three geometries share the following common character-
istics:

-the boundary condition, defined by the presence of a free-
edge which partially releases the spring-lines;

-the equation governing the parabolic generatrix, expressed as
follows:

2
z=-s5tf D={—§Sx£§}

where the generatrix span is B=30m; the rise f=B/8; the hori-
zontal reference plane z=0.
The generatrix arc length is defined as:

A-B [*{%Hn(“z% )]:1.043
It defines 20 edges with constant length b =A/20=1.56m along
the edge of both generatrix and directrix.
The directrix equation has a domain defined by:

{—%Sy < g x=0}

which differs among the three-design baseline gridshells,
and it is described in Table 1 for each DBGs, where H is the
maximum length above the horizontal reference plane z; L is
the length of the continuous spring line, L is the length of the
free-edge, S is the surface area encircled by the projections of
the free-edge, the continuous spring line and the end arches
on the horizontal reference plane z;

-discrete translational surfaces with a homogeneous mesh
described by planar square faces bxb, except for those along
boundaries;

-the grid density, which is therefore 1/(b%/2) = 0.82 [1/m? ],
with a tributary area of 1.217 m? for each structural member,
excluding those at the edges.
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Barrel vault Parabolic dome Hyperbolic paraboloid
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Table 1: DBGs geometrical specifications
3.3.0 Design Baseline Gridshells: structural conditions
3.3.1 Structural members
The three reference gridshells are defined by steel mem-
bers with bilinear elastic-perfect plastic constitutive law with
material properties summarized in Table 2.
Each structural member has a hollow circular cross-section
not subjected to precompression. The geometric characteris-
tics outlined in Table 3, are common among members of each
case study, yet they differ across different Design Baseline
Gridshells.
steel grade density Young’s modulus Poisson’s ratio yield strength
355 p = 7850 kg/m3 E=2.1e+5MPa v=0.3 f =355MPa
Table 2: Material properties
Barrel vault Parabolic dome Hyperbolic paraboloid
Sectiontype 0/139.7/14.2 0/101.6/10 0/101.6/10
(type, diameter, thickness)
Area [mm?] 5596 2876 2876
Inertia [mm?] 11157936 3052611 3052611

Table 3: DBGs cross-sections main properties




The FreeGrid Benchmark Barrel Vault
Structural constraints 3.3.2

Both internal and external boundary conditions are de-
fined for the three gridshells in Table 4.
Internally, the structures have perfectly rigid joints which pre-
vent rotational movements between converging members.
Externally, the structural joints along the edge L are con-
strained by perfect hinges, except for the barrel vault where the
arches are constrained against translations only along the x
and z axis, while displacements in the y direction is permitted

to prevent non-lineare stiffening effect induced by elements
along the same direction. The joints are not constrained along
the free-edge L*.

Barrel vault ‘ Parabolic dome ‘ Hyperbolic paraboloid Parabolic Dome
internal joints Rigid (5_, 6y O T, . T)
otemaljointsalongl | Prmed(3.,5,.8)
externaljoints alonghead arches | e | - { ””””””” -
extemaljointsalongl’ | Fe

Table 4: DBGs boundary constraints | RSN
| [5275352SRIRRESEIIIIIN
[528GR
B RRESS
0 Y% XK SO
S SRRIIRY
REZRREEIRKEREIKKLS
LSS
RN % %

Load conditions 3.3.3

The evaluation of baseline geometries and design solu-
tions must take into account two load conditions LC,, with
i=1:2. (Figure 3.3)

These conditions are ideally and simplistically determined

with the intent to evaluate performance under ideal, controlled
load settings, with magnitudes that are comparable to the
standard design loads typically used for gridshells.

The first load condition LC, refers to a symmetric, distributed
load which is the sum of the members self-weight and point

loads applied in each joint Q1’k= (q,*q,)s,, where s,_is the pro-

jected area of influence of the k-th joint on the reference plane

(c) (©

z=0and q,,q, represents respectively the uniformly distributed
load of the glass cladding weight and snow load. ) ) ) o

o ) ) — directrix —— hinged spring line  ---endarch
The second condition LC, refers to an asymmetric load intend- ' . = C s (C,
ed to simulate non-uniform vertical loads and horizontal loads — freeedge  — parabolic generatrix
induced by wind or other horizontal forces. It includes the

. . _ . Figure 3.2: FreeGrid DBGs: barrel vault (a), Figure 3.3: Load Conditions for DBGs: barrel vault
members self-weight and the point loads Q, | =q,s, applied to parabolic dome (b), (a), parabolic dome (b),
the surface with x > 0 for the barrel vault and parabolic dome hyperbolic paraboloid (c) hyperbolic paraboloid (c)




and y > 0 for the hyperbolic paraboloid. Additionally, itincludes
point loads Q2‘2’k=q23k,
tributed load, considering permanent weight of the glass, ap-

where q, represents the uniformly dis-

plied to the surface with x < 0 for the barrel vault and parabolic
dome, and y < 0 for the hyperbolic paraboloid.

The values g1 and gz differ for different assessments at ulti-
mate limit state (ULS) and serviceability limit state (SLS) as
outlined in Table 5.

Description ULS [ N/m?]

The FreeGrid Benchmark

SLS[N/m?]

self-weight of structural members -

Table 5: Load values at ULS and SLS

Design Goals and performance metrics

Methodological framework

The geometrical and structural setups provided serve as
a common foundation for all participants who are required to
respect the guidelines set by the benchmark while developing
their own proposals on the DBGs. The aim is to evaluate each
solution from a holistic point of view, according to seven De-
sign Goals DG.
The overall evaluation process for each proposed Design Solu-
tion Gridshells DSGs consists of three stages (Figure 3.4).
First, the Design Goals are expressed in the form of Goal Met-
rics, each associated with either an increase (1) or decrease
(V) of the respective metric. Each metric is normalized (with
asterisk ‘*’) to a relevant characteristic of the gridshell or a
specific design goal, allowing it to be compared with metrics
from other solutions.
Then, the Design Goals and their corresponding Goal Metrics
are gathered into three categories, representing structural per-
formance (subscript ‘s’), buildability performance (subscript
‘b’) and sustainability performance (subscript ‘su’), combined
into partial performance metrics P, with k =s,b,su.

3.4.0

3.4.1

The FreeGrid Benchmark

Design Goals

\ 1 stability

| deformability

@
o T

| face out-of-planarity

} joint number

| #of joint types

| #of member types

| environmental impact

Finally, each partial metric is summarized into a global Bulk
Performance metric P through a linear combination.

To ensure comparability, the partial metrics must be dimen-
sionless, meaning that each value is compared to that of a
reference solution (subscript ‘0’). The following formula ex-
presses the linear combination of the dimensionless partial
metrics, using weighting coefficients y:

P =ysP5+ybe+y P

su su

wherey +vy, +y =1;y=y,=7v,=1/3

Partial
Performances

Buildability Bulk

Performance

Performance

Sustainability
Performance

Figure 3.4: Evaluation process for DBGs and DSGs (Raffaele et al, 2024)




Structural performance

As previously stated, the design and optimization of their
geometry must account for mechanical performances, in par-
ticular the potential for instability and deformability at both the
ultimate limit state (ULS) and serviceability limit state (SLS). To
evaluate these aspects, FreeGrid establishes specific metrics:
Stability is assessed at the ULS, where gridshells failure mode
affect their stability and strength. The reference metric consid-
ers local instability, global instability, element instability and/
orthe plasticization of structural members. Itis represented by
the Load Factor (L/?) which is evaluated under load condition
LC, e LC,, with a lower threshold set at a normalized value of
LF,=1.

Generally defined as [F =Q/Q, where Q_ is the magnitude of
the ultimate load and Q is the design load under the reference
load condition, the Load Factor is analitically defined in Figure
3.5. More precisely:

-the Load Factor corresponds to the minimum between LF,
(gridshell instability) and LF, (full plasticization of at least one
cross-section of a structural member);

-the &' and &’ __ curves define the regime of instability in
which LF falls. Specifically, &’ =1 represents the plasticiza-
tion of at least one cross-section, while a*max= 1 the plasticiza-
tion of at least one fiber of a cross-section.

The elastic regime is defined by the conditione’ &’ <1and

* *

e <& defineselasto-plastic regime.

min

*

The conditione’ &’ >1 establishes alocally plastic regime
and LF value is found at the intersection of a*m
threshold line L/,E1 =1;

-the condition dLF/dd, < K1 defines the tangent line, where the

., curve with the

derivative dLF/ dd, is nearly null.

Deformability is evaluated at the SLS by measuring the
vertical displacement |3| of the nodes under load conditions
LC, and LC,. The value must be reduced below the upper limit
of 5\2’L= B/200 (where Bisthe gridshell span), normalized as 5}2*
= 8\zk/ 8\2,['

The structural performance metric adopted by FreeGrid is
averaged over K, i.e. load conditions LCk, and it is defined as:

LF,_ 10,
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Figure 3.5: Structural performance:
Load Factor definition criterion , P
(Raffaele et al, 2024)
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Buildability performance

FreeGrid introduces this metric to address performance
related to fabrication-aware design which is not univocally and
exhaustively defined in current literature. This is done accord-
ing to a rigorous but not exhaustive approach that refers to: the
geometry of 2D panels coincident with faces; the 1D structural
members coincident with the edges; the 0D joint at vertices,
while excluding the offset between panels and faces (as kinks
of joints and edge offset).

FreeGrid defines the following Goal Metrics with respect to
buildability.

First, the face out-of-planarity, a characteristics of double-cur-
vature gridshells, that represents the limit to be overcome
through the use of planar faces of the cladding panels, for rea-
sons previously defined. The reference metric to be minimized
is the average A, which is calculated based on every face, by
taking the average of the distance between vertices of each
face in approximation of the surface, then divided by the semi-
perimeter length of the face.

The second metric refers to the number of structural joints and
itis called #(N).

The third metric refers to the uniformity of joints, specifically
the number of different types of them, that for FreeGrid is
closely related to the valence of the joint v which indicates the
number of converging members at that joint, as well as the rel-
ative angles 6 between members. The metric to be evaluated
is the number of joints typologies #(J), that is more favorable
as it decreases.

The fourth metric concerns the uniformity of members, as well
as the abacus of members used in the gridshell.




FreeGrid adopts the metric [ as the coefficient of length vari-
ations, and #(C) as the cardinality of the members cross-sec-
tions.

The partial performance metric is the average of the metrics
previously defined, and it is described as:

-~ 1
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Sustainability performance

This metric is introduced into performance evaluation
based on three motivations. First, the reduction of structural
material, a traditional goal in structural design process, espe-
cially concerning lightweight structures. This focus supports
the sustainable perspective of Life Cycle Assessment (LCA)
as a topic relatively underdeveloped in the specific literature
of gridshells.

FreeGrid merges structural and fabrication considerations
in this metric by evaluating the environmental impact of the
structural type of members cross-section and the steel grade
used analogous to the embodied carbon coefficient, all within
a single, comprehensive weighting parameter determined by
the unit mass of elements.

The metric becomes increasingly favorable as the value de-
creases, and it is defined as:

where W™ is the parameter to be minimized, corresponding to
the carbon consumption normalized with respect to the grid-
shell surface S, and defined as:

we =W
5

I
S

where the summation over M structural members of the entire
gridshellincludes the weight per unit length g, the length of the
i-th member [, and the environmentalimpact correction factor
a,, which depends on the steel grade and the cross-section
type of the i-th member, normalized to the corresponding co-
efficient of the hollow section made of S355 steel. (Figure 3.6)
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Figure 3.6: Sustainability performance: a parameter versus steel grade and type of member cross-section

(Raffaele et al, 2024)

Table 6 reports all the Goal Metrics calculated for the three
DBGs. Few considerations can be drawn within each partial
performance metric by comparing the Design Goals among
the three reference gridshells.

Based onthe Structural Goal Metrics values, it can be observed
thatthe three reference geometries are not significally affected
by the two load conditions. Likewise, none of them achieve the
performance thresholds at SLS and ULS established by Free-
Grid,|§| /5\2’1 <1and[F>1 respectively. On the other hand, the
variations in geometry lead to different structural performance
at SLS, with the double-curvature DBGs (parabolic dome and
hyperbolic paraboloid) exhibiting progressively higher perfor-
mance. By contrast, the single-curvature barrel vault DBG
proves to be approximately twelve times less stiff than the oth-
er two geometries, under both load conditions.

The comparison of the Buildability Goal Metrics across the
DBGs highlights two commonalities shared by all three geom-
etries. Each of them exhibits a unitary value in terms of face
out-of planarity 1+ZO and cardinality of member cross-sec-
tions #(C,), as a consequence of the geometric criteria previ-
ously defined.

The highest joint number #(N ) belongs to the barrel vault
DBG, considering the normalization with respect to its surface
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3.5.0 Design Constraints
-which is the larger-. Nevertheless this, the barrel vault DBG FreeGrid establishes Geometrical Constraints (GC) and
is the most homogeneous in terms of uniformity of structural Mechanical Constraints (MC) that participants are required
joints #(J, ), as its boundaries are aligned with the surface grid. to observe in their design proposals for each Design Solution
Regarding uniformity of structural members, the barrel vault Gridshell (DSG). These constraints are outlined below, as
DBG scores a unitary value also for member length 1+~LO. As described in the technical specifications of the benchmark
a matter of fact, it is the only geometry where all elements (Bruno et al, 2023-e).
share the same length, due to its fully quad mesh pattern. By
contrast, the other DBGs show increasing values due to the Geometrical Constraints:
presence of triangular cells. GC1 the single-layer gridshell structural type cannot be
The Sustainability Goal Metric is significantly more demanding changed, i.e., the mesh is 2-manifold, that is, non-manifold
for the barrel vault DBG. Its high value stems from the larger vertices and edges are not permitted;
cross-section area of the elements used, which is twice that GC2 the position, shape and length of the continuous spring
of the one in the other DBGs, resulting in a higher normalized line and of the head arches (for barrel vault only) cannot be
equivalent weight. modified;

GC3 the gridshell spans along the x and y directions B, and By,
respectively, shall not be shorter than 30 m, being B, and By

Structural Buildability Sustainability generally defined as the maximum span free of external con-
Goal Metrics Goal Metrics Goal Metric
Ref LF, | 1o, 1 | LF,, | 5., | 148 | #v) | #0) | 1+ | #cC) W straints;
ererence 01 201 0,2 502 +Ao 0 0 +lo o 0 . . .
DBG -] [m] -] (m] [] ] -] ] -] [ke] GC4 the extent of the projection of the overall gridshell surface
Barrel """"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" on the horizontal reference plane shall be no smaller than
0.833 | 1.793 | 0.871 | 1.824 1 a41 4 1 1 57556 )
vault S-0.05S;
parabotic | . | | 1 Vv 1 1 1 GC5 the rise shall be kept equal to f=B/8, being f generally de-
:arab°l'° 0.802 | 0.359 | 0.805 | 0.351 | 1 377 | 25 | 1194 | 1 23564 . . Pted . ere y
dome ¢ 00 vy fined as the distance between the horizontal reference plane
:;lgir:l(:ii: 0769 | 0175 | 0781 | 0176 | 1 257 13 | 1225 | 1 15589 and the horizontal tangent plane to the shell surface having the

minimum height;
GC6 the height h shall be no longer than b/4, being h gener-
ally defined as the distance between the horizontal reference

Table 6: DBGs Structural, Buildability and Sustainability performance metrics

plane and the horizontal plane passing through the shell vertex
having the maximum height;

GC7 geometrical vertices and structural joints cannot lie be-
low the horizontal reference plane;

Mechanical Constraints:

MC1 along the spring line L, x-, y- and z-displacements of all
the structural joints resulting from mesh generation shall be
externally constrained (perfect hinges);

MC2 along the head arches (barrel vault), x- and z-displace-
ments of all the structural joints resulting from mesh genera-
tion shall be externally constrained;

MC3 additional structural external constraints are not allowed




anywhere;

MC4 the structural members shall have commercial cross
sections;

MCS5 the structural material shall be steel.

The variation of any parameter is permitted unless explicitly
excluded by the aforementioned limits. The design and optimi-
zation approach can be various, including man-based heuris-
tic methods or artificial intelligence (e.g. neural networks, ma-
chine learning), gradient-based or topological design, physical
scale models, or continuous analogy models for optimization.
Itis allowed any types of structural modeling, with the require-
ment that the final structural performance evaluation of the
DSGs must be carried out through a Geometrically and Materi-
ally Nonlinear Analysis (GMNA).

FEM Specifications

For the evaluation of Partial Metrics and the overall per-
formance of the gridshells mechanical behaviour, Freegrid es-
tablishes specific technical requirements regarding the com-
putational model to ensure the comparability of results across
different FEM models. The guidelines address the Governing
Equations, FEM discretization and Numerical Solver.

Governing Equations:

-the GMNA (Geometrically and Materially Non-linear Anal-
ysis) is performed considering the perfect structure without
geometric imperfections. The adoption of this model allows
the evaluation of the structure in terms of interaction between
strength capacity and buckling and plasticity failure under
large displacements (Raffaele et al, 2024). In the present
study, the GMNA is carried out using the Finite Element code
ANSYS® Mechanical APDL;

-the material should be modelled with an elastic-perfect plas-
tic behaviour;

-a Distributed Plasticity model with nonlinear behaviour along
the element and across its cross-section is recommended to
follow the progressive yielding of members. For comparison
purposes, a Concentrated Plasticity approach is also

The FreeGrid Benchmark
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implemented with specifications. These regard the positioning
of plastic regions at the nodes and their length, being double
the maximum cross-sectional dimension of each member.

FEM Discretisation

-finite elements should be modelled as cubic two-nodes
beams, according to the Timoshenko theory, with 6 degrees
of freedom per node and three points of integration along their
longitudinal development;

-each structural member should be discretized into four Finite
Elements to simulate local instability arising from second or-
der effects.

Numerical Solver:

-load control must be applied in the incremental analysis with
a load step magnitude of LC/1000 for each load step, where LC
is the magnitude of the corresponding load condition;
-iterations must achieve convergence at each load step using
the standard Newton-Raphson method, with a tolerance of
5e-3 for weighted residuals of the variables during the prelimi-
nary phases, and then declared by participants.




The Barrel Vault FreeGrid Design Baseline Gridshell

The present research focuses on the Barrel Vault Design
Baseline Gridshell (Figure 3.7) which stands out as the least
efficient among the three DBGs. Indeed, the analysis of the
partial metrics reveals that its structural performance is the
weakest, with a maximum displacement at Serviceability Limit
State approximately twelve times greater than the threshold
displacement (Bruno et al, 2023-a).

The Barrel Vault DBG exhibits the geometrical char-
acteristics described in Section 3.2. Its single curvature, as
opposed to the double curvature seen in the other two DBGs,
is what distinguishes this study case as more challenging than
the other two geometries. The free-edge lies in the direction
of zero curvature, i.e. it follows a horizontal line, unlike in the
other two DBGs.

The structural characteristics, also defined earlier, indicate
that the Barrel Vault DBG features members with a 139.7 mm
diameter and 14 mm thickness, unlike the other two DBGs
which share the same cross-section elements.

As already stated, another structural aspect unique to the
Barrel Vault DBG lies in the boundary conditions of the head
arches, which are allowed to translate along y-axis.

Structural analysis

The structural behaviour of the DBG was evaluated
through a 3D Finite Element Model based on the benchmark
settings outlined in section 3.6. As previously stated, the
GMNA analysis was conducted by the Ansys Mechanical APDL
code to assess the structural performance at ULS and SLS
under two load conditions. Each finite element was assigned
an element type called ‘BEAM188’ in the software, which cor-
responds to a Timoshenko beam (Ahmed and Rifai, 2021).

The ULS analysis assessed the stability of the DBG giving back
as output the load-displacement curve (Figure 3.8) for both
load conditions LC, and LC,. This analysis has shown that:

-the mechanical behaviour of the DBG is not strictly depend-
ent on the load condition, as the curves corresponding to both
LC, and LC, reach similar critical load values (LF). These val-
ues are LF=0.833 for LC, and LF = 0.871 for LC,. Therefore, in
both cases, the lower bound set by FreeGrid L/,E1 =1 is not

T
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Figure 3.7: DBG barrel vault: geometry and load conditions
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satisfied. By contrast, the mechanical behaviour of fully-con-
strained barrelvaultis significantly influenced by different load
conditions applied (Raffaele et al, 2024);

-the ULS is reached due to the full plasticization of one or more
members under both load conditions (Figure 3.9), as both e’
ande’_ curves exceed 1. The identification of the Load Factor
occursin a locally-plastic regime, due to development of plas-
tic hinges before reaching global instability (buckling phenom-
enon). Conversely, the Load Factor of fully-constrained barrel
vault falls in a elastic regime for LC, and elasto-plastic regime
for LC, (Raffaele et al, 2024), therefore globalinstability occurs
in both cases without full plasticization of cross-sections.

The SLS analysis assessed the deformability of the DBG by
evaluating the maximum normal and tangential displace-
ments of the joints (Figure 3.10). The results summarized in
Table 7 show that both normal (/6\1) and tangential (8//)displace—
ments are significant in magnitude, being the normal compo-
nent predominant.

The maximum normal component is higher under load con-
dition LCz, while the maximum tangential one is higher in LC1.
In both load conditions, maximum normal (Figure 3.10-a) and
tangential (Figure 3.10-b) displacements are concentrated
in the surface around the free-edge and increase along the
arches in the positive x-axis. Similarly, the peak displacement
pattern remains unvaried across both load conditions. This
further confirms that varying load conditions do not signif-
icantly affect the mechanical behaviour of the DBG, since
the free-boundary effects are prevailing with respect to the
asymmetric loading effects. As with LF, in the displacement
evaluation the free-edge plays a decisive role in determining
the displacement patterns, unlike the fully-constrained barrel
vault, where different load conditions result in different pat-
terns (Raffaele et al, 2024).

The FreeGrid Benchmark

Table 7: normal and tangential displacement maximum values in LC, and LC,
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The effects of DBG deformability at SLS are presented in

Figure 3.11 in terms of out-of-plane and in-plane nodal defor-
mations. Figure 3.11-a shows the out-of-plane behaviour of
the DBG by evaluating the difference between the deformed
and undeformed configurations of the discrete Gaussian cur-
vature Ak=k-k,. Figure 3.11-b represents the in-plane behav-
iourﬂwoughtheequwamntsheardeﬁwwmﬂonsF==anN)+
Yy (pe), of each quadrangular cell (Raffaele et al, 2024) (Figure
3.12).
It is evident that, under both symmetric and asymmetric load
conditions, the out-of-plane deformations are significant and
concentrated in the surface area between the maximum rise
and the free-edge, where Ak<0Q. The maximum in-plane defor-
mations occur around the free-edge supports instead.

Within the same limit state analysis, the DBG behaviour
was evaluated under the most unfavorable load condition,
LC,. Contrary to the characteristic behaviour of gridshells, the
results demonstrate the prevalence of bending moments over
the membrane behaviour, as shown in Figure 3.13.

Figure 3.13-a represents the normalized distribution of axial
forces N'=N / |N|, where |f\7| is the DBG maximum axial force
in LC,. It reveals that members along the free-edge are under
tension, with higher axial force levels compared to the other
members. The same figure shows a predominance of axial
compression along members in the y-axis direction, which are
concentrated close to the maximum rise of the gridshell.
Figure 3.13-b shows the distribution of the resulting normal-
ized bending moment moduli M=M / |N|b, which reveals that
the onset of bending moments affects a significant portion of
DBG members. Specifically, the asymmetric load condition
produces greater bending moments in the elements aligned
with the x-axis, particularly within the surface domain between
the constrained edge and the maximum rise. On the other
hand, the bending moments in the y-direction members are of
lower magnitude. In the region between the line of maximum
rise and the free-edge, the bending moments in y-axis mem-
bers maintain similar magnitude as previous, while increase
for those along x-axis.
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Figure 3.11: Out of plane (a) and in plane deformations (b) in LC, (first row) and LC, (second row)
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Figure 3.12: Schemes for the definition of discrete gaussian curvature (a)
and equivalent shear deformation (b) (Raffaele et al, 2024)
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Proposals of Design Solution Gridshells

Based on the mechanical behaviour of the DBG report-

ed by the load factor LF and the maximum nodal displacement
|3| for both load conditions, Design Solution Gridshells primar-
ily aim to improve structural performance. Therefore, they seek
to exceed the lower bound of the critical load factor LF = 1 and
keep the maximum displacement within the upper limit of
5, =B/200 =0.15 m set by FreeGrid
Secondly, all the proposed design solutions aim to minimize
modifications to the DBG geometry by limiting the number of
additional members and the different size of their cross-sec-
tion. This means the proposed DSGs share the same number
of joints and their coordinates with the DBG, even though the
type of joints should necessarily increase due to the addition
of structural members to the grid. The latter issue does not
play a secondary role as any modifications to the original DBG
geometry could worsen Buildability and Sustainability partial
metrics in spite of improvements in the structural performance
metric, thereby reducing the overall performance represented
by the bulk metric. In other words, a DSG with superior struc-
tural performance but lower buildability and sustainability
ones might achieve a worse overall performance than another
DSG with lower structural performance but better values of
buildability and sustainability metrics.
The proposed DSGs comply with the benchmark criteria and
share the common goal of restoring the membrane behaviour
of the gridshell, favoring the overall structural conception rath-
er than prioritizing the sizing of each member.

Design references

The structural design strategy adopted for the DSGs fol-
lows a common approach known in literature as design from
precedent (Boling, 2021), which involves drawing inspiration
from similar, previously conceived solutions.

In this study, few solutions are selected from real-world design
of single-layer steel gridshell as well as other exemplary cases,
which are used as references and developed in analogy with
the problem statement.

The first strategy takes into account the increase of the
cross-section size of members along the free-edge L to locally
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control it by providing the members with sufficient flexural and
torsional stiffness (Bruno et al, 2024). This strategy is seen, for
instance, in the design of the Bristol Cabot Circus, by Schlaich
Bergermann und Partner (Schober and Justiz, 2012) (Figure
4.1).

The second approach aims to triangulate the original quad
mesh by introducing diagonal, stabilizing members within
each grid unit. The purpose of this solution is to enhance the
membrane stiffness and, consequently, reduce in-plane shear
deformations of the cells (Bruno et al, 2024) as exemplified in
the House for Hippopotamus in Berlin conceived by the same
designers as the previous reference (Schlaich and Schober,
1997) (Figure 4.2).

As a third approach, the research for free-edge stiffness takes
into account the use of a truss-girder inspired by hangars
projects designed by Pier Luigi Nervi (Leslie, 2018), where the
concrete structure is stiffened with a spatial truss-girder along
the free-edge spring lines (Figure 4.3).

Finally, a last strategy is taken from an uncommon solution for
gridshells design, rooted in traditional masonry barrel vaults
instead. This solution sees a relieving arch laid on the surface
which role is to redirect the thrust forces, transferring them
towards the lateral constraints rather than relying on the free-
edge (Figure 4.4).

Conceptual design

The references previously discussed have been reinter-

preted and adapted into the following Design Solution Grid-
shells outlined in Figure 4.5.
DSG A (Figure 4.5-a) retains the same number of structural
members and consequently the same type of joints as the
DBG but differs in the structural characteristics of the mem-
bers along the free-edge. As in the first reference, the diameter
of these elements is increased following the typical design
criteria for single-layer, quad mesh pattern gridshells. The as-
signed elements have a circular cross-section with a diameter
of 610 mm and a thickness of 16 mm, whose inertia is about
120 times greater compared to the cross-section used for the
DBG elements.
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DSG B (Figure 4.5-b) applied the second approach
mentioned, by inserting a diagonal member in each cell of the
grid with the same cross-section as the DBG members. This
strategy results in the change of valence v of most joints as
compared to the DBG ones, caused by the increased number
of members converging at a joint. Consequently, it increases
the variety of joints types #(J) due to the different orientation of
the added diagonals.

DSG C (Figure 4.5-c) is inspired by the strategy de-
rived from the insertion of a truss-girder, as mentioned in the
third reference, but its advantages are limited by constraints
imposed by the benchmark. Actually, the added diagonal
members forming the truss-girder must necessarily lie on
the surface of the vault, excluding the presence of non-man-
ifold vertices and edges. This restriction, which excludes the
use of spatial truss-girder, limits this strategy to improve only
the in-plane stiffness. The added elements share the same
cross-section as those of the entire grid. They control the free-
edge across the first two cell levels, adhering to the conven-
tional preliminary dimensional design for trusses, for which
the height is approximately 1/100 of the span. For the same
reason mentioned before, the joint types and valence vary
from those of the reference gridshell.

The proposed DSGs in category D take as a reference
the final strategy outlined in Chapter 4.1 (Figure 4.5-d) and
develop multiple solutions divided into three subcategories
(relieving arches, flying buttresses, relieving arches and flying
buttresses) (Figure 4.5-¢, f, g). The aim is to assess the grid-
shell performance under different combinations.

For all DBGs in this category, the added members share the
same cross-section as those in the DBG and, once again, var-
jiations in joint types and valence are expected.

Figure 4.1:Cabot Circus, Schlaich Bergermann und Partner
(Bristol, 2008)

Figure 4.2:House for Hippopotamus, Schlaich Bergermann
und Partner (Berlin, 1996)
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Figure 4.4:Example of strategy for masonry vault
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Figure 4.5:Schemes of Design Solution Gridshells
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roposals of Design Solution Gridshells D1 - relieving arch (e

In category D1(Figure 4.5-¢e), the proposed solutions assess
the effect of varying the rise of the arch lying on the surface of
the gridshell. D1.1 and D1.2 (Figure 4.5-e.1,2) feature a single
relieving arch with a rise r equal to L/4. They differ in the way

) . 1 2 3 4 5
the curves have been discretized;

D1 D1.1-D1.2 D1.3 D1.4 D1.5 D1.6

. . . T, L/4 L/4 L/2 3L/4 L/4
cal around y-axis, with the rise requal to L/4 and -L/4; I § L4 . : /2

D1.3 (Figure 4.5-e.3) presents two relieving arches, symmetri-

D1.4 (Figure 4.5-e.4) shows a relieving arch with a rise r equal
to L/2;

D1.5 (Figure 4.5-e.5) includes a relieving arch with a rise r
equal to 3L/4;

D1.6 (Figure 4.5-e.6) features a pair of relieving arches with

rises requal to L/4 and L/2, respectively. D2 - relieving arch and flying buttress-like ()

In category D2 (Figure 4.5-f), the solutions explore the gridshell
behaviour under the effect of two added flying buttresses-like,
also lying on its surface.

D2.1 (Figure 4.5-f.1) features flying buttresses-like with their

maximum vertex at the midpoint of the free-edge; D2 D2.1 D2.2 D23 D24
D2.2 (Figure 4.5-f.2) combines the same flying buttress-like r - L/4 L/2 L/2
configuration with a relieving arch having rise r equal to L/4; f -L -L -L -3L/4

D2.3 (Figure 4.5-f.3) pairs the flying buttresses-like with a re-

lieving arch having rise requal to L/2;
D2.4 (Figure 4.5-f.4) presents flying buttresses-like with their
maximum vertex at -3L/4, combined with a relieving arch with

rise requal to L/4. D3 - relieving arch and flying buttresses (g)

In category D3 (Figure 4.5-g), the proposed solutions aim to
analyze the combined effect of relieving arches and flying
buttresses that intersect at varying points, anchored at the
ends of the constrained edges. In this case as well, the added

elements maintain the cross-section of the original structural 1 2 3 4 5

members while inserting variability in joint types and valence. D3 D3.1 D3.2 D3.3 D3.4 D3.5
I L/4 L/4 L/4 L/2 L/4

) i , i , ) - - - - L/2
metrical around x-axis, with a relative distance d equal to 4b d b 6b 10b 10b 10b

D3.1 (Figure 4.5-g.1) combines two flying buttresses, sym-

(Figure 4.6-a) and trimmed at the intersection with a relieving

arch havingrise requal to L/4;

D3.2 (Figure 4.5-g.2) presents a similar configuration but

with a relative distance d equal to 6b (Figure 4.6.b), while still

trimmed by a relieving arch with rise r equal to L/4; Figure 4.5: Schemes of Design Solution Gridshells (e; f; g)
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relieving arch

D3.3 (Figure 4.5-g.3) has the same configuration as D2.2 but
the portion between the constrained edge and the arch is

trimmed. The aim of this solution is to test the combination of

arch and flying buttresses-like;

D3.4 (Figure 4.5-g.4) increases the relative distance between

the flying buttresses equal to 10b (Figure 4.6-c), trimmed at

the intersection with a relieving arch with a rise requal to L/2;
D3.5 (Figure 4.5-g.5) follows the same configuration as D3.4
but adds a second relieving arch with a rise requal to L/4. r=L/4 ‘ ‘ r=L/2 ‘ ‘ r=3L/4

All the proposed solutions in D category have been geometri-
cally defined through a discretization criterion, whereby each

relieving arch and flying buttress-like

curve defining arches and flying buttresses is broken down into

segments converging at the nodes of the involved grid cells.

Each added element, therefore, represents an approximation

of the curve, as demonstrated in Figure 4.7. /

d=4b
L=20b

=L | f=-L,r=L/2 I f=-3L/4,r=L/4

relieving arch and flying buttresses

d=6b
L=20b

(b)

10b
20b

d=4b , r=L/4 | d=6b , r=L/4 || d=10b,r=L/4,1=L/2

d:
L

(c)

Figure 4.6: Schemes of relative distance between flying buttresses and arches Figure 4.7: Schemes of discretization of arches and flying buttresses
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Preliminary analyses 4.3.0 2 ‘ ‘ ‘ 2

As previously stated, the DSGs were compared in terms ® 5
of mechanical behaviour to primarily evaluate their Structural el 7 i /
Performance. In Figure 4.8 the ULS behaviour of each pro- 5 4 S Y S Y A S N AA
posed solution is summarized under both load conditions. c e e *DBG
Specifically, the load-displacement curves are grouped ac- o5l ] 05l
cording to DSG type, as classified in section 4.2. :
The comparison assesses the effects of geometric variations oO s 10 15 (a;o 00 s 10 15 (6)20
for each category in relation to DBG behaviour. Moreover, each |5z|/6z,l [-] |5z|/5z,l [-]
load-displacement curve provides data regarding partial (sym-
bole) or full (symbol a) plasticization of the grid members. 2 ‘ 2
Critical Load Factors are collected in Figure 4.9, together with B
normalized maximum displacements at SLS. o | -5 ’

Figure 4.8-a compares the load-displacement curves of .
DSGs categories A, B, C with the DBG. It highlights that, under | [oigpis —espi = P L Ve
both load conditions, the quad-mesh (DBG) and triangular grid osl D11 DBCi ol /I,;i:':"_:r"'Dl DL
(B) represent the lower and upper boundary curves, respec- / , 2
tively. o | | () W | | M
DSG A does not exhibit sufficient stiffness, even with larger ° ° s |/3;0 -] 1 20 0 ° B |/(150 ] 15 20
cross-section of members along the free-edge. This is par- = 2
ticularly evident under asymmetric load condition, where the 2 : : : 2
gridshell reaches ULS due to the full plasticization of one or B
more members. 1.5 15 B
DSG B successfully exceeds the Load Factor threshold but D2.3 /
lacks sufficient out-of-plane stiffness (| 32| //5\2,{ =2.5). 5 DL;: “’j 5 _ DD;j ____________ P!
DSG C is effective in reducing in-plane deformability but fails T DBG g D22 . - e
to address out-of-plane deformability, as | 3Z| / 3\2‘1 > 10. This 05/ ] o8
issue stems from the impossibility of configuring a spatial o | | | (©) 0 | | | (g)
truss-girder according to benchmark constraints. Therefore, 0 5 s I/}O . 15 20 0 5 5 I/ZSO o 15 20
the effectiveness of this solution is compromised when sub- 20zl 277zl
jected to out-of-plane strain. , | ,

Figure 4.8-b shows the load-displacement curves for .
DSGs category D1, comparing the mechanical behaviour in 15l ] 15l B
response to variations in the rise of the relieving arch. The /
curves point out that the effectiveness of the relieving arch 5o /D°3'5/1°D3'4 o D35 D34
occurs when the rise ris less than L/2. As a matter of fact, a %3%3 DBG "’_'?3',%3. DBG
comparison of D1.1 (r =L/4), D1.4 (r =L/2) and D1.5 (r =3L/4) 05 //; 1 0.5 ’
shows that the latter exhibits a higher critical Load Factor but /
also significant displacements, able to reach ULS due to full % 5 10 15 (dio % 5 10 15 (h)20
plasticization in LC,. Moreover, as the rise decreases, geomet- |‘5z|/5z,l [] |5z|/6z,l [l
ric stiffness increases and displacements reduce, in particular Figure 4.8: Load-displacement curves in LC and LC,
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for D1.6 where arches with L/4 and L/2 rise are combined.
On the other hand, a lower rise leads to higher concentration
of internal forces in the arch and lower critical Load Factors,
which brings forward global instability. This issue becomes
more critical as the rise of the relieving arch increases, where
instability is reached at larger ultimate displacements despite
higher critical load values.

Afinal consideration can be made regarding the three different
geometric configurations D1.1 (arch with r=L/4), D1.2 (arch
with r=L/4, different discretization) and D1.2 (pair of arches
with r=L/4 and r=L/2): their load-displacement curves are
nearly analogous. This means that the addition of a symmetric
relieving arch and changes in discretization do not enhance
effectiveness.

Figure 4.8-c shows the load-displacement curves for
DSGs category D2, it assesses the mechanical behaviour re-
lated to the addition of flying buttresses-like and its combina-
tion with relieving arches of varying rises.

D2.1 curve shows that the flying buttress-like alone is unable
to achieve any structural goals, its behaviour is similar to the
DBG for both load conditions. However, the combined effect
of flying buttress-like and arch is effective under both LC, and
LC,. Once again, arches with rise greater than L/2 prove inef-
fective, as the load-displacement curves for D2.2 and D2.4 are
nearly overlapping. Conversely, the solution with rise equal to
L/2 (D2.3) is more effective.

More broadly, the addition of flying buttresses-like combined
with relieving arch of varying rise, exhibits its effectiveness in
reducing displacements (comparison between D1.1-D2.2,
D1.4-D2.3). In spite of that, displacements remain significant
(|5\Z| / 5;% 5), due to out-of-plane displacements beneath the
relieving arch. Furthermore, the flying buttress-like enhances
both stiffness and critical Load Factor of the DSGs, while trac-
ing back members to partial plasticization.

Figure 4.8-d presents the load-displacement curves for
DSGs in category D3. The choice to trim the flying buttress-like
where it intersects the relieving arch was made to assess the
active-effect of this strategy. A comparison between D3.2 and
D2.2 reveals that both solutions exhibit similar behaviour, be-
cause of members almost inactive beneath the relieving arch.

Further evidence for this can be observed by comparing the
D3.2 and D3.3 load-displacement curves. The one belonging
to a relieving arch with rise of L/4 combined with flying but-
tress-like between the arch and the free-edge, coincides with
D1.1 curve (relieving arch with r=L/4). This demonstrates that
the flying buttresses-like are ineffective in bearing loads.

The analysis also takes into account the effect of the distance
d at which flying buttresses intersect relieving arches. As
shown by the comparison between D3.1 and D3.2, the effect
is negligible. As a result, this latter comparison suggests that
the role of flying buttress is not to alter the effective length of
the relieving arches, but rather to limit their out-of-plane dis-
placements.

Moreover, D3 category solutions achieve the design goal of
redirecting the gridshell toward a membrane behaviour, as
highlighted by the fact that ULS is reached due to global insta-
bility in quasi-elastic regime. These solutions are also marked
by reduced displacements and increased critical Load Factor
values, especially in D3.5 where the flying buttresses are com-
bined with two relieving arches having rise equalto L/4 and L/2.
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In general, several observations can be drawn regarding
the load-displacement curves and values of critical Load Fac-
tor and normalized displacements (Figure 4.9). The following
points can be noted:

-the curves of DBG and DSG B represent the range within
which all DSGs load-displacement curves fall. This justifies
the selection of DBG and DSG B as reference cases;

-all proposed DSGs contribute to an increase in the tangent
stiffness of the DBG. Furthermore, the majority of the curves
either approach or exceed DSG A stiffness, which was con-
ceived as a stiffened edge beam solution;

-the load condition LC, is more demanding than LC.. As a
matter of fact, the solutions exhibit lower critical Load Factor
values for this load condition and the plasticization shifts from
partial to full in some cases (A, C, D1.5);

-most solutions do not achieve complete plasticization, re-
sulting in ULS being reached due to global instability, as oppo-
site to the DBG;

-besides the reference DSG B, several other solutions signifi-
cantly exceed or closely approach the lower threshold set by
by FreeGrid (L/l\-' = 1) for both load conditions (A, D2.1, D2.2,
D2.3,D3.4, D3.5);

-in terms of displacements, none of the proposed solutions
meet the upper threshold set by FreeGrid (6 = 1/200 = 0.15)
when employing the same cross-section for the grid members.
Notably, large displacements comparable to those of the DBG
occur in LC, for DSGs A, C, D1.5, D2.1, where the geometric
non-linearity effects are significant.
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Figure 4.9: Critical Load Factors and maximum displacement values in LC, and LC,
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To better understand the comparison between all the pro-
posed DBGs, the structural partial metric P_was calculated for
each solution. In Figure 4.10, the partial metrics are grouped
by type, allowing for a simultaneous comparison of the critical
Load Factor and the ultimate displacement for each DSGs and
DBG.

Figure 4.10: Structural performance metrics for DSGs and DBG
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Structural analysis and performance assessment 2

The in-depth structural analysis focuses on a limited "
selection of DSGs from Section 4.2, chosen among the three DBG 3 1
reference solutions and those with the highest Structural per- 05 oee
formance. Each DSG is analyzed under the asymmetric load (@) ©
condition LC,, identified in Section 4.3 as more demanding 8
than the symmetric one LC..
The detailed analysis of the DBG presented in Section 3.7.2, 15
isincluded to enable comparison of each DSG behaviour with A E -
respect to the baseline geometry;
-DSGs A and B serve as references as they align with practice 0.5
traditional design solutions -achieved through free-edge stiff- 0 (b) (h)
ening and triangulation of cells, respectively; 2 |
-DSG D1.4 (relieving arch with r = L/2) is selected as the re- 15 :
lieving arch with rise equal to L/2 represents the effective limit /
among relieving arch solutions with variable rise, as demon- B 5
strated in Section 4.3. It also shows the highest Structural 0.5
performance in this latter category; . (©) i
-no case is selected from category D2 (relieving arch and flying 5
buttress-like) as members discretizing the flying buttress-like
prove inactive below the rise of the intersecting relieving arch, 19
as shown in Section 4.3; D1.4 5 1
-DGSs D3.4 and D3.5 are selected from D3 category (relieving D14
arch and flying buttresses). Specifically, D3.4 (relieving arch 0
with r = L/2 and flying buttresses) is chosen to evaluate the 0 (d) (k)
effect of adding flying buttresses to DSG D1.4. In addition to 2
this, it is the only DSG in D3 category to approach the lower 1.5 T H
critical Load Factor threshold LF, = 1. D3.5 (relieving arch- D34 5 1 .
es with r=L/2, r=L/4 and flying buttresses) is selected for its " D34
highest Structural performance across all DSGs in D1, D2, D3 051
categories. This configuration combines highest-performing 0 (e) (m)
solutions in D1 (D1.6, relieving arches with r=L/2, r=L/4) and 2
D3 (D3.4) In this way, it thus allows the assessment of the fly- 15
ing buttresses contribution to DSG D1.6.

D35 51 o
-~ D3.5

ULS and SLS analyses 5.1.0 05

The ULS analysis is taken under load condition LC, and 0 : 5 10 15 20 . "
provides the load-displacement curves of the aforementioned 19,/0,,[] ¥ partial plasticization . EEIfull plasticization
solutions (Figure 5.1-a, b, ¢, d, g, f). In general, the selected
solutions in D1 and D3 categories reach ULS due to global Figure 5.1: Load-displacement curves and yielded FE in LC,
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instability and in quasi-elastic regime in D3.5 (Figure 5.1-f). By
contrast, the reference DSG A keeps achieving ULS through full DBG
plasticization of members (Figure 5.1-b) similarly to the DBG,
while B reaches ULS due to global instability (Figure 5.1-c).
Specifically, DSGs D1.4, D3.4, D3.5 show a progressive in-
crease in stiffness compared to the DBG and DSG A, a gradual

decrease of partially plasticized members and the absence
of fully plasticized ones (Figure 5.1-k, m, n), which still occur

in DSG A (Figure 5.1-h). This progressive reduction supports
reaching ULS through global instability and quasi-elastic

regime for D3.5 -where the number of partially plasticized Iipiibiniesnead (b)
members is significantly decreased (Figure 5.1-n)-, further

<§

confirming the dominance of membrane behaviour over bend-
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The SLS analysis assessed the nodal displacements
-both normal and tangential-, axial normal forces and bending
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moments for the selected DSGs. Each solution is compared to %

AR

the corresponding evaluations obtained from the DBG analy-
sis. N
Figure 5.2 shows the normal & (Figure 5.2-a, b, ¢, d, €, f) and

tangential 6// (Figure 5.2-g, h, |, k, m, n) displacements of D1.4

DSGs, normalized with respect to the corresponding maxi-

mum displacement values among the solutions -as well as
those of the DBG (5 =1.82m, d, =0.44m).
In general, the results show a progressive decrease in both

//max

normal and tangential displacements, starting with the inser-
tion of the relieving arch with arise r=L/2 (D1.4) (Figure 5.2-d,
k), followed by the addition of the flying buttresses (D3.4) (Fig-
ure 5.2-e, m), until the placement of a second relieving arch
with a rise r = L/4 (D3.5) (Figure 5.3-f, n). As demonstrated by
the ULS analysis in load-displacement curves (Figure 5.1-a, b,

D3.4

c, d, g, f), stiffness progressively increases with the increase
of triangular cells. This latter strategy results in decreasing
in-plane deformability and, consequently, both normal and D3.5
tangential displacements. Proof of this is given by the behav-
iour of DSG B, where the triangulation of all cells results in the
lowest displacements among the selected DSGs (Figure 5.2-c,
j). Similarly, the observed progressive reduction in displace-

ments among DSGs D1.4, D3.4, D3.5 aligns with the increas-
ing number of triangular cells. Figure 5.2: Normal and tangential displacements in LC,

@ upward O downward
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Specifically:

-DSG D1.4 achieves a reduction in normal (Figure 5.2-d) and
tangential (Figure 5.2-k) displacements compared to the DBG,
but uniquely in the area between the maximum rise and the
free edge. As a matter of fact, the magnitude of both displace-
ments remains nearly unchanged in the area between the
maximum rise and the constrained edge;

-the addition of the flying buttresses in DSG 3.4 further contrib-
utes to decrease both normal and tangential displacements,
even affecting the region above the relieving arch (Figure 5.2-¢,
m);

-the placement of a second relieving arch in DSG D3.5 results
in an even greater reduction of normal and tangential displace-
ments. It is noteworthy that these latter are comparable to the
displacements observed in DBG, when considering the area
beneath the relieving arch and the higher rise. Thus, the strate-
gy employed in this solution proves effective in decreasing nor-
mal and tangential displacements to a level almost equivalent
to the DSG B, by employing a significantly smaller number of
additional members. In terms of maximum displacements, the
combination of a pair of relieving arches and flying buttresses
performs similarly to the triangulation of each cell.

The stiffening of the free-edge in DSG A results in a reduction of
approximately half the DBG normal displacements, while the
tangential ones to a lesser extent. The displacements pattern
maintains the same distribution as in DBG, except for mem-
bers nearby the free-edge. The increased stiffness of members
along the free-edge enables a reduction in normal displace-
ments along the x-axis.

Additionally, a relevant aspect emerging from the comparison
between DSGs and DBG considers the displacement pattern.
It is observed that all solutions retain a displacements distri-
bution similar to the DBG one.

Figure 5.3 Shows the deformed shapes of the arches for
each selected DSG and the deformed and undeformed curve
of the DBG. All the solutions reduce vertical displacements
with respect to the DBG, with DSG B showing the most effi-
cient as its curve closely aligns with the undeformed shape,
for B<L/4.DSGs D3.4 and D3.5 also prove effective in reducing
downward displacements due to the flying buttresses.

/B

They approximate the undeformed arch within B<L/2, i.e
in correspondence of the rise of the relieving arch equal
to r=L/2. The addition of a second relieving arch with rise
r=L/4 in DSG D3.5 further enhances its effectiveness.
Similarly to D3.4, DSG D1.4 proves effective in reducing down-
ward displacements of the DBG within B<L/2. However, in the
domain L/4<B< L, DSG D1.4 is less effective that DSG A, which
approximates the deformed shapes of the arches of D3.4 and
D3.5 within the same range, due to the stiffening of the mem-
bers along the free-edge.

1/8

-1/8 |-

— undeformed

— D14

— DBG

-L

-L/4

L/2 L/4 L
B

Figure 5.3: Deformed shapes of the DSGs arches at SLS in LC,
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Figure 5.4 presents the SLS analysis of normalized nor- = gé- EE
mal forces N'= N / |N| (Figure 5.4-a, b, ¢, d, e, f) and bending DBG % =3 1
moments M'= M/ |N|b (Figure 5.4-g, h, j, k, m, n), where |N| is = 3 HH
the maximum normal force of the DBG and b is the character- e HH
istic length of structural members. This normalization enables @ 2 > ©
the comparison of both magnitude of axial forces and bend-
ing moments, as well as the assessment of the predominant _
membrane or bending behaviour in each DSGs. A G izz: i
In light of the latter aspect, an initial consideration arises s o =
from comparing DSGs D1.4, D3.4, D3.5. The analysis of their
normal force distributions (Figure 5.4-d, e, f) alongside their (b) (h)
bending moment distribution (Figure 5.4-k, m, n) shows that
membrane behaviour prevails over the bending one. Conse-
guently, these configurations progressively restore the charac- S
teristic mechanical behaviour of gridshells, as opposed to the B z Z
bending behaviour of the DBG. Specifically: >
-DSG D1.4 still exhibits a significant bending behaviour (Figure
5.4-k), although reduced compared to the DBG. The clear con- © - 0
tribution of added relieving arch displays in the behaviour of ‘s £
members along the free-edge, where membrane regime pre- = 3
dominantly prevails. Greater compressive normal forces N">0 D14 iz g/ “E:
occur in members forming the relieving arch, while tensile =
forces N'<0 are concentrated in members along the free-edge. 3
These latter thus act as a chain, countering the thrust of the (@) tH (k)
relieving arch (Figure 5.4-d); EE- 9sesesn
-DSG D3.4 maintains behaviour similar to that of the single re-
lieving arch solution. Unlike this latter, the integration of flying D34 i i
buttresses further increases the predominance of membrane ¥ S
behaviour (Figure 5.4-e) over bending behaviour (Figure 5.4-
m); mE= (e) reTeees: (m)
-the same considerations can be extended to DSG D3.5, where T . i} F
the addition of the second relieving arch lets the prevalence of V"’\,' - H
membrane behaviour to be even more evident (Figure 5.4-f). » E'i § nes
The triangulation of cells in DSG B also re-establishes a pre- D35 Z Ei z
dominantly membrane behaviour (Figure 5.4-c). By contrast, a ii = i
in reference solution A still occurs flexural behaviour, with %
stress level comparable to those of the DBG in members along H 0 i % "
the x-axis. Furthermore, the increase in cross-section of mem- <0 N0
bers along the free-edge concentrates bending moments at
the boundary (Figure 5.4-h), while reducing the magnitudes in Figure 5.4: Distribution of normalized axial forces and resulting bending moments in LC,
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members along the y-axis. [ S ]
A further consideration can be drawn by examining the axial DBG

force distributions across the solutions (Figure 5.4- a, b, ¢, d,
e, f). In all cases, members along the free-edge are subjected
to tensile stress, with progressively increasing magnitudes in
DSGs D1.4,D3.4, D3.5. The stress distribution in DSG B exhib-
its a pattern similar to that of a compression-bearing arch (Fig-

ure 5.4-c), as indeed confirmed in solutions where a relieving
arch is actually placed.

DSGs D1.4, D3.4, D3.5 exhibit a concentration of axial forces
in the added members. Compressive stresses are concen-

trated in the diagonals discretizing the relieving arch with rise
r=L/2 and in the flying buttresses, for solutions D1.4 and D3.4.
Similarly, the flying buttresses are predominantly under com-

pression in D3.5, while members of the relieving arch with rise
r=L/2 show tensile stresses until they intersect with the flying
buttresses. The second relieving arch is primarily subjected
to compressive axial forces, behaving similarly to the relieving

arch withariser=L/2in D1.4 and D3.4. _

The magnitude of compressed members along y-axis increas-
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es as the relieving arch approaches its maximum rise. Mem- E

bers located between the constrained edge and the maximum D1.4
rise predominantly exhibit compression along x-axis and ten-
sion along y-axis. In DSGs D3.4 and D3.5 tensioned members
take place also along x-axis nearby the flying buttresses.

The analyses presented in Figure 5.4 are summarized in _

Figure 5.5 in terms of average values (Figure 5.5-a) and coeffi-
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cient of variation (Figure 5.5-b) among the members. [
Figure 5.5-a underscores the dominance of either membrane D3.4
or bending behaviour among DSGs, with DSG B standing out
as the solution exhibiting the most significant predominance
of membrane behaviour.

On the other hand, Figure 5.5-b highlights the increase in the _

maximum bending moment modulus in DSG A, which shows
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the highest relative standard deviation compared to the mean.
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Figure 5.5: Distribution of [N| and |M|/b: average value (a) and coefficient of variation (b)




Structural analysis and performance assessment
Holistic assessment 5.2.0

Figure 5.6 summarizes partial metrics for Structural

performance P, Buildability performance P,, Sustainability DBG
performance P_ and the overall performance metric P for
each selected DSGs. As defined in Section 3.4, each metric
reflects an increase or decrease in performance with respect

to the DBG, to which they are normalized. Thus, a metric value
exceeding the unit value means an improvement in the corre- -

sponding performance.
Specifically, DSGs D1.4, D3.4, D3.5 reveal a progressive in-
crease in Structural performance P, reaching values up to
four times greater than that of the DBG. Similarly, although to
a lesser extent, DSG A achieves a comparable outcome, while
DSG B achieves twice the Structural performance observed in _
D3.5.

Buildability performance metric P, is for all cases lower

than the DBG due to the increased variety of joint types and
properties of the added members. Specifically:
-DSG A shows a decrease in the P, metric due to the increased

cross-section of members along the free-edge, while main-
taining the same joint type across all nodes; -
-DSG B exhibits the greatest reduction in P, driven by the rise

in joint types. This latter is required by the higher number of D1.4
converging members, with up to eight members at the middle
joint of the gridshell;
-the same trend as the previous is also observed in DSGs D1.4,
D3.4,D3.5.

Sustainability performance P_ shows a decrease across -
the DSGs due to the increased weight of structural material

used, as outlined in Section 3.4. This is underscored by the D3.4

significant decrease in P_ for DSG B, where the higher number
of added members demands a greater material use and, con-
sequently, a worsening environmental impact coefficient.

Overall, Structural performance emerges as the most

significant metric, strongly influencing the global performance -
P.

Similarly to Structural performance P, the Bulk performance
values are notably higher for DSGs B and D3.5, despite the re-
duction in Buildability and Sustainability performances when 10 8 6 4 2 1 0 0
compared to the other DSGs. P, - P, ——r, P

Figure 5.6: Scheme of Partial and Global performance metrics

D3.5

-
N
N




C h d pte I Conclusions




Among the strategies employed for the construction
of long-span roofs, gridshells derive their efficiency primarily
from their geometric configuration. These structures are de-
fined as form-resistant, meaning that they are capable to span
large distances due to the shape they assume. This resultsin a
minimal thickness and reduced weight of structural members,
which determine their predominantly membrane-like behav-
iour.

A subset of this category includes free-edge gridshells, ob-
tained by trimming the reference surface in order to be inte-
grated with pre-existing structures or provide access to the
building. In light of these advantages, their application has
become widespread in the design of large-span buildings such
as stadia, hangars and pavilions.

However, the presence of free-edges significantly affects the
characteristic behaviour of gridshells, potentially shifting from
membrane-like to a flexural regime and leading to large dis-
placements. The widespread application of these structures
contrast with the limited scientific research, leaving the stabili-
ty of free-edge gridshells as a largely unexplored field.

The present MSc Thesis contributes to the research
field on free-edge gridshells by proposing design solutions
and evaluating their structural performance. The study was
conducted with reference to the FreeGrid benchmark, with the
aim of bridging the gap between practical design and scientific
literature. More precisely, the thesis focuses on the barrel vault
gridshell proposed by the benchmark as one of the reference
geometries, with the primary objective to enhance its struc-
tural performance. The proposed solutions were holistically
assessed through the evaluations of Structural, Buildability
and Sustainability performances outlined by the benchmark.

Chapter 1 introduced motivations and conditions that
led to the definition of gridshells as a structural typology. It
highlights how advancements in materials technology and
their intrinsic properties have contributed to the efficiency of
this structural type, enabling the achievement of goals often
unattainable with other structural systems.

Chapter 2 delves into various aspects related to the ar-
chitecture of gridshells. The discussion includes, on one hand,
an analysis of morphology which demonstrated the origin of
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the form-resistant structures concept. On the other hand, it
classifies gridshells with respect to construction methods,
boundary conditions, geometric characteristics and materi-
als that can influence their structural behaviour. This section
highlights how buckling instability remains the most significant
factor affecting gridshell performance and serves as primary
cause of structural failure. Furthermore, it underscores the
ongoing lack of research on the free-edge gridshells stability.

Chapter 3 provides an in-depth overview of the FreeGrid
benchmark, outlining its objectives, methodologies and tech-
nical specifications, which served as the guideline framework
for the analyses undertaken in this study. An in-depth analysis
of the barrel vault Design Baseline Geometry (DBG) revealed
how its single curvature significantly impacts on the mechani-
cal behaviour, leading to high displacements values. Addition-
ally, the assessment demonstrated that:

- the free-edge boundary effects are prevailing over the effects
of the load conditions on the DBG structural behaviour;

-the Ultimate Limit State (ULS) is reached in a locally-plastic
regime due to the plasticization of one or more structural
members;

- the highest axial forces are concentrated in members along
the free-edge, which are subjected to tensile force;

-flexural behaviour prevails over membrane behaviour due to
the insufficient in-plane stiffness of the vault.

The proposed Design Solution Gridshells (DSGs) are

detailed in Chapter 4. DSGs draw inspiration both from strat-
egy commonly used in built free-edge gridshells (e.g., cells
triangulation, stiffening of the free-edge) as well as from un-
conventional approaches (e.g., truss-girder, relieving arches).
Preliminary analyses of each DSGs are discussed according
to the employed category of strategy. The findings proved that:
-the complete triangulation of the grid cells and fully quad
mesh pattern define the range within which all other solutions
fall;
-the stiffening of the free-edge by using a larger cross-section
does not provide sufficient stiffness. Notably, this latter goal
is not achievable even with the larger commercially available
cross-section, in addition to a significant impact on the archi-
tectural outcome;




-adding a truss-girder to stiffening the free-edge does not ef-
fectively reduce out-of-plane displacements, as it lies on the
reference surface and thus uniquely effective within in-plane
displacements;

-the addition of a relieving arch proves effective, especially
when the rise is at most half the span of the gridshell;

-the combination of flying buttresses with relieving arches
proves to be the most effective strategy in terms of Structural
performance, as it limits out-of-place deformations of the re-
lieving arches and restores the characteristic membrane-like
behaviour.

Chapter 5 dealt with the detailed Ultimate Limit State
and Serviceability Limit State analyses of a selected number of
DSGs, chosen from those previously assessed and identified
as the most efficient in Structural performance across all cate-
gories. The analyses stated the following findings:

-all the selected DSGs successfully restore the membrane-like
behaviour and, as a result, remove the presence of fully plasti-
cized members;

-increasing the number of triangulated cells reduces displace-
ments, the number of partially plasticized members and the
maghnitude of bending moments;

-Structural performance, as well as Bulk performance, im-
proves for all the selected DSGs, albeit with a minimal wors-
ening in terms of Buildability and Sustainability performances;
-some solutions manage to meet or approach the lower crit-
ical Load Factor threshold set by the benchmark, while none
satisfy the upper limit for maximum displacement.

In light of these considerations, the present MSc Thesis
has contributed to the definition of design solutions for free-
edge gridshells, specifically through the barrel vault geometry
proposed as a reference by the FreeGrid benchmark.

The main contributions can be summarized as follows:

-the identification of limits and peculiarities of each tested
strategies;

-the evaluation of the effects of both traditional solutions from
the design practice of free-edge gridshells and unconventional
ones, through the assessment of the mechanical behaviour in
terms of critical Load Factor and maximum displacements;
-the formulation of a design response aimed at restoring the
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membrane-like behaviour, which is compromised by free-edg-
es;

-a holistic assessment of the solutions in terms of Structural,
Buildability and Sustainability performances.

Future directions opened up by the present study aim to
meet both ULS and SLS requirements set by FreeGrid, which
have so far been achieved or approached uniquely in terms of
Load Factor, while the upper displacement limit remains a fully
unmet goal. The strategies suggested by this study for further
tests concern:

-the appropriate sizing of the structural members added to the
reference grid, potentially through an optimization process;
-the variation of the reference geometry shape according to
the limits set by the benchmark. In this regard, a few scenar-
ios have already been experimented, revealing themselves as
potentially efficient solutions. These latter involved geometric
variation of the free-edge in a parabolic arch shape, once again
following a design from precedent approach, based in this
case on the experimental studies of Heinz Isler (Figure 6.1).
The v includes a lunette-like surface intersecting the original
vault surface (Figure 6.2), designed to contain out-of-plane
displacements. This solution proved effective only if the spring
nodes of the boundary arch are prevented to move in horizon-
tal direction, e.g., by constraining their y-wise displacements
or by inserting a chain to contrast the arch thrust. Both these
solutions do not meet some of the benchmark constraints,
therefore further studies are needed.




Figure 6.1: Hanging membrane model with upturned stiffened free edges, Heinz Isler (Chilton, 2000)

Figure 6.2: Scheme of preliminary evaluated DSG with a lunette-Llike
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