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ABSTRACT

ABSTRACT

The growing demand for sustainable, efficient and aesthetically innovative tall buildings has
led to the development of advanced structural systems. Among these, diagrid structures have
emerged as a prominent solution due to their geometric efficiency, structural performance and
architectural flexibility.

This thesis analyses the buckling behavior of spatial diagrid structures, focusing on their
stability and resistance in the case of extreme situations, studied by means of a progressive
collapse analysis to highlight the resilience of such structures. The following study involves
the development of a model based on numerical analysis for the efficient and effective
description of these behaviors. Thus, compared to existing methodologies based on the
definition of the structure's shear and bending stiffness, and on finite element models, the
proposed approach is based on the direct calculation of the structure's stiffness matrix. This
methodology is named Matrix-Based Method (MBM) and was used as the foundation for the
preliminary design of the structures to be analyzed. The relevant numerical procedure was
implemented in a MATLAB code. In addition, the proposed model was validated using a
FEM-based analysis, comparing the results obtained with theoretical predictions to ensure its
accuracy and reliability. The results highlight the crucial role of stability analysis in the design
of diagrid structures, demonstrating their ability to withstand significant compressive and
tensile forces while maintaining structural integrity even under extreme conditions, in order
to demonstrate the importance of geometry-based optimization to improve the performance
of diagrid systems.

This thesis contributes to the field of structural engineering by providing an effective tool for
the preliminary design and analysis of spatial diagrid structures, offering insights into their
stability, efficiency and application potential in modern tall building architecture. The results
provide a basis for future research and practical applications in the design of innovative and

resilient buildings.






1. INTRODUCTION

1. INTRODUCTION

The advent of tall buildings became one of the major features of urban places starting in the
late 1800s, especially in the United States. In the early days of skyscrapers, taller buildings
relied on conventional moment-resisting frame systems, but as these buildings got taller,
several limitations arose, in part from structural efficiency and part as a result of resource
consumption. This created an opportunity for change in tall building design, and one of the
major innovations in this field is the diagrid system, which is a triangulated system of steel or
concrete members that efficiently transfer gravity loads and lateral loads in ways which
minimize the use of the internal vertical columns, making space on the floors available for
other purposes, and providing for greater architectural flexibility [1].

Additionally, the new diagrid system uses less material than an equivalent frame system,
allowing for lighter and slender structural members. As less material is used (reducing
construction costs) and the amount of material needed to produce, transport and assemble is
less, then the lower is the environmental impact.

However, looking at tall buildings, it is common to find that they need complex models in
order to look at the structural behavior under loads. The Matrix-Based Method (MBM)
procedure, can be a very useful thing to make some design alternatives and to use in place of
complex models to see changes in the structural behavior of diagrid systems, in a simplified
and fairly accurate form [30]. MBM can be used to easily assess the axial forces of the
members and the displacements of the structure. However, apparently no current MBM
method has yet included the determination of critical load factors for buckling or progressive
collapse analysis. Therefore, the main purpose of this study is to extend the MBM framework
so that either or both of these can be analyzed for a better understanding of the stability and
resilience of diagrid systems. In addition, some of the diagrid systems that will be analyzed
in this study are based on a multi-response framework approach that also uses the MBM
framework [26], meaning that the chosen diagrid configurations will also fit with the MBM
core framework in this study. By analyzing these outcomes, the modeled and assessed
configurations would then be consistent with the same method applied in this study,

reinforcing its consistency.



The results of the study show the potential use of the extended MBM framework so that it can
accurately assess critical load factors as well as the progressive collapse behaviors of diagrid
structures, with the validation of the results from a three-dimensional FEM based analysis.

By establishing the advanced analysis capabilities of the MBM framework to make sure there
is continuity between the preliminary design and analysis methods, this study makes a
significant contribution to the study of structural engineering, which would advocate for
establishing a strong methodical framework for the design and analysis of diagrid systems,
which can establish stability, resilience and also could be applied and explored in the

development of innovative, sustainable, resilient tall buildings.
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2. HISTORICAL ASPECTS OF HIGH-RISE BUILDINGS

2. HISTORICAL ASPECTS OF HIGH-RISE BUILDINGS

Modern tall buildings were born in the 19th century in the United States of America, but
ancient civilizations had already conceived the idea of tall buildings, such as the Egyptian
pyramids, the Mesopotamian Ziggurat and the Tower of Babel, all monumental structures that
far exceed the height of the average buildings of the time. These structures symbolized power

and grandeur, reflecting the ambitions of those who commissioned them [2].

Figure 2: Ancient Ziggurat at Ali Air Base Iraq [44]

In more recent centuries, the global population has grown exponentially, with projections
indicating it will soon reach 9 billion. This rapid growth has exposed the unsustainability of
current urban development models, which rely on the flawed assumption of unlimited
resources such as land, water, and energy. These resources, however, are finite and are being
depleted at an alarming rate. Additionally, buildings and transportation systems are
responsible for approximately two-thirds of global carbon dioxide emissions, making them
major contributors to climate change [2]. This is largely due to the way cities are designed
and how people move within them. As a result, the future of the planet depends on our ability
to create cities that are not only attractive and liveable but also carefully planned with

sustainability and efficient urban design in mind. One of the key solutions to this challenge
11



lies in an invention from 19th-century America: the skyscraper. Initially constructed using
reinforced concrete and later with steel and glass, skyscrapers revolutionized architecture and
urban development, offering a way to build upward rather than outward, thus addressing some
of the pressing issues of resource scarcity and urban sprawl [3].

The first practical application of these new technologies for high-rise construction took place

in Chicago after the devastating fire of 1871, which destroyed much of the city.

Figure 3: The Great Chicago Fire, an artists rendering, Chicago in Flames - The Rush for Lives Over Randolph Street Bridge [45]

At the time, Chicago was a key trading center connecting the East and West and was
experiencing rapid economic growth. This created an urgent need to rebuild the city quickly
while maximizing the use of valuable downtown land. These circumstances provided the
perfect conditions for the emergence of a new architectural form: the skyscraper. One of the
main problems of the time for the construction of tall buildings was the type of material used,
i.e. wood and masonry. These materials were widely used, in fact traditional construction
techniques and methods were based on them, but wood and masonry imposed limits on the
height of buildings because, as the number of floors increased, the thickness of the walls of
the lower floors also increased, and this made these buildings economically inefficient. With
the arrival of steel, the first structures formed by beams and columns were born that replaced
the load-bearing walls, and the amount of glass incorporated into the design increased, as the
external walls were replaced with thin closing panels directly fixed to the frame. Therefore,
the need to update the methods of structural analysis and design, as well as construction, has
also developed. Thanks to this technological advance, in 1885, the architect William Le Baron
Jenney designed the Home Insurance Building in Chicago, a 10-story building whose height

reached 42.1 meters, widely considered the first modern skyscraper as it consisted of an
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2. HISTORICAL ASPECTS OF HIGH-RISE BUILDINGS

internal steel frame and therefore laid the foundations for the construction of today's modern

skyscrapers [4].

Figure 4: Home Insurance Building, Chicago [46]

Significant advancements occurred in the 1970s with the advent of the first supercomputers,
which provided the computational power necessary to design and model increasingly complex
structures. This period also saw the rise of new fields, such as wind engineering and
geotechnical engineering, which allowed for the development of more ambitious and
innovative solutions. At the same time, alternatives to structural steel emerged with the
expanded use of reinforced concrete. Improved knowledge of the physical and mechanical
properties of concrete, along with advancements in its compressive strength, made it a cost-
effective and viable alternative for constructing tall buildings. Since then, skyscraper
construction has spread globally, driven by continuous innovations in technology, materials,
and design, enabling the creation of taller and architecturally significant buildings. Engineers
and architects continue to push the boundaries of what is possible, as for the Burj Khalifa in

Dubai (2009, 829.8 m), which remains the tallest skyscraper in the world [2].

Figure 5: Burj Khalifa [47]
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3. FUNDAMENTAL PRINCIPLES OF HIGH-RISE BUILDING DESIGN

3. FUNDAMENTAL PRINCIPLES OF HIGH-RISE BUILDING
DESIGN

Tall buildings, like all types of structures, must have sufficient strength and be capable of
fulfilling the purpose for which they are designed. This requires a thorough assessment of

various factors, including [5]:

- Magnitude of lateral displacements;
- Accelerations caused by wind;

- Damping properties;

- Elastic shortening;

- Viscosity and shrinkage.

The factors that influence the design of tall buildings, and consequently determine their

maximum achievable height, can be categorized as follows [5]:

1. Site conditions;
2. Material properties;
3. Structural systems;

4. Characteristics of the structural system and the effect of external forces;

3.1 Site conditions

Site conditions include all the natural aspects that influence the area where the building is to
be constructed. These include the geotechnical properties of the foundation soil, exposure to
wind, and susceptibility to seismic activity. Tall buildings are typically highly flexible and
have a long fundamental period of vibration, often exceeding 5 seconds. As a result, during
an earthquake, these structures generally experience much smaller inertia forces compared to
shorter buildings, which have a shorter fundamental period of vibration. Consequently, for
buildings taller than 200 meters located in highly seismic regions, wind effects tend to have a
greater influence on structural behavior than seismic forces [4].

Regarding soil properties, these primarily determine the type of foundation required for the

building. Key considerations include soil consolidation, the potential for differential
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3.2 Material properties

settlement, and the risk of liquefaction during a strong earthquake. Due to the variability of
soil conditions, a range of foundation types can be employed for tall buildings. Common
examples include surface slab foundations and deep pile foundations, the latter being used
when it is necessary to reach a stable, load-bearing soil layer at greater depths [4].

The methods most commonly used in the past for the design of foundations were based on
empirical formulas that led to oversized, expensive and frequently approximate solutions,
therefore which did not allow to study well the interaction between the soil and the structure,
which plays a critical role in the distribution of vertical loads and internal stresses, without
forgetting the influence on the dynamic behavior of the building subjected to lateral forces
like the wind and the earthquake. In fact, over time, the measurements have greatly improved
thanks to the advancement of in situ test methods, thus allowing for obtaining more precise

geotechnical parameters for the design of foundations [6].

3.2 Material properties

Other factors that influence the design of tall buildings are the mechanical properties of the
materials and the overall behavior of the structure under the applied loads, as they are essential
to verify that the design is feasible. In fact, thanks to innovations in the field of building
materials, it is now possible to use reinforced concrete and structural steel with well-defined
strengths, for example, for reinforced concrete, the compressive strength can reach up to 110
MPa, while for structural steel, the yield strength can reach up to 450 MPa. Therefore, through
these improvements, it is also possible to use thinner and leaner structural elements,

improving the performance and efficiency of materials [7].

3.3 Structural systems

The structural systems used to build tall buildings are many, and over time they have evolved
significantly, therefore, the main systems of interest are briefly described and listed below,

focusing mainly on the static schemes and functional purposes that characterize them [8]:

1. Cage System: this type of system is characterized by vertical and horizontal structural
elements that make the spatial frame of the structure, whose columns are arranged at

16



3. FUNDAMENTAL PRINCIPLES OF HIGH-RISE BUILDING DESIGN

regular intervals in order to obtain an optimal positioning and size of the spaces, also to
facilitate and speed up the design and construction process. In addition, a peculiarity of this
type of structural system is that the facade of the building is separated from the external

columns.

Figure 6: Havemeyer Building [48]

2. Oriented System: this structural system is defined by a "comb-like" composition, as the
longitudinal axis of the building is predominant over the transverse one, in fact, the
structural elements are positioned transversely to balance the overturning forces acting
along the direction of minimum inertia. In addition, due to the type of layout and structural
scheme, the interior spaces of the building are divided, in fact, the rooms are arranged along

the main facades, while the services are in central positions.

3. Rigid Frame System with Rigid Nodes: this type of system is characterized by a structural
scheme of beams and columns connected by rigid or semi-rigid joints, which allow the
bending of the elements and the distribution of the bending moments generated by external
forces, giving the building its characteristic resistance to horizontal forces. However, for
buildings that exceed 15 floors in height, lateral displacements become excessive, leading
in most cases to an oversizing of the structural elements. Therefore, this structural system

is not suitable for the construction of very tall buildings.

4. Braced Frame System: this structural system, unlike the previous one, is characterized by
reduced lateral displacements, thanks to the presence of a bracing system that accompanies

the rigid frame composed of beams and columns, and minimizes the bending moments
17



3.3 Structural systems

applied to it, making the structure efficient even for buildings of more than 30 floors. Thus,
these systems function as a truss, in which beams and columns mainly support vertical
loads, while bracing elements of various configurations (X, V, K-shaped, concentric or

eccentric) absorb horizontal forces.

Figure 7: One Maritime Plaza [49]

5. Outrigger system: this structural system is characterized by a central core reinforced either
with bracing or by means of horizontal, simple, or lattice beams (outriggers), which also
perform the function of connection with the external columns of the building, which are in
turn connected to each other by an external tie beam. Furthermore, unlike the traditional
braced frame, this type of structural system works well with both steel structures and
composite structures, ensuring the possibility of being able to realize buildings that exceed
100 floors, thanks to the presence of the outrigger system, which limit the rotation of the

core and improve lateral strength significantly if extended for at least two floors.

Figure 8: Shanghai Tower [51]

18



3. FUNDAMENTAL PRINCIPLES OF HIGH-RISE BUILDING DESIGN

6. Core system: this system relies on a central service core with high stiffness, which
primarily provides the building's bracing resistance, while the rest of the structure is
designed to support only vertical loads reducing the weight of the structural elements on
the exterior facades, and enhancing symmetry to ensure an uniform response to stresses

from various directions.

Figure 10: World Trade Center [52]

7. Outer tube system: the behavior of this type of structural system can be approximated to
that of a cantilever beam, as the structure is characterized by very deep foundations and
rigid nodes that connect the closely spaced perimeter beams, which create a tubular
structure that simulates this behavior. In fact, most of the rigidity of the building falls on
the facade, while the internal structural elements only perform the function of resisting the
vertical loads generated by the self-weight of the structure, thus improving the response to
lateral forces and the general behavior of the structure, which depends mainly on the
height/width ratio, the size of the plan, the spacing of the columns and the quality of the

connections.
19



8.

10.

3.3 Structural systems

Braced tube system: This structural system is characterized by a tubular system
incorporated by diagonal braces on the fagade, which increase the overall stiffness of the
building and absorb the shear forces produced by lateral loads, thus eliminating the "shear
lag" effect, allowing the construction of very tall buildings that work mainly by bending as
if they were a large cantilever beam. Furthermore, in this type of structural system, the
bracing elements can be made either by means of diagonal steel elements, or by concrete

walls if the building is made of reinforced concrete.

Figure 11: John Hancock Center in Chicago, Illinois [53]

. Double-tube system: this system improves the stability of the structure through the rigid

connection of the outer shell to the central core. This connection can be achieved either
discontinuously at certain points or continuously in every direction. The system essentially
consists of two coaxial tubes, which share a proportional tensile and compressive load, and
allows for greater cooperation and load sharing between structural elements. This system
has several efficiencies built into new high-rise building designs, as the total amount of
material can be minimized and the central core can be taller than standard structural
systems. The applicability of the tube system also makes it an excellent option for a tall
building, particularly as the height approaches the 100 stories and lateral sway becomes a

prominent part of the design process.

Tube bundle system: it increases resistance to overturning by linking together (ideally)
several tube elements, which act in total independence of all other tubes without following
the historical annular pattern of a floor plan. The service systems become easier to arrange,
as they do not have to conform to rigid positional limitations and still use the least amount

of interior space needed. Each modular independence of the tube allows for complete
20



3. FUNDAMENTAL PRINCIPLES OF HIGH-RISE BUILDING DESIGN

flexibility in the placement and number of tubes, relative to the overall form and height of

the entire assembly can vary as needed.

Figure 12: Sears Tower [54]

11. Diagrid system: the name of the system is a combination of two words, “diagonal” and
“orid”. The term refers to a structural system of diagonal grids. The system consists of
beams, either of steel or reinforced concrete, connected diagonally. This system requires
significantly less structural steel than frame systems have traditionally used. The diagrid
system is now commonly used for high-rise buildings of the third millennium and is
characterized by phenomenal efficiency in the elastic range. Due to the triangulation of
the grid, global stresses that develop due to vertical and horizontal loading largely convert
to axial forces and deformations in the grid beams. The result of this triangulation, when
subjected to horizontal loads, drastically reduces both the shear lag effect and shear

deformability of the overall system performance.

Figure 13: Hearst Tower [55]
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3.4 Characteristics of the structural system and the effect of external forces

3.4 Characteristics of the structural system and the effect of external forces

Strength and functionality are fundamental requirements for an effective design, which is why
particular attention must be given to the perceived effect of external actions on the occupants.
The design process is therefore influenced by the building's intended function, as well as the
stiffness, mass, and damping characteristics of the structural system. Modern tall buildings
are typically designed to limit elastic displacement under wind loads to a maximum of 4/500,
where £ is the building's height, for wind events with a return period of 50 years. This criterion
allows the stiffness of the structural system to be determined as a function of its mass and
damping properties [4].

Excessive lateral displacements can result in significant P-4 (second-order) effects, which
may amplify displacements and stresses in the vertical load-bearing elements. Additionally,
attention must be given to the vertical structural elements, as they are prone to shortening
under the substantial loads they carry. This shortening begins during construction and can
persist over time due to viscous effects. Such displacements must remain within the limits
prescribed by regulations, as they can impact non-structural elements and systems.
Nevertheless, these phenomena can be anticipated, and their effects are carefully accounted

for during the construction sequence to ensure proper performance [4].
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4. DIAGRID STRUCTURES

4. DIAGRID STRUCTURES
4.1 History of diagrid structures

The structural system of diagrids was introduced thanks to the work done by the Russian
engineer Vladimir Shukhov, who was the first to use a structural system consisting of a single-
layer network of diagonal elements arranged in a triangular configuration, giving the structure
stability, aesthetics and structural efficiency. This innovative structural system was developed
by Shukhov to solve the problem of creating a structure capable of withstanding vertical loads
and lateral forces without relying on a central core. His first experiments were characterized
by utilitarian simplicity and the use of innovative materials, in fact, among these we have the
Shabolovka Radio Tower, which summarizes the principles behind this structural system, as
it was built by optimizing the use of the material thanks to the reticular configuration, and
without a conventional central core, thus introducing the innovative approach to structural

stability [9].

Figure 14: Shabolovka Radio Tower [56]

Though Shukhov's work was largely a pragmatic approach, it inspired architects. In fact,
architects, like Norman Foster, considered Shukhov's towers a baseline change to the diagrid
in that it made the diagrid a vehicle not only for architectural expression but also a method
for performing structural function. Foster revisited the diagrid as a structural system that
supports the floor loads of the tower through a cladding system that is erected. The other

significant works show this point of progression with involvement through other projects like
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4.1 History of diagrid structures

the Swiss Re Tower and Hearst Magazine Tower. As a system, the diagrid has evolved from

an idea of a "hollow" tower to looking more like a scaffolding structural system.

Figure 15: 308t Mary Axe [57]

This transformation involved a remarkable improvement in detailing and construction process
and truly represents a new mindset regarding how diagrid structures could be conceived and
constructed in a modern architectural sense. In addition to all the new construction of
buildings with diagrids, diagrids have been used in comprehensive upgrading and renovation
projects. A diagrid that incorporates both load adjacent items (depending on the structural
arrangement of the building), along with energy-saving systems and building elements, allows
for the renovation of buildings with minimal negative impacts. Diagrids have historically
addressed common issues that occur in rehabilitation projects like permanently relocating
occupants, high costs and prolonged periods of inactivity. Additionally, diagrid structures are
traditionally exoskeletons, as they are built up from the outside, meaning the work claim
consumption can be minimized, and prefabricated solutions can be used, expediting the
construction process [10]. The evolution of diagrid exoskeletons also extended to alternative
mesh patterns that have different shapes like hexagonal and irregular mesh patterns, all of
which enhance structural performance. Some buildings with these mesh arrangements include
the National Stadium in Beijing (commonly known as the Bird's Nest) which has a unique
and organic configuration driven by the bird's nest shapes. Another building is the National
Aquatic Center (also referred to as the Water Cube) also in Beijing, but with a diagrid mesh
configuration that used the Weaire-Phelan foam configuration pattern. There is also the
Voronoi patterned mesh, which is an enhancement of the hexagonal patterns, that offers

improved performance and appearance [11].
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4. DIAGRID STRUCTURES

The examples mentioned here showcase the potential for the use of diagrid structures in
modern architecture and can lead to the design and construction of complicated contextual

and high-performance buildings that push the boundaries of design.
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Figure 17: Beijing National Aquatic Center, "Water Cube" [59]

4.2 Structural behavior of a diagrid structure

This paragraph provides a concise description of diagrid structures, emphasizing their
modular facade configuration and the role of triangular units in their structural behavior. It
highlights the importance of geometry, particularly the inclination angle of the diagonal
elements, in determining the structural response of each module. The triangular unit
consisting of two inclined diagonals and a ring beam represents a basic diagrid fagade unit.
The diagonals mainly resist vertical and lateral loads by means of an axial force, either
compression or tension. To achieve this action, the diagonals are usually pinned at the panel
nodes, as shown in Figure 18 [12].

The inclination of the diagrid structure and its load distribution often results in the inclined
diagonals extending several stories and, as a result, the diagrid diagonals support the external

floor beams of intermediate stories. The extent of support from the diagonal to the external
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4.2 Structural behavior of a diagrid structure

floor beam generates minimal shear and bending stresses within the diagonals. Preliminary
design considerations generally dismiss these stresses as very little, relative to the large axial
stresses built up from applied vertical and lateral loads on the building.

A three-dimensional view of the tubular diagrid structure is shown in Figure 19. A tubular,
diagrid building typically manifests as a tube-in-tube structure. Most often, the exterior
diagrid tube has an interior core that is concrete or steel braced, with the desire to secure

additional structural performance [13].

Triangular

\ / \ / \ / Element
\/ \/ \/ Diagonals
/\
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\/\J\ ]\ rngeans /

Nodes

Figure 18: 3-story diagrid modules and a sample triangular element [12]

Figure 19: Diagrid tubular configuration [13]

Understanding the structural performance of diagrid nodes is important, as nodes act as key
locations for loading transfer and redistribution. Looking at their performance in a more
thorough way, emphasis is given to specific behaviors including loading distributions across
the members and strength characteristics, which are all majorly imposed by axial forces [14].
Axial forces are critical to how diagrid node connections perform, particularly because the

axial load capacity of the node is impacted not only by axial load, but also by bending
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4. DIAGRID STRUCTURES

moments, lateral deflection, and more. Consequently, the ultimate limit state of these
connections can be quite complex due to the variable-section characteristics of the nodes.
Axial forces under gravity, wind, or earthquake loading are critical in the inclined columns of
diagrid structures. Under vertical loading, the slabs transfer the load to the connecting beams
or shear walls, and ring-beams, which further distribute in the case of ring beams. Under
lateral load conditions, the external tube of the diagrid performs the majority of the resisting

load, supported by quasi-static loading testing with triangular distributed loads [15].

NODE NODE

INCNENE
CARATA A E T

\— node

Figure 20: Diagrid module and force distribution [14]

The geometry of the nodes is an important consideration with diagrid structures. The node
geometry will often contain gusset plates, stiffeners, and other inductive detailing to account
for potentially complex states of stress, and relative to these effects, the fabrication and
assembly of nodes needs to be precise, as any errors, including misaligned or fabricated
components, will reduce the node's ability to transfer these loads as intended [16].

The geometry of the nodes and load path continuity are closely connected, as the complexity
of the node geometry can impact load transfer capacity, while preserving structural
performance across the entire structure. In load path continuity, load takes the form of axial
forces via the steel web and bending moments via the side stiffener (or secondary element).
The structural performance of the node is critical when under cyclic loads. The axial forces
induced by the steel web, with relation to their magnitude and internal node design, also affect
the capacity of the side stiffener to resist deformation, influence the side stiffness, strength
and ductility. The node will have failure mechanisms governed by the axial forces and the
additional moments combined, leading to crack initiation, local buckling, and ductility

conditions based on whether this compression, tension, or pattern of these can change.
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4.3 Geometry-driven performance optimization of diagrid structures

Likewise, the node module size and its effect on load distribution, small modules lend the
ability to develop straight diagrid members and a more efficient load transfer throughout the

structure [17].

4.3 Geometry-driven performance optimization of diagrid structures

The geometry of the diagrid is a fundamental aspect for the performance, and parameters such
as the angle of the diagonal members, the size of the module, and the design of the node can
have important influences on load distribution, stiffness, and overall stability [18].

This chapter will discuss several research papers that put forward optimization methods for
diagrid structures, to help replicate the best possible solutions from a potentially infinite
number of options. These papers will help explain how geometric parameters could be
adjusted to achieve optimal structural performance, while considering practicality in terms of
efficiency of material choices, and construction.

The first to demonstrate that a specific diagonal angle that can satisfy stiffness requirements
while minimizing material usage exists were Moon et al. [19]. Their findings reveal that the
optimal angle increases as the aspect ratio of the building rises. They studied a 60-story
diagrid structure with an aspect ratio of approximately 7, finding that the optimal angle falls
within the range of 65° - 75°. However, for buildings with aspect ratios closer to 5, the optimal
angle decreases significantly to around 10° [19].

Under lateral loads, the distribution of shear forces and bending moments varies linearly and
quadratically respectively along the height of a building. This variation implies that the
structural requirements to resist shear and bending forces differ across the building's height.
Shear forces dominate the upper portion of the structure, whereas bending moments govern
the design of the lower portion. Based on this observation, Moon [20] investigates diagrid
buildings with different diagonal angle configurations. Figure 21(a) illustrates a varying-angle
diagrid with steeper angles at the base, Figure 21(b) shows a uniform-angle diagrid, and
Figure 21(c) depicts a varying-angle diagrid with steeper angles at the top. More steeply
inclined diagonals are more effective at resisting bending moments, while more shallowly
inclined diagonals are more effective at shear forces. Thus, the case in Figure 21(a), where

the diagonals are inclined more steeply at the base, is expected to overall provide better
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structural performance for the diagrid than the case in Figure 21(c), where more steeply
inclined diagonals exist particularly at the top, which conflicts with structural logic and only

included for completeness that it will not provide any structural advantage.

Figure 21: Different diagonal angle patterns diagrids: (a) varying-angle with steeper diagonals at the base; (b) uniform-angle; (c)
varying-angle with steeper angle at the top [20]
For shorter buildings with aspect ratios below 7, the uniform-angle configuration proves to
be the most efficient in terms of material consumption. This is because shorter buildings
behave like shear beams, while steeper diagonals at the base improve bending stiffness.
Conversely, high-rise buildings that have greater than 7 aspect ratios primarily deform in
bending.
The results indicate that although the steeper diagonals in varying angle configurations
decrease the shear stiffness at the base, the increase in bending stiffness more than
compensated so that this configuration was still the best solution [20].
Moon [21] presents similar findings, further exploring the "speed" of variation in diagonal
angles along the building's height, considering both gradual and abrupt transitions. However,
in the proposed variable-angle solutions, the diagonals are not straight throughout their length
due to directional changes at the interfaces between modules, which can complicate design

and construction.
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To address this issue, Zhang et al. [22] propose an alternative approach for generating varying-
angle diagrid tubes. As illustrated in Figure 22(a), they introduce a graphical method to create
a varying-angle pattern with straight diagonals that extend continuously over the full height
of the building. This approach is governed by two key parameters: the top angle (01) and the
bottom angle (02). Using stiffness- and strength-based design criteria, Zhang et al. analyse a
range of varying-angle diagrids with straight diagonals, applied to buildings between 30 and
75 stories tall, with aspect ratios ranging from 3.6 to 9.

By considering various 01 - 82 combinations, the study identifies optimal solutions under
gravity and wind loads. Based on their findings, Zhang et al. propose empirical formulas for
determining the optimal values of 0; and 0 as a function of the building's aspect ratio (H/B).
These formulas provide a practical framework for designing efficient varying-angle diagrid

structures with straight diagonals.
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4. DIAGRID STRUCTURES

A critical aspect ratio, (H/B).rit, is identified as the threshold distinguishing the efficiency of
uniform- and varying-angle diagrids. For aspect ratios below (H/B)crit, uniform-angle diagrids
are more efficient, while for ratios above this value, varying-angle configurations offer the
most economical solutions. In this study, (H/B)it is found to range between 4.5 and 5, which
is lower than the value of 7 previously suggested by Moon [20, 21]. This discrepancy arises
primarily from differences in the definition of the diagonal pattern. For aspect ratios below
(H/B).rit, the bottom angle governs the design, whereas for higher aspect ratios, the top angle
becomes a key factor [22].

In their study, Zhao and Zhang [23] introduce an innovative diagrid configuration that
incorporates curved diagonals to achieve a varying-angle solution as illustrated in Figure
22(b). This study builds on the current state of the art for diagrid design in considering
structural performance with varying loading conditions.

The authors concluded that the optimal lower angle, 62 opt, for diagrids, with straight diagonal
members at varying angles, was independent of loading type. Therefore, generally, Equation
(2) can be considered regardless of what load acts on the structure.

However, the optimal top angle, 01,0p, exhibits a distinct behavior under seismic loads.

Specifically, 01,0pt consistently approaches its lower limit, which is expressed as 6, o, =
L
V3

load conditions:

arcsin— . This observation necessitates a correction to Equation (1) to account for seismic

1

H/B\8
Orope = 0.8(—5—) Baope (3)
92,opt = arctan (H/B) 4)

Equations (3) and (4) are valid within the height-to-base ratio (H/B) range of 3.6 to 9. Within
this range, the optimal top angle, 010p, is found to lie between 50° and 70°. This range is
notably higher than the top angles observed in diagrids with straight diagonals, which
typically fall between 35° and 45°. The reduced difference between 01,opt and 02,0pt in the case
of curved diagonals results in a smaller curvature of the diagonal members [23].

The analyses in the previous paragraph exclusively assess diagrid performance using square
and rectangular configurations for buildings. In order to broaden the analyses to alternative

plan shapes, Mirniazmandan et al. [24] recently examined the combined effects of diagonal
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4.3 Geometry-driven performance optimization of diagrid structures

inclination and plan geometry on top lateral displacement and the weight of diagrids. The
authors' study simulated tall buildings of 180 m in height, with planar geometries using a
variety of polygons with 3, 4, 5, 6, 8, 10, and 12 sides, along with circles. They achieved eight
plan shapes for the base and eight corresponding plan shapes for the structure's top.

This yielded a total of 64 distinct models, which are shown in their pictorial modelling in
Figure 23. In addition to the variety in the plan shapes, the authors also evaluated five diagonal
angles (33° to 81°). They concluded that a diagonal angle of 63° achieves both reduced top
lateral deflection and minimized structural material necessary.

The authors also concluded that increasing the number of base and top sides provided
improved efficiency of the diagrid systems in lateral displacement, however, the improved
performance was not related to changes in plan shape and geometry as compared to changing

the diagonal inclination.
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Figure 23: Combinations of base and top geometries [24]

32



4. DIAGRID STRUCTURES

Lacidogna et al. [25] recently conducted a detailed analysis to investigate the combined
effects of diagonal inclination and plan shape on the structural behavior of diagrid tube
systems. Their study considered four building heights: 126 m, 168 m, 210 m, and 252 m,
corresponding to 36, 48, 60, and 72 floors, respectively. For each height, four distinct floor
plan shapes were analyzed: square, hexagonal, octagonal, and circular. To account for
variations in diagonal inclination, six different configurations were adopted by varying the
number of floors included within each diagonal module: 1, 2, 3, 4, 6, and 12 intra-module
floors. This approach resulted in the investigation of 24 diagrid models for each building
height, amounting to a total of 96 structures. Each diagrid module consisted of 24 diagonals
distributed uniformly along the building's exterior. The details of these geometrical
configurations are illustrated in Figure 24 [25].

Total height [m]

L=30m L=18.60m
A L A oy OCt C- |
[raran] s, v . T—T
| = < v v S I =t
525254 AN " vy, i
E s | v XX " v
E255d vay rAwAWAY . T
> v v v s Ay o
- v -y v . o -
> e A ¥ -
- " i X = T -
> e v v XA - i et
- .. ray T 7 vs ¥
v y Y 1t
XK - K 1
o v v v rawa A it T
XXX s e Ve m i
v " s wm v, -
XK A Xk Y amamal
7 v s Ve i -
KK o v —— i
v A Y o i i
-2 i X A ama: o
= T . . . rAwAmAl fmw - 0=
BZ-S%I - e o o T
s X —¥ 1= T
|5 " x — 1
E i v S e =i T
5 KX K " v V- i
S ... . " s mwms T
5 v.s rawaway . T T ey
E a7 . 2 " rawm ey Y v
aw i v . -1 y -
u-ﬁ v v i v Tt i
v.y Y% =k rmwawa -
| < XA e B = = S 2 H—H—H
5 | L P v s i
“% v " " Y  ——
k\;_ 2 v . v - ——
v v Twawaws awa Ly - ——F
5 | - ¥ "4 - s Tt
B < a v v XA Y s o
B | ” . P I n 1 - 1 T
=  ——_ ;i S ;——— I
» " e " i } 1
¢ v v v . ... A s L P o
5 - | XKIHK Fa A famw v .77 T
- < v s Y - Tt

Figure 24: Geometry of the generated diagrid buildings: (a) four different total heights; (b) four different floor plan shapes; (c) six
different diagonal inclinations [25]
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Unlike earlier studies, this research evaluated structural performance not only in terms of
lateral deflection but also by analyzing torsional rotations. To achieve this, each structure was
subjected to a horizontal load of 30 kN/m along the horizontal axis and a torque load of 70
kNm/m, both uniformly distributed along the building's height, as depicted in Figure 25.
These distributed loads were converted into concentrated forces and moments applied at the
floor levels. The resulting lateral displacements and torsional rotations of the floors were then

calculated using the Matrix-Based Method (MBM) [25].

A
FA LY
v VvV
A AN
e
W W W X
YV ¥V

/{/(/
PP e bl
3

¢ ™ A AN
< A
- K
AW,
(™ A
AW A
o *
WA,
e =
O A W
- AA
AV AV
8, V7 A 8
- MY A4

Figure 25: Uniform load pattern: q refers to the distributed horizontal load, m to the distributed torque moments [25]

This research examined how the variation of important geometric parameters like external
diagonal inclination, floor plan shape and aspect ratio influenced the diagrids' structural
responses. Of these parameters, the authors identified the diagonal's inclination angle as the
most influential parameter for structural behavior.

For each of the diagrid structures reported in the research, it was found that the most effective
diagonal inclination angle to minimize lateral displacement was within the range of 64° - 72°.
This diagonal inclination range will increase with an increasing aspect ratio of the building,
since an increase in aspect ratio also influences the interaction of shear and bending rigidity
of the built structure. Conversely, the angles associated with the most torsional stiffness were
consistently within the 35° - 38° range. Further, and in contrast to lateral displacements,
torsional stiffness was not influenced by the overall height of the building, torsional stiffness

only depended upon the shear rigidity of the diagrid modules used.
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It was further concluded that the geometric shape of the floor plan influenced but had a limited
effect on overall diagrid structural response, given that the diagonal inclination was in the
optimal range to minimize lateral displacements. When inclination was within the optimal
range to minimize the lateral displacements of all buildings subjected to the testing conditions,
the differences, irrespective of floor plan shape, geometric performance measure were less
than 5%. However, when diagonal inclination was outside the mentioned optimal range, the
influence of plan geometry on structural response became much clearer. In the cases discussed
where lateral displacements differ by 25% or greater as a result of changing plan geometry,
the influence of plan shape is evident. With regards to torsional behavior when diagonal
inclination is optimally set to minimize torsional rotations, circular plan groups were also
proven to minimize torque actions, generally, for all tall buildings considered.

The results, illustrated in Figure 26 for the four building heights, highlight a key finding: the
structural configurations that minimize lateral displacements are not the same as those that
minimize torsional rotations. This underscores the need to balance these competing
requirements when designing diagrid structures. Additionally, the study emphasized the
importance of sustainability by advocating for structural solutions that not only limit

deformability but also minimize the amount of material used [25].
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Figure 26: Displacements (a-d) and torsional rotations (e-h) for the four buildings — Variable cross-sectional area [25]

Further research by Scaramozzino et al. [26] employed the desirability function approach in
conjunction with the matrix-based method (MBM) to determine the optimal diagonal pattern
for diagrid tall buildings within a multi-response framework. Initially, the method was applied
to the same set of uniform-angle patterns analyzed in the previous study, as depicted in Figure
24(a). This was then expanded to a larger set of geometries with varying angles. All of the
geometries were created by wrapping the building with diagrid modules that consisted of a
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varying number of intra-module stories, which were represented as j. For the purposes of this
analysis, the j considered were 1, 2, 3, 4, 5, and 6.

By employing combinatorial calculus, each unique possible combination of the diagrid
modules was resolved.

However, only configurations that exactly covered the total number of floors N in the building

were considered feasible. This condition was expressed mathematically as:

6
N = GM) )
j=1

where M;j represents the total number of modules in the diagrid pattern with j intra-module
floors.

The total number of feasible patterns for buildings with N =36, N =48, N =60, and N = 72
floors were calculated as 9,728, 31,040, 79,432, and 175,008, respectively. Four examples of
these varying-angle geometries for buildings with 48 floors and a square plan shape are
illustrated in Figure 27 [26].

The study examined only steep diagonals at the bottom and shallower diagonals at the top.
This style of the diagrid follows more closely the structural logic, as the diagrid can effectively
resist lateral loads with those configurations. The shallow diagonal at the bottom and steep

diagonal at the top are not structurally logical and perform poorly [20].
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Figure 27: Four examples, out of the 7760, of varying-angle diagrid patterns for the square 48-floor building [26]
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The preferred diagonal layout was chosen using overall desirability (OD) in that the optimal
preference minimized four attributes: (I) wind lateral displacement, (II) torsional rotation,
(II) diagrid structural weight, and (IV) construction complexity. This provided a simple way
to show all four attributes of desirability in terms of the best possible diagrid pattern.

The article [26] also detailed uniform-angle diagrids, including several key points on the
diagrid members' cross-sectional area consideration, based on conventional strength- and
stiftness-based preliminary design of diagrids subjected to vertical, lateral, and torsional

loads.
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Figure 28: Cross-sectional areas (in m?) for the top (continuous blue line) and base (dashed orange line) modules of the twenty-four
uniform-angle diagrid patterns, for the building with 36, 48, 60, and 72 floors [26]

Figure 28 illustrates the maximum and minimum cross-sectional areas assigned to diagrid
patterns across varying building heights, with the maximum areas corresponding to the
ground modules and the minimum areas to the top modules. Insights from Scaramozzino et
al. [26] analysis of the data were summarized in two key points. First, that height is an
important contributor to the cross-sectional areas. Taller buildings require much bigger cross-
sections, because the external and internal loads both increase quickly in proportion to height.
More structure is required to keep things stable and allow for performance at the new height
and associated loads.

Second, the effect of the building shape is relatively small with respect to cross-sectional
areas. Given a building height and diagonal inclination, the areas would be the same for all

planar shapes. This indicated that the individual shape of plan geometry is not the most
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important factor for the conceptual design, since other parametric influences (height, diagonal
inclination, etc.) would outweigh the importance of shape.

Additionally, the number of intra-module floors (n) has a noticeable effect on cross-sectional
areas. For a given building height and plan shape, configurations with either the minimum or
maximum number of intra-module floors result in larger cross-sectional areas. This indicated
the existence of an optimal range of diagonal inclinations that minimizes the cross-sectional
areas, leading to a lighter structural weight (W) and a more efficient design.

Finally, certain diagrid configurations are found to be inherently too flexible. In these cases,
no circular hollow section (CHS) members available in the referenced database [27] were
sufficiently large to satisfy the stiffness and strength requirements. This highlighted the
limitations of some diagrid patterns, particularly for taller or more complex structures, where
achieving the necessary stiffness and strength becomes increasingly challenging.

Figure 29 illustrates the lateral displacement values at the top of the building under lateral
wind pressure for various building heights and diagonal patterns. For the shortest building,
with N = 36 and an aspect ratio of 4.2, the analysis done in [26] revealed that the preliminary
design is primarily governed by strength conditions rather than stiffness. This becomes
evident from the overall results, in which almost all of the diagrid patterns do not specifically
fit the target displacement limit (d1im = 0.25m). Several of the patterns get close to diim, but all
have the top lateral displacements (dip) below the allowable lateral target, which indicates
that for this height, stiffness is not the governing design constraint.

Among the various diagonal patterns, pattern S3 stands out for achieving the minimum top
lateral displacement, with itwp = 0.15m. This value is more than 40% lower than the
maximum allowable displacement defined by the stiffness design criteria, demonstrating that
S3 provides superior lateral stiffness compared to other configurations. This highlights the
effectiveness of pattern S3 in minimizing lateral displacements, even in a design scenario

where strength requirements dominate.
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Figure 29: Lateral displacement at the top of the building Siwp for the twenty-four uniform-angle diagrid patterns, for the building
with 36 (continuous blue line), 48 (dashed orange line), 60 (dotted purple line), and 72 (dashed-dotted green line) floors [26]
For the 48-floor building, with an aspect ratio of 5.6, the analysis done in [26] shows that all
diagrid patterns successfully meet the target displacement limit (81im = 0.34 m). This indicates
that stiffness requirements govern the preliminary design for these configurations, as lateral
displacement becomes the critical factor in determining structural performance. The ability
of all patterns to satisfy the displacement criteria highlights the adequacy of the diagrid

designs for this height in terms of stiffness.

For taller buildings, such as those with 60 floors (aspect ratio of 7.0) and 72 floors (aspect
ratio of 8.4), the maximum displacement requirements also dominate the preliminary design
process. However, in these cases, certain diagrid patterns fail to meet the stiffness criteria,
resulting in unfeasible solutions where the top lateral displacement (0iwp) exceeds the
allowable limit (Jiim).

In the 60 - floor building, pattern S1 was identified as unfeasible, as it produces a top
displacement exceeding the target limit. For the 72 - floor building, the issue is more
pronounced, with multiple patterns, S1, H1, O1, C1, and C12, failing to satisfy the stiffness
requirements. These patterns result in top displacements that surpass the allowable limit,
highlighting their inadequacy for taller structures.

Figure 30 presents the maximum demand-to-capacity ratio (DCR) values for the top and base
diagrid modules obtained in [26], offering insights into the structural behavior and design
priorities. The results indicated that the DCR values follow a consistent trend across different

plan floor shapes, confirming that the specific plan geometry has only a minor impact on the
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structural behavior and preliminary design. This observation aligns with earlier findings,
emphasizing that factors such as building height and diagonal inclination play a more
significant role in determining structural performance.

For shorter buildings, such as the one with N = 36, the design is primarily governed by
strength requirements. This is evident from the maximum DCR values for both the top and
base modules, which are very close to 1 for most diagrid patterns. These values indicated that
the structural members are utilized to their full strength capacity, confirming that strength
criteria dominate over stiffness considerations in the preliminary design of shorter buildings.
In contrast, for taller buildings, the design is predominantly driven by stiffness requirements
[28]. This shift reflects the increasing importance of controlling lateral displacements and
ensuring overall structural stability as building height increases. The transition from strength-
to stiftness-driven design highlights the evolving priorities in diagrid systems as the structural

demands change with height.
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Figure 30: Maximum demand-to-capacity ratio (DCR) for the top (continuous blue line), and base (dashed orange line) diagrid
modules of the twenty-four uniform-angle patterns, for the building with 36, 48, 60, and 72 floors [26]
For the building that has N = 48 (with an aspect ratio of (5.6), maximum demand-to-capacity
ratio (DCR) analysis found that suitable diagrid patterns, with diagonal inclinations in the
intermediate range (i.e., ~ 60° - 70°), achieve maximum DCR values approaching or equal to
1, as indicated in Figure 29, and also satisfy the lateral deflection limit (d1im) in the preliminary
design. This implied that these suitable diagrid patterns, with intermediate inclinations,
provided a good compromise, in the preliminary stages, for a layout that is both strong and

stiff enough to use the structural members as fully as necessary.
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For diagrid patterns with a very narrow or steep diagonal inclination, their maximum DCR
values are lower due to their additional lateral flexibility, which results in being governed by
stiffness and not strength in their preliminary design. This means these are poor configurations
from a material use perspective, as structural designs that rely on controlling lateral
displacements had to be adopted.

For taller buildings, such as those with N = 60 (aspect ratio of 7.0) and N = 72 (aspect ratio
of 8.4), the preliminary design is entirely dominated by stiffness criteria across all diagrid
patterns. The maximum DCR values for these buildings are generally low, often below 0.6,
indicating that the structural members are underutilized in terms of their strength capacity. At
the same time, the top lateral displacement (ditp) consistently reaches, and in some cases
exceeds, the target limit (diim), as shown in Figure 29. This highlighted the increasing
challenge of achieving adequate lateral stiffness in taller buildings, where controlling
deflections becomes the primary design driver.

Figure 31 illustrates the relationship between the torsional flexibility of diagrid structures and
the number of intra-module floors (nfm), as well as the influence of diagonal inclination and
plan shape on torsional behavior. The research results presented in [26] showed that torsional
flexibility increased with the increase of interior floor module floors (ngm), which also resulted
in values of diagonal inclination that were steeper; however, this was true for torsional rigidity
as well and ultimately demonstrated the variability of torsional response of the building based
upon diagonal geometry and increasing torsional flexibility corresponding to an increased
diagonal inclination. The specific plan shape has little effect on torsional rigidity.

Rounder plan shapes exhibit slightly stiffer torsional behavior compared to other geometries,
suggesting that while plan shape plays a secondary role, it can still contribute marginally to
the overall torsional performance.

In [26] the dramatic variation in torsional rotations was observed, with maximum values being
up to forty times higher than the minimum. This underscored the critical influence of diagonal
inclination on torsional behavior. The choice of diagonal pattern and inclination is therefore
essential for controlling torsional flexibility and ensuring the building performs adequately

under torsional loads.
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Figure 31: Torsional rotation at the top of the building giwp for the twenty-four uniform-angle diagrid patterns, for the building with
36 (continuous blue line), 48 (dashed orange line), 60 (dotted purple line), and 72 (dashed-dotted green line) floors [26]
Figure 32 presents the total amount of steel and gives perspective on the relationship between
the diagonal inclination and material efficiency. The work in [26] identified a useful range of
diagonal inclinations, approximately 65° - 70° (equivalent to ntm= 3 and 4), where the usage
of steel is minimized. The range of 65° — 70° is more material efficient because it represents

the best balance between the structural requirements of strength and stiffness.

In terms of material usage, the impact of plan shape was small, which further supports
diagonal inclination being the single most important factor impacting structural weight. Shape
is secondary to providing efficient material usage, and the diagonal inclination is much more
significant in terms of material efficiency.

There is a huge variation in material usage among configurations, and even the maximum
weight of the diagrid was 4 times the minimum. This variation illustrated the importance of
selecting the correct diagonal inclinations. Poorly selected inclinations that are very shallow
or very steep will yield poorly optimized, structurally inefficient designs, which require far

more material.
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Figure 32: Diagrid weight Wi for the twenty-four uniform-angle diagrid patterns, for the building with 36 (continuous blue line), 48

(dashed orange line), 60 (dotted purple line), and 72 (dashed-dotted green line) floors [26]

Figure 33 presents the construction complexity index (CI) for a variety of diagrid patterns and

building heights considering [26] and explained in this article based on five key construction

parameters: (N1) Number of nodes, (N4) Number of diagonals, (N2) Number of cross-sectional

profiles, (N3) Number of slices for transportation, (Ns) Length of the diagonals. These five

parameters, when combined, define the complexity in constructing a diagrid system.

The analysis explored in [26] also showed that the CI values cover a small variation across

different shapes of the floor plan. The reason for this is that the most important contributing

parameters to the construction complexity (N1, N3, N4, Ns), are independent of the actual plan

geometry. The only parameter that varies as a result of the shape of the plan is N>, which

represents the variation in the number of profiles. Thus, the construction complexity index

does not depend on the geometry of the floor plan and establishing that plan shape is of minor
importance in establishing construction complexity.

In summary, the CI values included a degree of significance based on the contributing factors

that are directly related to the diagrid pattern and the height of the building. The elements

contributing the most to the construction complexity were the total number of nodes, the

number and length of diagonals, and the number of segments that had to be built for

transportation to ensure the diagonal members would not exceed the maximum allowable

length of 12 m.
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Figure 33: Complexity index CI; for the twenty-four uniform-angle patterns, for the building with 36 (continuous blue line), 48
(dashed orange line), 60 (dotted purple line), and 72 (dashed-dotted green line) floors [26]

Figure 34 illustrates the overall desirability (OD) scores for various diagrid configurations,
combining individual desirability metrics into a comprehensive evaluation. The results
obtained in [26] were presented as three-dimensional plots, where the vertical axis represents
the OD value, ranging from 0 to 1, while the two horizontal axes correspond to the plan shape
(square, hexagon, octagon, circle) and the number of intra-module floors (nfm).

The analysis conducted in [26] showed that across all building heights, the most desirable
diagrid solution relates to three intra-module floors (nfm = 3). The analysis revealed that this
configuration achieved a reasonable balance in terms of structural performance, material
efficiency, and complexity of construction, thus it was reasonable to support a three-intra-
module floor solution. Concerning plan shapes, the octagonal plan shape (O3) was the most
desirable for buildings with 36, 48, and 60 floors, as it achieved OD values of 0.54, 0.64, and
0.74, respectively. The OD values suggested that there may be an overall performance benefit
for mid-rise buildings by using the octagonal shape, as it offered a favourable balance of
structural and construction elements.

The hexagonal plan shape (H3) was elicited as the most desirable form for the 72-floor
building, confirming hexagonal shapes perform best for taller buildings, as evidenced with an
OD of 0.72. Additionally, while the most desirable plan shape for the 72-floor building was
hexagonal, it is worth noting that the circular plan shape (C3) also elicited a highly desirable

plan shape, further confirming some advantages of curved shapes for taller buildings. Overall,
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4.3 Geometry-driven performance optimization of diagrid structures

the findings showed that the number of intra-module floors and plan shapes strongly influence
the overall desirability of diagrid solutions. We expect to find ngm = 3 still achieving the
overall best OD results, while we find that each plan shape is height-dependent. As building
height increases, various structural and design elements demand changes to priority levels.

The OD surfaces in Figure 34 were cylindrical along the plan shape axis, although subtle,
which confirms that there are not significant differences among plan shapes and justifies that
an individual plan shape to have a small impact on the diagrid's efficiency; Relative to the
number of intra-module floors which directly impacts diagonal inclination, individual plan
shapes have a negligible impact on structural response and therefore the overall desirability

of the diagrid pattern.
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Figure 34: Overall desirability values ODi for each diagrid pattern i, for the building with 36, 48, 60, and 72 floors. The OD values
are reported here as an interpolated surface in the 3D space. The vertical axis represents the value of the OD while the horizontal
axes are associated with the two geometrical features of each diagrid pattern, i.e., plan shape and number of intra-module floors ngm.
Colors are drawn according to the OD values ranging from dark blue (minimum OD) to bright yellow (maximum OD). Black stars

identify the solutions with the highest overall desirability (O3 for N = 36, O3 for N = 48, O3 for N = 60, and H3 for N = 72). [26]
In conclusion, for the uniform-angle population analysis done in [26], diagrid patterns with

modules containing three intra-module floors (corresponding to a diagonal inclination of

approximately 65°) were identified as the most desirable when all four responses were taken
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4. DIAGRID STRUCTURES

into account. Patterns with two intra-module floors (diagonal inclination of about 55°) were
also found to be competitive. While patterns with 2 intra-module floors performed worse with
respect to structural weight and construction complexity, their relative torsional performance
made their OD values competitive with those of the 3-floor modules. Notably, the study found
that the optimal diagonal inclination remains unchanged as the overall height of the building
rises. This is in contrast to many studies that have claimed that taller buildings are associated
with steeper diagonals providing better performance. This inconsistency can result from the
necessity to balance a range of responses. While balancing lateral displacement and structural
weight in taller buildings may drive the use of steeper diagonals, the need to limit torsional
flexibility and construction complexity does not. A steeper diagonal inclination would reduce
the torsional performance of the diagrid and often incur greater construction complexity.
Therefore, the optimal inclination is a result of a compromise between these needs.

Always regarding the study done by Scaramozzino et al. [26], Figure 34 presents the
maximum and minimum cross-sectional areas for the base and top diagonal modules,
respectively, after member sizing for the broader population of varying-angle diagrid patterns.
The diagrid patterns were organized into four groups, with the first quarter representing the
square diagrids, the second quarter corresponding to the hexagonal shapes, the third quarter
to octagonal configurations, and the final quarter to circular buildings.

The graphs in Figure 35 demonstrate that the cross-sectional area values are trending similarly
across different plan floor shapes, reinforcing the observation that specific plan geometry has
a minimal impact on the preliminary sizing of members. On the other hand, the diagonal
pattern within the same plan shape population appears to exert a noticeably greater influence
on the cross-sectional areas. While many of the solutions have similar maximum and
minimum cross-sectional area values across the height of the building, how the areas are
distributed over the height of the building appears to be more diverse.

Figure 35 indicates that some diagrid patterns produce exaggerated peaks in cross-sectional
area values, which represents wastefulness. This means that those patterns required a
significant material quantity to meet the strength and stiffness requirements, which are less
than optimal for construction purposes. Accordingly, it is of little surprise that these wasteful
solutions are characterized by diagrid patterns that have very shallow diagonals spaced

throughout the height of the building.
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Figure 35: Cross-sectional areas (in m?) for the top (blue line) and base (orange line) modules of all varying-angle diagrid patterns,
for the building with 36, 48, 60, and 72 floors. Diagrid pattern numbers are defined according to the specific combination of different
diagrid modules with different diagonal combinations. The first quarter of the pattern numbers refer to the square diagrids, the
second quarter to the hexagons, the third quarter to the octagons, and the last quarter to the circles [26]

Figure 36 presents the lateral displacements under wind load for each diagrid pattern and
building height. Similar to the observations made in [26] for the uniform-angle diagrid
population in Figure 28, for buildings with N = 60 and N = 72, certain diagrid solutions
exceeded the displacement limit diim. This is particularly noticeable in the spikes shown in the

lower panels of Figure 36, which highlight these non-compliant solutions.
The comparison between uniform-angle and varying-angle diagrid patterns revealed that there
is not much difference in their performance regarding lateral displacements. Both populations

exhibit similar trends, with some patterns failing to meet the displacement criteria for taller

buildings.
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Figure 36: Lateral displacement at the top of the building iy for all varying-angle diagrid patterns, for the building with 36, 48, 60,
and 72 floors [26]

Figure 37 illustrates the maximum demand-to-capacity ratio (DCR) values for the top and
base diagrid modules across all varying-angle diagrid patterns and building heights. The
results obtained in [26] reaffirmed that as the building height increases, stiffness criteria
become increasingly dominant in the preliminary design process.

With the case for N = 36, the top and base modules exhibited a DCR close to 1 for most
diagrid patterns, indicating that for a low building, the design is primarily governed by
strength requirements and structural members are used to their full capacity. As the height of
the building increases, the effect of stiffness criteria increases until it becomes the most
dominant design constraint to limit lateral displacements (i0p < d1im) as seen in in Figure 36.
The lower DCR values for taller buildings demonstrate the extent to which design constraints
change regarding the use of strength, particularly in lateral elements. For example, maximum
DCR values occurred between 0.6 and 0.9 for N = 48, between 0.4 and 0.6 for N = 60, and
between 0.2 and 0.5 for N = 72.
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Figure 37: Maximum demand-to-capacity ratio (DCR) for the top (blue line) and base (orange line) diagrid modules of all varying-
angle diagrid patterns, for the building with 36, 48, 60, and 72 floors [26]

In the reviewed study [26], the structural and geometrical characteristics of the differing-angle

diagrid patterns, along with additional responses included in the multi-response method, such

as torsional rotations, total weight, and the complexity index were used to compute, the

desirability and overall desirability (OD) score for each of the diagrid patterns. The OD scores

are presented in Figure 38 and provide a complete evaluation into the performance of each

diagrid pattern. Through the evaluation of the OD values for the various diagrid patterns, the

preferred designs will be identified.
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Figure 38: Overall desirability values OD; for each diagrid pattern i, for the building with 36, 48, 60 and 72 floors. Black stars

identify the solutions with the highest overall desirability, i.e., pattern #4908 for the 36-floor building, pattern #23936 for the 48-
floor building, pattern #41107 for the 60-floor building, and pattern #46370 for the 72-floor building [26]

50



4. DIAGRID STRUCTURES

Figure 39 illustrates the distribution of OD values across the diagrid populations for the four
buildings. The most desirable pattern, marked with a black star in both Figures 37 and 38,
represents the configuration with the highest OD score. The distribution of OD values, as
shown in Figure 39, follows a normal-like pattern: the majority of diagrid patterns exhibit OD
scores near the average, while only a small subset of the population achieves very low or very
high OD values. This distribution highlighted the rarity of exceptionally desirable patterns
within the population.

The detailed characteristics of the fifteen most desirable diagrid geometries defined in [26],
those with the highest OD scores, are presented in Tables 1 — 4 for the 36-, 48-, 60-, and 72-

floor buildings, respectively.
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Figure 39: Distribution of overall desirability values OD;, for the building with 36, 48, 60 and 72 floors. Black stars identify the
solutions with the highest overall desirability, i.e., pattern #4908 for the 36-floor building, pattern #23936 for the 48-floor building,
pattern #41107 for the 60-floor building, and pattern #46370 for the 72-floor building [26]

For the 36-floor building, diagrid pattern #4908 was identified as the most preferable pattern
having the overall desirability (OD) value of 0.67. This pattern corresponds to the octagonal
uniform-angle with twelve modules each made of three intra-module floors, designated O3.
The individual desirability scores for this pattern are clearly strong across all considered
responses in Table 1, so the high overall desirability score can be attributed to strong
performance across factors.
Table 1 also indicates that other diagrid geometries have similarly desirable OD values, with
the fifteen most preferable patterns showing a very narrow range of 0.66 - 0.67. Among them,

a large percentage (7 out of 15) are uniform-angle geometries like H3 (the second most
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4.3 Geometry-driven performance optimization of diagrid structures

desirable with an OD of 0.667), C2 (the third most desirable with an OD of 0.667), and S3
(the fourth most desirable with an OD of 0.667). Overall, the uniform-angle geometries scored
consistently well to emphasize that uniform-angle configurations have desirable structural
and geometric attributes.

The remaining eight geometries among the top fifteen range from varying-angle patterns. The
varying-angle patterns consistently came out of modules that contain two or three intra-

module floors.

# Diagrid patter no. Floor shape M; M, M3 My Ms Ms dis di, diw d; cr oD

1 4908 (03) 0] 0 0 12 0 0 0 0.691 0.719 0.658 0.617 0.670
2 2476 (H3) H 0 0 12 0 0 0 0.692 0.718 0.655 0.609 0.667
3 7556 (C2) C 0 18 0 0 0 0 0.693 0.851 0.601 0.559 0.667
4 44 (S3) S 0 0 12 0 0 0 0.704 0.713 0.647 0.609 0.667
5 7340 (C3) C 0 0 12 0 0 0 0.682 0.713 0.665 0.609 0.666
6 7554 @ 0 15 2 0 0 0 0.696 0.823 0.621 0.547 0.664
7 7547 C 0 12 4 0 0 0 0.692 0.793 0.641 0.551 0.664
8 5124 (02) (o} 0 18 0 0 0 0 0.700 0.853 0.588 0.551 0.663
9 5115 (0] 0 12 4 0 0 0 0.701 0.798 0.633 0.542 0.662
10 7530 C 0 9 6 0 0 0 0.685 0.764 0.657 0.555 0.661
11 2666 H 0 9 6 0 0 0 0.693 0.766 0.647 0.555 0.661
12 200 S 0 6 8 0 0 0 0.696 0.732 0.650 0.576 0.661
13 2692 (H2) H 0 18 0 0 0 0 0.698 0.851 0.580 0.551 0.660
14 5098 (0] 0 9 6 0 0 0 0.696 0.769 0.649 0.546 0.660
15 2683 H 0 12 4 0 0 0 0.699 0.795 0.630 0.542 0.660

Table 1: The fifteen most desirable diagrid patterns for the 36-floor building, ordered for decreasing value of OD [26]

Tables 2 — 4 extend the analysis presented in Table 1 to the taller buildings, specifically those
with 48, 60, and 72 floors. For the 48-floor building, the most desirable diagrid pattern was
identified as the circular uniform-angle configuration with two intra-module floors (C2),
achieving an OD value of 0.76. Similarly, for the 60-floor building, the octagonal uniform-
angle diagrid with two intra-module floors (O2) emerges as the most desirable, with an OD
value of 0.78. For the 72-floor building, the hexagonal uniform-angle diagrid with two intra-
module floors (H2) was found to be the most desirable, with an OD value of 0.75.

These results obtained in [26] highlighted a consistent trend: despite the inclusion of a wide
variety of varying-angle geometries in the analysis, uniform-angle diagrids consistently
outperformed their varying-angle counterparts in terms of overall desirability. This finding
underscored the efficiency and robustness of uniform-angle configurations, which represent
a specific subset of the broader diagrid population. Furthermore, as observed in the case of
the 36-floor building, many uniform-angle patterns with two or three intra-module floors are

consistently ranked among the fifteen most desirable patterns for all building heights.

52



4. DIAGRID STRUCTURES

# Diagrid patter no. Floor shape M; M, M3 My Ms Mg dis d; diw dic oD

1 23936 (C2) C 0 24 0 0 0 0 1.000 0.810 0.760 0.544 0.761
2 8416 (H2) H 0 24 0 0 0 0 1.000 0.812 0.748 0.544 0.758
3 16176 (02) 0 0 24 0 0 0 0 1.000 0.812 0.756 0.537 0.758
4 23934 C 0 21 2 0 0 0 1.000 0.782 0.776 0.534 0.754
5 16174 0 0 21 2 0 0 0 1.000 0.781 0.774 0.534 0.754
6 654 S 0 21 2 0 0 0 1.000 0.777 0.756 0.547 0.753
7 8414 H 0 21 2 0 0 0 1.000 0.783 0.766 0.534 0.752
8 656 (S2) S 0 24 0 0 0 0 1.000 0.810 0.733 0.537 0.751
9 23927 € 0 18 4 0 0 0 1.000 0.753 0.788 0.530 0.749
10 16150 0] 0 15 6 0 0 0 1.000 0.726 0.795 0.540 0.747
11 630 S 0 15 6 0 0 0 1.000 0.716 0.785 0.553 0.747
12 16167 0 0 18 4 0 0 0 1.000 0.755 0.786 0.524 0.747
13 8390 H 0 15 6 0 0 0 1.000 0.728 0.790 0.540 0.747
14 9578 H 2 23 0 0 0 0 1.000 0.805 0.750 0.514 0.746
15 23910 G 0 15 6 0 0 0 1.000 0.726 0.796 0.533 0.745

Table 2: The fifteen most desirable diagrid patterns for the 48-floor building, ordered for decreasing value of OD [26]

# Diagrid patter no. Floor shape M; M, M; My Ms Mg dis di, diw dict oD

1 41107 (02) o} 0 30 0 0 0 0 1.000 0.837 0.829 0.534 0.780
2 1391 (52) S 0 30 0 0 0 0 1.000 0.836 0.812 0.534 0.776
3 21249 (H2) H 0 30 0 0 0 0 1.000 0.837 0.823 0.522 0.774
4 60965 (C2) (o} 0 30 0 0 0 0 1.000 0.835 0.832 0.509 0.771
5 41098 o} 0 24 4 0 0 0 1.000 0.800 0.848 0.518 0.770
6 21189 H 0 18 8 0 0 0 1.000 0.757 0.858 0.536 0.768
4 41047 0] 0 18 8 0 0 0 1.000 0.758 0.861 0.529 0.767
8 21240 H 0 24 4 0 0 0 1.000 0.800 0.843 0.512 0.767
9 41105 o} 0 27 2 0 0 0 1.000 0.816 0.840 0.503 0.767
10 21247 H 0 27 2 0 0 0 1.000 0.817 0.835 0.503 0.766
11 1389 S 0 27 2 0 0 0 1.000 0.813 0.827 0.509 0.765
12 20013 (H3) H 0 0 20 0 0 0 1.000 0.663 0.866 0.596 0.765
13 39871 (03) o} 0 0 20 0 0 0 1.000 0.660 0.869 0.596 0.765
14 60963 C 0 27 2 0 0 0 1.000 0.814 0.843 0.497 0.764
15 21223 H 0 21 6 0 0 0 1.000 0.778 0.852 0.514 0.764

Table 3: The fifteen most desirable diagrid patterns for the 60-floor building, ordered for decreasing value of OD [26]

# Diagrid patter no. Floor shape M; My M3 My Ms Mg dis di, d;, dicr oD

1 46370 (H2) H 0 36 0 0 0 0 1.000 0.850 0.678 0.549 0.750
2 46361 H 0 30 4 0 0 0 1.000 0.821 0.713 0.531 0.747
3 46310 H 0 24 8 0 0 (1] 1.000 0.791 0.738 0.530 0.746
4 46344 H 0 27 6 0 0 0 1.000 0.809 0.725 0.522 0.744
5 46154 H 0 18 12 0 0 0 1.000 0.761 0.752 0.534 0.743
6 46250 H 0 21 10 0 0 0 1.000 0.776 0.747 0.526 0.743
7 44001 (H3) H 0 0 24 0 0 0 1.000 0.684 0.764 0.579 0.742
8 90122 (02) 0 0 36 0 0 0 0 1.000 0.849 0.691 0.513 0.741
9 87753 (03) 0 0 0 24 0 0 0 1.000 0.684 0.767 0.573 0.741
10 249 (83) S 0 0 24 0 0 0 1.000 0.681 0.761 0.579 0.740
11 46009 H 0 15 14 0 0 0 1.000 0.745 0.757 0.530 0.739
12 89761 0] 0 15 14 0 0 ] 1.000 0.742 0.763 0.524 0.738
13 131505 (C3) Cc 0 0 24 0 0 0 1.000 0.681 0.768 0.568 0.738
14 2592 S 0 27 6 0 0 0 1.000 0.803 0.716 0.516 0.738
15 90002 ] 0 21 10 0 0 0 1.000 0.775 0.753 0.508 0.738

Table 4: The fifteen most desirable diagrid patterns for the 72-floor building, ordered for decreasing value of OD [26]

In conclusion, for the wider population of varying-angle diagrid patterns, it was again
observed that the floor plan shape has only a minor influence on the building's overall
performance. Interestingly, a specific subset of varying-angle patterns, namely, uniform-angle
geometries, consistently emerged as some of the most desirable solutions across all the
investigated buildings. This finding is in disagreement with previous studies that indicated

that uniform-angle diagrids were more efficient for short buildings, while truly varying-angle
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diagrids would be superior for tall buildings. However, the difference in findings came from
the criteria that we used to define the "optimal" geometry. The previous studies determined
the optimal geometric condition with respect to minimizing structural mass while satisfying
strength and lateral displacement constraints.

When additional responses, such as construction complexity and torsional flexibility, are
considered, the outcomes shift. In this case, the analysis revealed that uniform-angle diagrids
are the most desirable configurations for both shorter and taller buildings. This is because
they offer advantages in terms of torsional performance and construction simplicity, which
outweigh the potential benefits of varying-angle patterns in other aspects.

Furthermore, the study confirmed that diagrid patterns with diagonals spanning two or three
floors (corresponding to diagonal inclinations of approximately 55° - 65°) are the most
desirable in this multi-response framework. These patterns strike a balance between structural
efficiency, torsional stiffness, and construction feasibility, making them optimal solutions for

a wide range of building heights [26].

4.4 Preliminary design of diagrid structures

The preliminary design of diagrid structures has been extensively studied in the literature,
with numerous researchers proposing methodologies to optimize their structural performance
and efficiency. In this section, the key contributions from existing studies will be reviewed
and analyzed to provide a comprehensive and clear understanding of this topic.

Among these contributions, particular attention is given to the work of Moon et al. [19] where
the authors addressed the specific structural response of diagrids and their pivotal role in the
lateral stiffness of tall buildings, emphasizing that, in well-designed diagrid structures, braced
cores contribute only 15 - 20 % of the total lateral stiffness.

Typically, these methodologies begin by distributing the bending and shear deformation
contributions to the total lateral displacement of the structure, taking into account critical
factors such as the height-to-width ratio of tall buildings. The bending and shear deformation
demands are then converted into the required cross-sectional areas of diagrid members using

simplified equations, facilitating a straightforward and effective design process.
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The model for the preliminary design of the building is a beam, subdivided longitudinally into
modules according to the repetitive diagrid pattern. Each module is defined by a single level

of diagrids that extend over n-stories. Figure 40 illustrates the case of a 6-story module.
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Figure 40: Six-story diagrid structure module and load distribution [19]

Depending upon the direction of loading, the faces act as either web or flange elements. The
diagonal members are assumed to be pin-ended, and therefore to resist the transverse shear
and moment through only axial action. With this schematization, a stiffness-based approach
has been used to determine the cross-sectional area of typical web and flange members for

each module.
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Figure 41: Brace frame model [19]

Referring to Figure 41, both shear force and bending moment for the module are expressed
in terms of the relative displacement and rotation measures given by the product of module

height and transverse shear y and bending deformation y, respectively:
V=KAu=y-h (6)
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M=KzAB=yx"h (7)

Considering Ny as the number of diagonals extending over the full height in one web plane,
and Nr as a similar count for one flange plane, for the compatibility, constitutive and

equilibrium equations, it is possible to evaluate the bending and shear stiffnesses as:

AgwE
K; = ZNW( ‘ZW 00529)

d (8)
BZAd'WE ]
KB = Nf (W) SanB (9)

Where Agw and Agr represent the cross-sectional areas of the web and flange members,
respectively, E is the elastic modulus, B is the web dimension, Lq is the diagonal length, and
0 denotes the contribution of the web diagonals to bending rigidity. At this stage, by setting
the desired transverse shear and bending deformations, y* and y*, and for given values of V
(shear force) and M (bending moment), the preliminary expressions for the cross-sectional

areas of the web and flange members can be derived:

N Vig
AW "IN, E,xhcos?0 (10)
Ay, = 2MLy_
¥ N¢B2E,xhsin?6 (11)

Since the diagonal members are assumed to remain uniform within a plane, it is necessary to
account for loading in both directions to determine an upper bound for the cross-sectional
areas.

Furthermore, the same study proposes an optimal design approach from a motion perspective,
corresponding to a state of uniform shear and bending deformation under the design loading.
Uniform deformation states can only be achieved in statically determinate structures.
Assuming the diagrid structure is modelled as a cantilever beam, the total deflection at the top
can be expressed as the sum of contributions from shear and bending deformations.
Specifically, the deflection at the top is given by:

X H?
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4. DIAGRID STRUCTURES

where y+H and y*xH?/2 represent the contribution from shear deformation and the contribution
from bending deformation, respectively. In order to evaluate the relative contributions of
bending and shear deformation, Moon et al. [19] introduce a non-dimensional parameter, s,
which is defined as the ratio of the bending contribution to the shear contribution. This

parameter is expressed as:

2y -H (13)

By combining Equations (12) and (13) and considering that the top lateral displacement is
typically specified as a fraction of the total building height, expressed as u(H) = H/a (where

a is usually 500), the following relationships between y*, y*, and s are obtained:

1
Y S+ 9)a (14)

., 2y s 2s

Y="H T A +s)aH (15)

By substituting Equations (14) and (15) into Equations (10) and (11), the cross-sectional areas
of the web and flange members can be determined for different values of the parameters a, s,
and H.

If a unique s value is adopted, the initial sizing of the external diagonal members will vary. If
a very small s is used, the axial deformation mode is preferred over the bending deformation
mode which can lead to overuse of material in the flange members and thus excess members
were sized to limit bending deflection. Conversely, if a very high s is used the axial
deformation can be ignored and deformation due to bending will prevail, thus much of the
cross-sectional area will be determined by the web fagades that limit shear deformability.
Therefore, there is an optimal s, called sopt, that gives balanced control to limit shear and
bending deformations. In this case the member sizes along the higher stories are governed by
shear deformation modes, while the member sizes in the lower stories are governed by
bending deformation modes.

The value of sopt depends on the building's aspect ratio (H/B) and provides the most efficient

design solution, meeting the target maximum displacement while minimizing material usage.
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4.4 Preliminary design of diagrid structures

For diagrid structures taller than 40 stories, with an aspect ratio (H/B) greater than 5 and

diagonal angles between 60° and 70°, the following empirical equation is proposed for Sop::

H

Sopt :§_3

(16)
Another important variable that significantly impacts the initial design of diagrids is the angle
of diagonal inclination. Moon et al. [19] researched 20 - to 60 - story buildings and found the
optimal diagonal angle depended on the aspect ratio for the building. For diagrids near an
aspect ratio of about 7, optimal diagonal angles fell between 65° and 75°. For diagrids with a
lower aspect ratio (approximately 5), the optimal diagonal angle was exceedingly lower
(around 10°). The difference is the best diagonal angle depends on how shear and bending
stiftness influence the deformation mode, and how they depend on the diagonal angle. Shear
stiffness, for this case, is maximized when diagonal inclination is about 35°. Bending stiffness
is maximized when the elements are vertical (6 = 90°). An optimal angle must exist between
the two extremes that can balance and maximize shear and bending stiffness yielding an
effective response to design loading conditions.

Moon committed to using the same stiffness-based method to braced tube structures described
in the previous paragraphs in [20]. In these systems, the external mega-diagonals see shear
force only, while the exterior vertical columns carry the bending moment. Moon's analyses
conducted on braced tubes approximately 40 - to 100 - stories, showed an optimal diagonal
angle of 45° which is less dependent on aspect ratio of the building. This is a lower
dependence because the external diagonals do not have much influence on resisting bending
moments and they mainly provide shear stiffness.

In the cases investigated by Moon [19, 20], it is observed that stiffness requirements primarily
govern the preliminary design, with strength criteria generally being satisfied. Only a limited
number of members, particularly in the leeward facade, are found to fail when the maximum
allowable displacement is relaxed, i.e., when a < 500. However, due to the high rigidity
provided by the diagonalized fagades, which make diagrid structures exceptionally efficient,
strength requirements can become critical. In certain scenarios, they may even dictate the
design criteria, as highlighted by Montuori et al. in [28] who proposed a simplified strength-
based methodology for the preliminary design of diagrid tubes. This approach considers both

gravity and lateral loads applied to the building, ensuring that strength requirements are
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4. DIAGRID STRUCTURES

adequately addressed. Figure 42 illustrates the adopted scheme used to develop this strength-
based design methodology, providing a practical framework for integrating strength

considerations into the early stages of diagrid design.

L N o A\

Y modules X modules

(@)

Figure 42: Axial forces in diagonals of the k-th triangular scheme of the m-th module for: (a) gravity loads, Ou; (b) overturning
moment, Mu; (c) global shear, Vi [28]
Assuming that the internal core occupies 25% of the total floor area, the diagrid system is
responsible for carrying 37.5% of the gravity load at the level of the m™ module, denoted as
Qm (Figure 42(a)). Under this vertical loading condition, a uniform compression state is
induced in all the nx diagonal members of the module. The axial force in each diagonal

member due to the gravity load is given by:

Npko = 0375 Qpsinb /2ny, (17)

Lateral loads acting on the structure generate a bending moment, M, and a shear force, Vm,
at the level of the m™ module. The bending moment, Mp, induces a uniform compression state
in the diagonals of the leeward flange and a uniform tension state in the diagonals of the
windward flange. Additionally, it creates a linear distribution of axial forces (tension and
compression) in the web diagonals, depending on the distance di of the i diagonal from the
center of the floor (Figure 42(b)). The axial force in the diagonals due to the bending moment

is expressed as:

Npon = £Myydysind2 Z d, (18)
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Conversely, the shear force, Vi, induces only tension and compression stresses in the web

diagonals. The axial force in the web diagonals due to the shear force is given by:

Nyem = £V cosagcost /2 Z cosa; (19)

where a is the angle between the direction of the horizontal force and the orientation of the
diagrid module, and o is the angle for the k™ diagonal, (Figure 42).
Considering all loading conditions (gravity, bending, and shear), the total axial force in a

generic diagonal is obtained as:

Nm,k = Nm,k,Q + Nm,k,M + Nm,k,V (20)

The total axial force, Nmk, is used to size the members. The design of the members is based
on both the tensile strength and the buckling compressive resistance of the diagonal members
and will achieve both strength and stability based on the combination of loading scenarios
that may be present.

After structural analyses were performed on the designed buildings, it was evident that
slightly more balanced structures were being created with the stiffness-based approach, as it
resulted in very efficient structures in terms of top lateral deflection that were very close to
the target deflection input values. However, it was also evident that there were performance
issues related to the inter-story drift of the upper modules, as well as the demand-capacity
ratio (DCR) of the strength demand associated with the members that were driven by
buckling. Thus, all of the stiffness-based methodologies cannot provide reasonable
performance-based satisfaction to strength requirements, as the strength-based methodologies
cannot provide reasonable satisfaction to stiffness requirements, therefore, there were a
variety of means to balance performance expectations of the individual building in question.
In both methods, excessive inter-story drifts of the upper modules were observed, which could
have serious repercussions for the performance of the structure. This issue has been studied
by Montuori et al. [29], who proposed solutions such as incorporating special internal
systems, like the secondary bracing system (SBS), to address these challenges effectively.
More recently, the simultaneous effects of slenderness and diagonal angle have been
incorporated into the preliminary design process [30]. Diagrid structures ranging between

aspect ratios of 2 and 8 were studied with diagonal angles from 50° to 80°.
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The assessment of the structures indicated that for aspect ratios between 2 and 4 the design is
primarily based on strength for the different diagonal angles. On the other hand, when the
aspect ratio is greater than 6, stiffness is the dominant designer, and the structural weight
increases greater than linearly with slenderness. An aspect ratio of approximately 5 appeared
to be a boundary condition, where the stiffness and strength design produced similar design
solutions.

These results highlight that, due to the exceptional rigidity of the diagrid tubular system, it is
not always possible to determine in advance whether stiffness- or strength-based criteria will
govern the preliminary design. This underscores the importance of considering both factors
simultaneously to achieve an optimal and efficient design solution tailored to the specific

characteristics of the structure.

4.5 Structural Analysis Methodologies for Diagrid Tall Buildings

The methods for the structural analysis of diagrid structures have been widely explored in
academic literature, with various researchers proposing innovative approaches to enhance the
accuracy and efficiency of computations and the reliability of the results. In this section, the
most significant contributions from existing studies will be reviewed and critically analyzed
to offer a thorough and clear understanding of the methodologies developed for the structural

analysis of diagrid systems.

4.5.1 Finite Element Method (FEM)

In academic literature, the Finite Element Method (FEM) is the most widely used approach
for the structural analysis of diagrid systems. However, simplified methodologies have also
been developed to enable a quicker evaluation of the overall structural behavior of diagrids.
Mele et al. [31] introduced a hand-based method for estimating the axial stresses in diagrid
members. This method focuses on analyzing the internal forces within the basic triangular
element caused by gravity and vertical loads, while also accounting for the effects of the
horizontal and vertical curvatures of the diagrid fagade. Although this approach does not

directly calculate the displacements of the structure, it has proven to be effective in
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determining the axial forces in the diagonal members. The methodology has been applied to
three real-world case studies: the Swiss Re Building in London, the Hearst Headquarters in
New York, and the West Tower in Guangzhou. The axial stresses obtained through hand

calculations show excellent agreement with FEM results.

4.5.2 Modular Method (MM)

More recently, Liu and Ma introduced a simplified methodology, known as the Modular
Method (MM), for the structural analysis of diagrid tubes with arbitrary polygonal shapes
[32]. While most existing research has focused on rectangular diagrids with vertical facades
functioning as webs or flanges, limited attention has been given to diagrids with polygonal
geometries.

The Modular Method is based on the modularization of the diagrid structure and the
calculation of the lateral stiffness of individual diagrid modules to determine the total lateral
deflection. The lateral displacement, ui, of the i module is obtained by superimposing the
contributions of shear displacement, uv;, and bending displacement, uwm ;. These contributions
are calculated based on the shear and bending rigidity of the i" module, Kvi and K,

respectively, as follows:

u :L+£+...+ Vi
Ky Ko Ky ; (21)

M M M
Up; = ——hi +——h(i—1) + - +——h[i — (i — 1)] ”
K1 Ku,, Ky 2 (22)

where Vi and M; are the shear force and bending moment at the level of the i module, and h
is the height of the module.

The core of the Modular Method (MM) lies in the calculation of the shear and bending
rigidities, Kv;i and Kwm,;, which is based on standard assumptions for diagrid tubes. These
assumptions include: (I) the diagonals are subjected only to axial stress and remain within the
linear elastic regime; (II) the building floors act as rigid bodies, with no internal deformation;
and (IIT) intra-module floors are neglected in the calculation of the modular rigidities.

Shear rigidity, Kv;, is defined as the total shear force, Fy, required to produce a unitary

horizontal displacement, Av, of the module (Figure 43(a)). Similarly, bending rigidity, Kwm,,
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is defined as the bending moment, M, required to induce a unitary floor rotation, AP, of the

module (Figure 43(b)).

F F' E E

D*

Figure 43: Diagrid tube structure module: (a) schematic diagram of shear deformation; (b) schematic diagram of bending
deformation [32]

By independently applying unitary horizontal displacements and rotations to the module and

calculating the resulting total shear force and bending moment, the values of Kv;; and Kw;; can

be directly evaluated. The calculation of the shear force and bending moment in the Modular

Method (MM) is derived using geometrical compatibility equations, the constitutive relations

of the diagonals, and the equilibrium equations at the floor level. These steps lead to the

following formulations for the shear rigidity, Kv, and bending rigidity, Km:

EAcos?0sinfsiny § 5 EAcos30cos?ysiny § -
Ky = 5 Z cos“ag + 5 Z sin“agy (23)
a=1 d=1
. . N
EAsin38sin3y "
d=1

where E and A are the Young’s modulus and cross-sectional area of the diagonals, 0 is the
angle between the diagonal and the main ring beam in the fagade, y is the angle between the
ring beam plane and the facade, N is the total number of diagonals in the module, a is the
angle between the ring beam and the shear direction, and Bq is the distance of diagonal d from

the neutral axis in the main ring beam plane [32].
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By applying these equations for each module, along with the expressions for the shear and
bending displacements (Equations (23) and (24)), the lateral deformation of the diagrid
building under horizontal loads can be evaluated.

The MM has been validated against Finite Element Method (FEM) calculations by analysing
square, hexagonal, and octagonal diagrid tubes with both vertical and inclined facades under
various horizontal loading conditions. The differences in top displacement between the MM
and FEM results are consistently within 10%, confirming the accuracy and reliability of the

proposed methodology.

4.5.3 Matrix-Based Method (MBM)

Lacidogna et al. [30] proposed a new way to understand the structural behavior of diagrids,
called the matrix-based method (MBM). MBM is a procedure that relies on matrix calculus
and is similar to the finite element method (FEM). The significant difference is that FEM first
formulates stiffness matrices for each element (in the case of a diagrid; the diagonal member,
the horizontal member or the vertical member) which are then enlarged and assembled
together to form a large global stiffness matrix of the total structure (including any constraint
conditions like supports of the structure). Instead, MBM will formulate the structural problem
directly in terms of a matrix relation that connects the vector of external forces acting on the
structure to the vector of displacements on the floors, using global stiffness matrix.

In the MBM, the inputs consist of the forces and moments applied to the structure's floors,
while the outputs are the unknown displacements and rotations of these floors. The method
operates under specific assumptions, consistent with those adopted by other researchers in the
field (as detailed in references [19 — 32]). These assumptions include: (I) the diagonals exhibit
linear elastic behavior and are subjected only to axial forces; (II) the floors remain planar after
deformation, behaving as rigid bodies with a limited number of degrees of freedom; and (IIT)
the floors within the diagonal modules are neglected in the analysis.

The stiffness matrix of the structure is determined based on the following principle: each
coefficient kjj in the matrix represents the total reaction force (or moment) on the i-th floor
caused by a unitary displacement (or rotation) imposed on the j-th floor. By following the
same process for every element and making all of the assumptions in the previous sections

along the way, the entire global stiffness matrix has been formulated. At this stage, the
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structural problem can be solved, including determining the floor displacements and rotations,
as well as the axial forces in the diagonals. The MBM is applicable for both two-dimensional
or three-dimensional systems. It offers a computable stiffness matrix for the diagrid and solves
the structural problem by providing a comprehensive solution for structural analysis.

This method holds particular importance as it forms the foundation of the analysis conducted
in this thesis, which will be detailed in the following chapters. For this reason, and as outlined
in the research by Lacidogna et al. [30], the analysis of two-dimensional diagrid structural
systems is first presented, primarily to illustrate the fundamental concepts of the matrix-based
method (MBM). Subsequently, the focus will shift to a generic three-dimensional diagrid
structural system to further explore and apply the method.

As illustrated in Figure 44, the analysis considers a diagrid structure composed of M floors
and N modules of diagonals, with M > N. Both floors and modules are conventionally

numbered from the top to the bottom of the system, within a two-dimensional space defined

/\\/

/\ \ \/\ &If (neglected)
NEA >/\\ /
VaRvanva

A
R

Figure 44: Two-dimensional diagrid structural system [30]

by an XY reference system.
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The floors located within the diagonal modules are neglected, focusing only on the N floors
at the ends of the diagonals. These floors are assumed to be continuous and infinitely rigid in-
plane, while the diagonals are modeled as simply hinged.

The structure is subjected to horizontal forces, and the hypothesis of two degrees of freedom
per floor is adopted: horizontal displacement and out-of-plane rotation. The structural

problem is then formulated through a matrix relation, which can be expressed as follows:
{{F}} _ [[KFS] [qu,]] {{6}} y
MY ™ [Kys)  [Kuo]l Ul (25)

- {F} and {M} are N-vectors containing the floor forces and moments, respectively;

Here:

- {0} and {¢} are N-vectors containing the unknown floor displacements and rotations,
respectively;

- [Krs] is the N x N stiffness matrix relating floor forces to floor displacements;

- [Kwmo] 1s the N x N stiffness matrix relating floor moments to floor rotations;

- [Krg] is the N x N stiffness matrix relating floor forces to floor rotations;

- [Kwms] is the N x N stiffness matrix relating floor moments to floor displacements.

Equation (25) can be reformulated by explicitly defining the components of the force and

displacement vectors, as well as the terms within the structure's stiffness matrix:

F§ FS F§ Fop Fp Fo
AN kip o kP kYK e K K,
F§ ) F§ Fo Fyp Fop
E kn® < ky© oo Ky ko o kit oo Ky 5
F5 F5 F5 1, Fp Fo Fo ||
A _ ki oo ki ok kvt kyoc kK Jon |
o Ms M$ Ms 3, My Mo Mo
IYI} kit® o kyo o ki kit o kgt ki || $ (26)
M; M6 M$ MS§ 1, M ®;
® My My i
ki ® e o ky o o kv kit oo kit o kiy
My . on
\ % MS§ MS$ MS 1, My My Mp | VTV
| kni 0 knit o kaw kv o kn o kaw |

In the linear system expressed in Equation (26), the generic term ki represents the total
horizontal force (F;) or moment (M;) acting on the i-th floor when a unitary horizontal

displacement (J;) or rotation (¢;) is applied to the j-th floor, while all other floor displacements
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and rotations are kept null. This analytical definition allows for the complete computation of

the stiffness matrix in Equation (26) through the following steps:

1. A unitary horizontal displacement (9;) or rotation (¢;) is applied to the j-th floor, while all
other floors remain fixed (as illustrated in Figure 45).

2. The deformations of the diagonals within the deformed modules are determined using
geometric considerations.

3. The axial forces in the diagonals are calculated, assuming a linear elastic behavior for the
diagonals.

4. The total reaction force (F;) or moment (M;) acting on the i-th floor, resulting from the axial

forces in the diagonals, is computed.

Module j -1 Module j -1
Floor j Floor j
Module j Module j
(a) (b)

Figure 45: Computation method of the stiffness coefficients: (a) unitary horizontal displacement applied to the jth floor, (b) unitary
rotation applied to the jth floor [30]

To calculate the reaction floor moments or imposed floor rotations, these are evaluated with
respect to the stiffness centroid of the j-th floor. The x-coordinate of this stiffness centroid is

given by the following expression:
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n; Ed.jAd.j
=1 Lg,

Zni Ed,]Ad,] (27)
d=1

xd‘j

xC,j =

Ld‘]

Next, considering a generic diagonal within the j-th module, subjected to a unitary horizontal
displacement imposed on the j-th floor, and referring to the parameters illustrated in Figure

45(a), the elongation of the diagonal can be expressed as:

Ax
6n _ —
Sdiag = §,,co059 = oy, I (28)

Here:

- On is the imposed horizontal displacement on the j-th floor;

- 0 1s the angle of the diagonal with respect to the horizontal direction;
- L is the diagonal length;

- Ax and Ay are the projections of the diagonal length along the reference axes.

(b)

Figure 46: Deformation of the diagonal for (a) horizontal displacements and (b) vertical displacements [30]

Assuming a unitary imposed displacement on and a linear elastic behavior for the diagonal,

the axial force in the diagonal can be written as:

EA EA
For =50 =T Ax (29)

diag — ], ~diag - 12
where:

- E is the Young’s modulus of the diagonal;

- A is the cross-sectional area of the diagonal.
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Now, considering the diagonal subjected to the vertical displacement caused by the unitary
imposed rotation of the j-th floor (as shown in Figure 46(b)), the elongation of the diagonal
can be expressed as:

A
oty = —Busind = —6,~ (30)

In this case, dv is the vertical displacement generated by the imposed rotation and depends on

the position of the diagonal relative to the centroid of the floor, as follows:
6y = p(x — x¢) (€29)

Thus, the axial force in the diagonal resulting from the unitary rotation of the j-th floor can

be expressed as:

sn  EA s EA

Fdiag = Tadiag == F (x — xc)Ay (32)

By decomposing the axial forces obtained in the diagonals into their horizontal and vertical
components, and by calculating the total reactive forces in the horizontal direction as well as
the reactive moments on each floor, the four stiffness submatrices in Equation (25) can be
determined. The complete expressions for these submatrices are provided below. In these
expressions, n; and ni-1 represent the number of diagonals in the i-th and (i—1)-th modules,
respectively. For each variable, the first subscript refers to the specific diagonal involved in
the summation, while the second subscript refers to the module to which the diagonal belongs.
Regarding the x-coordinates, Xx4,i-1,; denotes the x-coordinate of the diagonal d in the (i—1)-th
module, referred to the i-th floor, and xc i represents the x-coordinate of the centroid of the i-
th floor.

Matrix [Kgs]:

Nj-1

F6 Axczi,i
k ZEdl 1Adl 1 L3 +ZEd1Adl L3 (33)
d,i-1 d,i
ni—1 A 2
Xd,i-1
K== ) BapiAgis 7 (34)
= d,i-1
n; A 2
x .
kffu == Z EqiAq; LTd’l (35)
d=1 ai
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Matrix [K F(p] :
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Matrix [Kys]:
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Matrix [KM(p]:
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Ayg
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With these expressions, the diagrid stiffness matrix in Equation (25) is fully computed

enabling the calculation of the structure's displacements as follows

-1
{{6}}:=[[R%5] [R%¢]] {{F}} 45)
o) " |lKs] [Kwo)| 10D
Once the displacements of the structure are determined, it is possible to compute the axial

force in each diagonal within the i-th module (Faiagi) by referring back to Equations (26) and
(27):

12 [8%4,:(8; = 8i41) = BYaipi(Xaii = %) + BYa,iPir1Kaiivs = Xci+1)] (46)
ai

As previously mentioned, Lacidogna et al. [30] also extended their analysis to a generic three-
dimensional diagrid structural system to further explore and apply the matrix-based method
In this context, a generic three-dimensional diagrid structure is now considered (Figure 47)
This system consists of N floors (neglecting the inner ones) within a three-dimensional space

defined by an XYZ reference system, where X and Y are the horizontal axes, and Z is the
vertical axis.

The main assumptions remain consistent with those adopted for the two-dimensional diagrid

structural systems. Specifically, the structure is assumed to be subjected to horizontal floor

forces (along the X and Y axes), vertical floor forces (along the Z axis), and in-plane floor
torque moments (around the Z axis).
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Figure 47: Three-dimensional diagrid structural system [30]
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When considering six degrees of freedom per floor, the structural problem in Equation (25)

can be reformulated to account for the contributions of the six generalized displacements as

follows:
(F,)]  [Ersl [Krs) [Kre! [Kred [Krel [Krel] 1{s,}]
{F,} [Krs.]l  [Kre) [Krel [Krgl [Krel [Kral| |{6,}
{M3| _ |Eama] [Kus] K] [Kag] [Kug) [Kwmsl| |{¢:}
{M,} (Knms,) [Bms) [Kue (K] [Kme,) [Kwmel|l |[{¢:}| (47)
{My} Ky, [Kms,) (K K, [Kug,) [Kmsl| [{#4}
L] |[Krs)  [Krs) [Krgl [Krs) [Krgl [Krs)] L1092}
Here:

- {Fx}, {Fy}, and {F,} are the N-vectors containing the floor forces along the X, Y, and Z
axes, respectively;

- {M_} is the N-vector containing the in-plane floor torque moments (around the Z-axis);

- {Mx} and {My} are the N-vectors containing the out-of-plane floor moments along the X

and Y axes, respectively.
For the floor displacements:

- {0«}, {8y}, and {3,} are the N-vectors containing the displacements along the X, Y, and Z
axes, respectively;

- {d.} 1s the N-vector containing the in-plane floor rotations (around the Z-axis);

- {¢x} and {dy} are the N-vectors containing the out-of-plane floor rotations along the X and

Y axes, respectively.

The complete stiffness matrix of the structure, which has dimensions 6N x 6N, is presented
in Equation (47). It is partitioned based on the six degrees of freedom, where each submatrix
(N x N) represents the stiffness matrix that relates a specific floor force/moment vector to a
corresponding displacement/rotation vector. For clarity, Figure 48(a) illustrates the

conventions used for the displacements and rotations.
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Figure 48: Conventions for three-dimensional diagrid structure: (a) displacements and rotations of the floors; (b) floors and modules
numbering and subscripts of diagonal coordinates [30]

Each of the submatrices in the stiffness matrix can be computed using the same procedure
applied for the two-dimensional diagrid structure. The stiffness coefficients in the thirty-six
submatrices can be determined systematically by applying the conventions shown in Figure
48(b). When the entire stiffness matrix of the three-dimensional diagrid system has been
constructed, the structural problem can be automatically solved by inverting the linear system
in Equation (47).
Once the displacements and rotations of the rigid floors are known, the axial forces in the
generic diagonals can be determined. This is done using an equation similar to Equation (46),
but it is far more complicated since it includes the contributions from all six degrees of
freedom (DOFs).
The matrix-based method (MBM) described here has been extended beyond structural
analysis of diagrids to understand the interaction of diagrid tubes with other structural
elements in a building. The MBM has been embedded into the General Algorithm (GA)
framework, which is a matrix-based analytical methodology developed for preliminary tall
building analysis in 1985 [33].
The GA framework actually makes it easier since it considers only three DOFs for each floor
(two lateral displacements and one torsional rotation).
In order for the MBM to be suitable for the GA, Lacidogna et al. [30] used a static
condensation process to materially condense the contributions of the vertical displacements

and out-of-plane rotations, which produced a less complicated stiffness matrix.
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Specifically, Equation (18) is reformulated to separate the horizontal and vertical components:

&?j}: (K] [KHV]] {{514}}

[Kyu]  [Kyvll Sy} (48)

Where:

{éu} and {Fu} represent horizontal displacements (forces) and torsional rotations

(moments);

{dv} and {Fv} account for the vertical displacements (forces) and out-of-plane rotations
(moments).

Through the condensation process, the vertical DOFs are eliminated, resulting in a reduced
stiftness matrix [Kunu]*, which is of dimension 3N x 3N. This condensed matrix relates only

to the horizontal DOFs, enabling the MBM to be seamlessly incorporated into the GA
framework:

{Fy} = ((Kuu] — [Kn 1[Kyy 17 Ky u D6k} = [Kyu]* {64} (49)

The MBM has been used within the GA framework to investigate the stiffness interaction
between an external steel diagrid and an internal concrete core. In particular, a square, 18-
story tall building is considered in [30], and the coupled behavior is analyzed under lateral
forces and torque moments. Although the torsional behavior is obviously governed by the
external diagrid tube, the distribution of shear forces at the various floor levels is not trivial,

and gives rise to an oscillating trend along the height of the building, due to the shear-bending

coupling of the two structural systems (Figure 49).
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Figure 49: Diagrid system coupled with central core: (a) shear, (b) bending moment; (c) torque moment [30]
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In a more recent study, Lacidogna et al. [34] examine the impact of diagonal inclination on
the behavior of the diagrid-core coupled system. As previously highlighted by Moon et al.
[19], when the diagrid angle falls within the optimal range, the lateral stiffness of the diagrid
dominates over that of the internal core. Lacidogna et al. [34] further examine how the core
type, defined by internal closed-section and open-section shear walls, affects their torsional
behavior. According to the authors, while the coupling mechanism of lateral deformability is
essentially the same, a noticeable difference occurs in torsional behavior, whereby a specific
inflection point is evident in the torsional deformation curve for internal, open-section shear
walls, in conjunction with the diagrid steep angles, and this was attributed to the warping of
the internal shear wall which had a noticeable effect in these conditions.

This finding underscores the importance of considering the type of internal core and its
interaction with the diagrid when analyzing and designing diagrid-core systems, particularly
for tall buildings subjected to torsional loads.

Analytical methods for diagrid systems, combined with stiffness- and strength-based
preliminary design methods, provide a simplified alternative to FE for use during early design
stages for rapid assessment of total structural behavior and key performance parameters, and
therefore they offer a more straightforward approach to understanding structural behavior.
While access to contemporary computing power can be liberating for the generation of
detailed FE models with more and more DOFs, it has the potential to cloud the ability to
formulate a clear picture of global structural behavior during the preliminary design stage of
a project, which is essential for developing and selecting effective resisting elements at a
preliminary design stage and emphasizes the need for alternative methods. The optimal choice
of a resisting element has a significant effect on the cost and efficiency, especially for tall
buildings, because the selection of resisting elements can have a significant effect on overall
structural performance. These early design stages simplified methodologies can aid in the
ability to understand total behavior and structural response, which might not be intuitively

apparent through detailed FE models, so it can be an important capability for designers.
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S. REQUIREMENTS AND PRELIMINARY FRAMEWORK
FOR DIAGRID MODEL DEVELOPMENT

5.1. Methodological Framework, Geometric and Structural Assumptions

The thesis builds upon the MATLAB code developed by Lacidogna et al. [30] as part of their
Matrix-Based Method (MBM) framework, which serves as the foundation for analyzing the
diagrid models under consideration. As detailed in Chapter 4.3, the study by Scaramozzino et
al. [26] examined a wide range of diagrid configurations, encompassing square, hexagonal,
octagonal, and circular floor shapes. The floor dimensions were designed to ensure a gross
floor area of 900 m?, resulting in an average building footprint of 30 m x 30 m (Figure 24(b)).
Four building heights were analyzed, 126 m, 168 m, 210 m, and 252 m (Figure 24(a)),
corresponding to total floor counts of 36, 48, 60, and 72, given a fixed inter-story height of
3.5 m. These configurations yielded four building aspect ratios: 4.2, 5.6, 7.0, and 8.4. The
diagrid structure is modelled using steel hollow circular sections (CHS) with an elastic
modulus of 210 GPa, a steel density of 7.8 tons/m?, and a yielding strength of 275 MPa. These
structures are designed to withstand both vertical and horizontal loads. The vertical load is
determined by combining a dead load of 7 kN/m? with a live load of 4 kN/m?. However, it is
important to note that the diagrid structure does not bear the entirety of the vertical load, as
the internal central core carries a significant portion of it. Following the approach adopted by
Montuori et al. [28], where the core is assumed to occupy 25% of the total area, only 37.5%.
The original study considered a total of 175,008 possible diagrid configurations, including
both uniform-angle and varying-angle diagrids. However, for the purposes of this thesis, only
the configurations reported in Tables 1 - 4 were analyzed. This selection was made to ensure
consistency with the methodological approach used in [26] and to focus on the configurations
identified as optimal within their framework. These configurations were selected based on a
multi-response framework that balances structural efficiency, torsional stiffness, and
construction feasibility. By focusing exclusively on these optimal configurations, the thesis
avoids the impracticality of evaluating the entire population of 175,008 combinations. This
targeted approach allows for a more in-depth and meaningful analysis while ensuring

alignment with the established methodology and maintaining a clear and manageable scope.
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5.2. Tall Building Strength and Stiffness Requirements

When designing tall buildings, two main requirements must be satisfied: strength and stiffness
since it cannot be known beforehand, which will control the design. In determining the global
stiffness of the building, the goal is to limit lateral displacement, in particular, lateral
displacement at the top of a building to limit the effect of lateral forces. To achieve this, the
stiffness requirement is specified by establishing a limit for the top displacement at H/500. In
terms of strength, an important consideration is compression in diagonals, as provide the
buckling strength to avoid any instability phenomena. Strength values for compression are
taken from Eurocode 3 [35], which provides design rules for steel structures. For diagonals
subjected to tension forces, the strength requirement is based on assessing the tensile strength

to ensure the overall system can sustain the force.

5.2.1. Compressive Strength

The verification of a diagonal under compression, subjected to the design axial force Ny, is
deemed satisfactory when its bearing capacity Ncrd is not exceeded, as expressed by the

condition:

Ngg < N Rra (50)

The design compression strength N¢rd is determined based on the classification of the cross-

section. For sections classified as class 1, 2, or 3, the compression strength is given by:

A-f,
Nepa == (51)
For sections of class 4, the compression strength is instead defined as:
N Aerr Sy ,
eRd Ymo (52)

Here, A represents the gross cross-sectional area, Aefr is the effective cross-sectional area, fy
is the yielding strength, and ywmo is a safety factor.

In the case of class 4 sections, local instability reduces the bearing capacity of the compression
elements. This reduction occurs because the failure of these elements takes place at an axial

force lower than the yielding force calculated with reference to the gross cross-sectional area.
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Consequently, the effective area Aefr is used to account for the effects of local instability,

ensuring a more accurate evaluation of the compression strength [35].

5.2.2. Buckling Critical Load

The state of stress in a compressed element, particularly in steel members, is inherently linked
to buckling phenomena. As a result, strength verification must be accompanied by buckling
verification, which often proves to be the most critical aspect of the design, especially for
slender structural elements.

In the absence of geometrical imperfections and assuming linear-elastic material behavior,
referred to as the ideal bar, it can be demonstrated that a critical load value, N, exists. Beyond
this value, global buckling phenomena are triggered. Buckling can manifest in three forms:
flexural, torsional, and flexural-torsional [35]. For circular hollow cross sections (CHS), the
typical instability mode is flexural buckling, as the section possesses two symmetrical axes.
In the case of flexural instability, the critical load is determined as the minimum of two values,

which are functions of the geometrical and mechanical parameters of the element:

) nZEIy m?El,
N.. = min (53)

2 ’ 2
LO,y LO,Z

Here, E is the Young's modulus, Iy and I are the second moments of inertia about the principal
axes, and Ly is the effective length of the member.

From a design perspective, it is often more practical to express the critical load in terms of
stress. This can be achieved using the following formula:

N, {anpf, nZEpg} , {T[ZE nZE}
= min

o=——=min R —
2 g2 2 ' 92
A Lo_y Lo,z /1y Az

(54)

where A is the cross-sectional area, p is the radius of gyration, and A is the slenderness ratio,
defined as A = Lo/p. In the verification process, the slenderness ratio is taken as the maximum
value between the slenderness in the y-direction and the z-direction.

However, in structural design, the ideal bar assumption is rarely used, as it applies only to
elements with perfectly linear-elastic behavior and no geometrical imperfections. In reality,

structural members used in construction exhibit non-linear behavior, are limited by material
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strength, and are affected by mechanical and geometrical imperfections arising from
manufacturing and assembly processes. For an element with cross-sectional area A and no
imperfections, the critical load cannot exceed the value at which the section undergoes
complete plasticization, given by fyA, where fy is the yielding strength.

The stability curve, shown in Figure 50, represents the relationship between stress ¢ and

slenderness A.

Plastic collapse
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Figure 50: Strength domain tension-slenderness for compressed element [35]

The intersection of the Euler curve with the horizontal line corresponding to fy defines a point
P, whose abscissa is the proportionality slenderness Ap. This proportionality slenderness is

expressed as:

E
/1p =T E (55)

The value of Ap is critical for determining the type of structural failure. If A < Ap, the cross-
section reaches full plasticization due to strength failure. If A > Ap, elastic instability
phenomena dominate. When A = Ap, plastic and instability failures occur simultaneously.

Mechanical and geometrical imperfections are inherent in real structural elements and
significantly affect their bearing capacity. When an initial imperfection, such as a sinusoidal
deformed shape, is considered, the applied load N leads to an increase in deflection §, which
in turn amplifies the bending moment due to the eccentricity. The structural response, in terms
of load versus transverse displacement, corresponds to that of an ideal system with initial

imperfections. This response curve asymptotically approaches the critical load N, as the
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material exhibits elastic behavior, as illustrated in Figure 51(a). The deflection can be

approximated as a function of the initial imperfection:

N (56)

At midspan, the section is subjected to combined bending and compression, and the maximum

stress o 1s calculated as:

_N+N-6_N+N-60 1
TATTw TaTTw [N (57)
NCT'
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Figure 51: Definition of buckling capacity: (a) Load-transverse displacement behavior with initial imperfection and (b) state of
stress in midspan [35]
When the yielding stress is reached, the stiffness of the regions in the post-elastic field
decreases. This results in a gradual increase in flexural deformability after surpassing the
maximum strength Ny, which is lower than the critical load N¢.. A comparison between the
stress-slenderness curves of an element without imperfections and one with imperfections
reveals that the latter has a reduced bearing capacity. This reduction is attributed to the elasto-

plastic behavior and the presence of defects, as shown in Figure 52.
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Figure 52: Comparison of tension-slenderness curve with and without imperfection [35]

The plastic collapse to instability driven failure transition is subject to instability phenomena.
The transition takes place at 0.2Ap (not Ap), indicating the influence of imperfections and non-
linear behavior on the structural performance of the element.

According to Eurocode EC3 [35], the stability verification of a compressed element acting
under the axial force Ngq is satisfied, if the applied force does not exceed the bearing capacity

Nb,rd, given as:

Ngg < Nppra (58)

Buckling strength Ny ra is determined on the basis of the cross-section classification. For

sections classified as Class 1, 2 or 3, the buckling strength is given by:

f;
Npra = X+ A= (59)
Ym1
For Class 4 sections, it is expressed as:
fy
N =y A 2y
b,Rd erfy (60)

where A is the nominal cross-sectional area, Afr is the effective cross-sectional area, fy is the

yielding strength, 7 is the reduction factor, and ym: is the safety factor.

The reduction factor y takes into account the phenomena of instability and is calculated as:

1

RPN (o1

where:
¢ =051+ a(1—02)+ 217 (62)
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In this equation, a is the imperfection coefficient, which is determined by the chosen stability
curve (see Table 5). The stability curve depends on the type of cross-section, limits, axis of

instability, and steel quality.

Buckling curve ao a b c d
Imperfection factor a | 0.13 | 0.21 | 0.34 | 0.49 | 0.76

Table 5: Imperfection factor values in function of stability curve [35]

The relative slenderness A also depends on cross-section classification. For Class 1, 2, and 3

sections, it is given as:

_ A-
P (63)
NCT
For Class 4 sections, it is expressed as:
_ Agrre
1= [Aerrly (64)
NCT

where N¢; is the critical elastic force.

For the case reviewed, the stability curve for hot-finished circular hollow section (CHS) in
Table 6 is appropriate. The buckling curve is a with imperfection coefficient a = 0.21. This
establishes that the stability check relates to the attributes of the structural member in

question.

Buckling curve

Buckling | S 235

Transverse section Limits | S275 | 460
about axis | 355 | ©*°
S 420
Hollow sections Hot finished Any a a

Pr—

Table 6: Buckling curve for circular hollow sections CHS [35]
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5.2.3. Tensile Strength

The tension verification of a diagonal can be considered satisfactory if you do not exceed its

bearing capacity, N¢rd, as specified by the condition:
Ngg < Nira (65)

N¢raindicates the design plastic strength of the gross section, which does not take into account

any reductions for holes in the members. It is defined as:

A-f,

Ymo

Nira = (66)
where A is the gross cross-sectional area, fy is the yielding strength and ywmo is a safety factor
[35]. In the case currently being examined, we do not incorporate the safety factor ymo for the

sake of simplicity so that the tensile strength check can be more easily evaluated.

5.3. External Actions

In the analysis of structural behavior, the consideration of external actions is a fundamental
aspect that has to be taken into account. This thesis focuses on two primary external actions
applied to the structures considered: wind action, which will be elaborated upon in the
following sections, and a uniform horizontal load, essential for the type of analysis on which
this study is based, that The wind action, which will be elaborated upon in the following
sections, will be further detailed in the subsequent chapter, where its role in the analytical

framework and its implications for structural performance will be thoroughly examined.

5.3.1. Wind Load

In the context of tall buildings, wind load represents a critical factor in structural design, as it
induces a dynamic response that can significantly influence the overall behavior of the
structure. This is particularly evident in tall buildings with aerodynamic shapes that are highly
susceptible to wind action, where the interaction between the wind and the structure becomes
so pronounced that it alters the structural response itself, primarily due to substantial lateral

displacements. Wind loads generally produce two key effects on structures: aerodynamic and
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aeroelastic actions. As a result, the accurate assessment of wind loads on slender buildings
becomes a crucial aspect of the design process. To address this, various methodologies can be
employed; however, during the preliminary design phase, engineers often rely on practical
codes to estimate wind actions. It is important to note that the use of national regulations for
wind load evaluation is generally appropriate only for buildings where higher modes have a
negligible influence on the displacement response or when the design is still in its early stages,

where the geometry and structural properties of the building remain undefined [36].

5.3.2. ASCE 7-10 Procedure for Evaluating Wind Loads

In this chapter, the procedure for calculating the lateral load induced by wind on tall buildings
is presented, following the recommendations outlined in ASCE 7 - 10 [37]. This calculation
is essential for conducting the preliminary design of diagrid structures. The basic wind speed,
V, is assumed to be 40 m/s, corresponding to the conditions in New York, as previously
considered by Mele et al. [31] in their study of the Hearst Tower. The velocity pressure at a
given height, z, is determined using the following expression:
q, =0613-K, K, - K;-V? [12] for V in— (67)
m S

In this context, K4 represents the wind directionality factor, which depends on the type of
structure. For the main wind force-resisting system of enclosed and partially enclosed
buildings, ASCE 7 - 10 recommends a value of Kq=0.85. The term K. is the velocity pressure
exposure coefficient, while K is the topographic factor, which is assumed to be unitary in
this analysis. V denotes the basic wind speed. To determine the velocity pressure exposure
coefficient K, it is necessary to define the surface roughness and the corresponding exposure
categories. Assuming the building is located in an urban area, the exposure category is

classified as B, and K is calculated using the following expression:
2
VA a
K, =201- (Z—> [-]for15ft. <z < z, (68)
9

Here, z represents the height above ground level, while z; and a are parameters that depend

on the surface roughness and are provided in Table 7.
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Exposure | o | z[ft] | @ b a b c |I[ft]| € z..= [H*

B 70| 1200 | 1/7 10.84 | 1/4 | 0.45 | 0.30 | 320 | 1/3.0 30

*Zmin = minimium  height used to ensure that the equivalent height

Z is greater of 0.6h or z,,,;,,.

Table 7: Terrain exposure constant for definition of wind loads according to ASCE 7-10 [37]

Thus, the design wind pressure for the main wind force-resisting system of enclosed flexible

buildings can be expressed as follows:
N
p=q- G C—qi(GCp) [ﬁ] (69)

where q is the velocity pressure at height z, and q;i represents the internal pressure, which is
taken as q evaluated at z = h for safety considerations. The term Gr is the gust-effect factor,
G, 1s the external pressure coefficient, and GCy; is the internal pressure coefficient.

The determination of the design wind pressure for tall buildings is primarily dependent on the
definition of the gust-effect factor, as this relates to the interaction between the high-rise
building and the imposed wind effects. A crucial step in this process is the determination of
the fundamental frequency which is required to evaluate the dynamic response of flexible
buildings. For tall buildings (over 400 ft (122 m)), the fundamental frequency, ni, can be

approximately calculated with the following expression:
n, = — [Hz] (70)

where h is the total building height (in ft.), and 150 is a constant given in the relevant
standards.
For flexible buildings, the dimensionless gust-effect factor is determined using the following

equation:

1+ 1.712—\/g502 + ggRZ\
G, = 0.925 71
f 1+ 1.7g,1, / 71

where I; represents the intensity of turbulence at the equivalent height Z. The equivalent
height Z is defined as 0.6 h (with h in ft.), but it must not be less than zmin for any building

height h. The values of zmin and the constant ¢ are provided in Table 7.
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1

33\6
L=c(>) (72)

Z
The parameters gq and gy represent the peak factors for the background and wind response,

respectively, and are both assigned a value of 3.4. The peak factor for the resonant response,

gr, 1s determined using the following expression:

J21n (3600n,) + 0577
Jr = n n
® Y /21n (3600n,) (73)
The resonant response factor, R, is given by the following expression:
1
R = \/ERnRhRB(O.SB + 0.47R)) (74)
B 7.47N,;
n — 5 75
(1+10.3N;)3 (75)
nyL;
N, =—
LA (76)
1 1 1—e™2n >0
R ={n 2772( e™“") forn (77)
1 forn=20

In this context, the subscript 1 is used to represent h, B, and L, where B and L are the plan
dimensions measured perpendicular and parallel to the wind direction, respectively. The
fundamental natural frequency is denoted as ni, and the resonant response factor R; is defined

as follows:

- Ri=Ru when n= 4.6 nlh/Vz—;
- Ri=Rgp when n = 4.6 niB/V;;
- Ri=Ry whenn=4.6 niL/V;.

Here, B represents the damping ratio, which is assumed to be 1%, and V; is the mean hourly
wind speed (in ft/s) at the equivalent height Z. The constants b and @, which are required for

the calculation, are provided in Table 7.
a

7 =5(2) (Z)v 5] forzin feana vin mpn 78
z= b33 0 . or z in ftand V in mp (78)
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The background response, Q, is given by the following expression:

1
Q= 0.63

1+0.63 (B L“: h) (79)

where the term L; represents the integral length scale of turbulence at the equivalent height Z:

7 \E
L=1(5) (80)

Here, | and € are parameters listed in Table 7, which are essential for accurately determining

the background response and turbulence effects.

The internal pressure coefficient, GCpi, for enclosed buildings is taken as + 0.18. For safety

considerations, the sign that increases the wind pressure has been selected to ensure a

conservative design approach. Meanwhile, the external pressure coefficients, Cp, are provided

in Table 8 for buildings with a square plan.

Surface L/B Co Use with
Windward Wall All values 0.8 q.
Leeward Wall 0-1 -0.5 qn
Side Wall All values -0.7 qn

Table 8: External Wall Pressure Coefficients for main wind force resisting system [37]

It 1s important to note that design wind pressure is defined based solely on wind pressure
loading on the windward and leeward walls of the structure and disregarding the effect on the
side walls. This is a method commonly used in the design stage applying cautionary
simplifications around input loading applications for the most severe loading contribution
effects. In addition to the just described gravity loading, considering the torsional effects of
wind on high-rise buildings is a principle for accurate evaluation. The essential effect of the
torsional loading is considered by establishing an eccentricity of 15% of the plan dimension
(the perpendicular measurement to the loading direction). For a plan dimension of 30 m, this
suggests an eccentricity of e = 4.5 m.

For the four varied building heights (126 m, 168 m, 210 m, 252 m), the parameters discussed
above ie: wind pressure, turbulence, and structural response are detailed and presented in

Table 9.
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Calculation of wind load parameters accordind to ASCE for different building heights

Height - [m] 126 168 210 252

Velocity pressure exposure K, - 1,48 1.61 1,72 1.81

Fundamental natural frequency L] [Hz] 0,36 0,27 0,22 0,18

Intensity of turbulence I = 0,21 0,20 0,20 0,19

Peak factor for resonant response Gr = 3.94 3.87 3.81 3.76
Mean hourly wind speed at height Z Vs [ft/s] 97,78 105,07 11,10 116,28
Integral of turbulence Lz [ft] 626,83 68991 743.19 789.75

Reduced frequency Ny - 2.33 1,79 1.46 1,23

N - 7.06 6,57 6,21 593

Uj: - 1.68 1,17 0,89 0,71

M - 5,62 3,93 2.97 236

Ry = 0,13 0,14 0,15 0,15

Rp - 0,42 0,52 0,60 0.66

R, - 0.16 0,22 0,28 0,33

R, - 0,08 0,10 0,11 0,12

Resonant response factor R - 0,53 0,67 0,79 0.91

Background response factor Q = 0,80 0,79 0,78 0,77

Gust etfect factor for flexible buildings Gr - 0,93 0,97 1,01 1,05

Velocity pressure at height h Ah [N/m’] 123583 1341,70 1430,03  1506,50

Table 9: Calculation of wind load parameters according to ASCE for different building heights

As can be seen in Table 9, the gust-effect factor is increasing with height since wind forces
are more significant to the behavior of the taller building. As mentioned before, wind forces
are dynamic in nature, and therefore larger for taller structures.

The lateral load F and the torque moment MT values at each height within the building ranges
for the 168-m building can be seen in Table 10, where the height variable was calculated with
a step of 3.5 m as it corresponds to the interstorey height. This calculation process was much
the same as previous height data for the other structures. In particular, the maximum lateral
forces F at the top of the buildings reached the following values - 203 kN, 229 kN, 251 kN
and 273 kN for the 126-m, 168-m, 210-m, and 252-m buildings, respectively.
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5.3. External Actions

Wind-induced forces along the height of the 168-m tall building

35 155 700 88 210 946
7 163 735 91 211 950
10,5 169 760 95 212 955
14 173 779 98 213 959
17,5 177 795 102 214 964
21 180 809 105 215 968
245 182 821 109 216 972
28 185 832 112 217 976
315 187 842 116 218 980
35 189 852 119 219 983
38,5 191 860 123 219 987
42 193 868 126 220 991
45,5 195 876 130 221 994
49 196 883 133 222 998
52,5 198 890 137 223 1001
56 199 897 140 223 1005
59,5 201 903 144 224 1008
63 202 909 147 225 1011
66,5 203 915 151 225 1014
70 205 921 154 226 1018
73,5 206 926 158 227 1021
77 207 931 161 228 1024
80,5 208 936 165 228 1027
84 209 941 168 229 1030

Table 10: Lateral force and torque moment distributions for the 168-m tall building due to wind load

The lateral loads are assumed to be introduced to the structure without regard to the plan
shape, thereby providing a consistent analysis approach. The horizontal and torque actions
are converted to concentrated horizontal and torque loads in order to run the structural analysis
and are introduced at each rigid floor of the diagrid structure. It should be noted that for the
top floor of the building, wind force only comes from the wind pressure on the upper half of
the top module. Figure 53 demonstrates the distributions of the lateral force and torque
moment for the various height buildings. From observation of the figure, the lateral force and

torque moments have an increased magnitude with the increased height of the building. This
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increase shown with building height represents the significant effects to the lateral forces and
torque moments that wind generates, as they are applicable to the wind pressure and wind
dynamic interactions on the structure increase with building height. The trend of increased
lateral force and torque moment is an important consideration to assess when accounting for
wind loads on high-rise structures. Increased lateral forces and torque moments from wind
creates instability and dimensional performance concerns for taller structures when subjected

to horizontal loads.
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Figure 53: Forces distribution for different building heights due to wind action: (a) Lateral force F (b) Torque moment M

5.4. Strength- and Stiffness-Based Preliminary Design

This chapter presents the strength- and stiffness-based preliminary design developed in the

MATLAB environment to establish the geometrical properties defining each model's ability

to handle vertical and horizontal loads. The design parameters were able to meet the stiffness

and strength requirements and reduce the structural mass.

The structural analysis for the diagrid structures will be conducted using the Matrix-Based

Method (MBM) detailed in [30]. In order to conduct the structural analysis, it is necessary to
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define the initial parameter set needed for preliminary design and the MBM codes. The
diagrid models assume certain parameters will stay the same regardless of the building height,
diagonal angles, or floor plan: moduli of elasticity (E) for the diagonals, density (p) of the
steel, inter-story height, and total floor area. The values for the parameters are presented in

Table 11.

Inter-story height 3,5 m
Total floor area 900 m?
Diagonals' elastic modulus | 210 GPa
Steel density 7.8 ton/m3

Table 11: Main parameters of the diagrid buildings [38]

In the subsequent step, the geometry of the base module is defined based on the floor plan
shape (square, hexagonal, octagonal, or circular) and the number of intra-module floors. It is
further assumed that each module consists of diagonals with identical cross-sections. Since
the cross-sectional areas of the diagonals are required for the structural analysis, an initial
assumption is made during the preliminary stage: the cross-sectional area is set to 0.1 m? for
the base module and 0.01 m? for the top module, with linear interpolation applied to determine
the areas for the intermediate modules.

The resulting cross-sectional areas are then compared to a predefined vector of commercially
available cross-sections, as provided in handbooks of structural profiles. This ensures that the
analysis considers realistic cross-sections rather than fictitious ones. Specifically, Table 12
lists the circular hollow sections (CHS) used in this study, characterized by varying outer
diameters and thicknesses. These sections belong to classes 1, 2, and 3, as defined by
Eurocode 3. Sections classified as class 4, with a diameter-to-thickness ratio exceeding
90-235/1y, are excluded from consideration due to local instability issues, which cause failure
before the yielding resistance is reached, keeping the section in the elastic range. The sections

included in the analysis are sorted in ascending order based on their diameters and areas.
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CHS section [mm] [cm?] CHS section [mm] [cm?)
70 x 16 27 194 x 60 252
70 x 18 29 219 x 50 266
70 x 20 31 219 x 55 284
76 x 18 32 219 x 60 300
76 x 20 35 219 x 65 315
83 x 18 36 219 x 70 328
83 x 20 39 245 x 60 348
83 x 22 42 245 x 65 367
83 x 25 45 245 x 170 384
89 x 22 47 245 x 80 413
89 x 25 50 245 x 90 437
102 x 20 51 267 x 80 470
102 x 22 55 267 x 90 500
102 x 25 60 267 x 100 525
102 x 28 65 273 x 100 543
102 x 30 67 299 x 80 549
108 x 28 70 299 x 90 590
108 x 30 74 299 x 100 624
114 x 28 76 324 x 90 661
114 x 30 79 324 x 100 703
114 x 32 83 356 x 90 751
114 x 36 89 356 x 100 803
127 x 30 91 368 x 100 842
127 x 32 96 406 x 90 895
127 x 36 103 406 x 100 963
127 x 40 109 419 x 100 1002
127 x 45 116 457 x 90 1038
140 x 36 117 457 x 100 1122
140 x 40 125 508 x 90 1182
140 x 45 134 508 x 100 1282
140 x 50 141 559 x 90 1326
152 x 40 141 559 x 100 1442
152 x 45 152 610 x 90 1470
152 x 50 161 610 x 100 1602
159 x 45 161 660 x 90 1612
159 x 50 171 660 x 100 1759
159 x 60 187 711 x 100 1920
168 x 60 204 1620 x 40 1985
178 x 55 212 1820 x 36 2018
178 x 60 222 1820 x 40 2237
194 x 50 226 2020 x 36 2244
194 x 55 240 2020 x 40 2488
2220 x 40 2739

Table 12: Steel structural circular hollow section (outer diameter x thickness in mm) and area for diagrid structures [38]

Before conducting the analysis, it is essential to define another key input parameter: the load.

As established in Chapter 5.1, the vertical load is set at 4.125 kN/m?, derived from the
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combination of dead and live loads. Additionally, Chapter 5.3 provides the lateral forces (in
kN) and torque moments (in kNm) for each rigid floor.

Given the assumption in the MBM framework that intra-module floors are neglected, the
lateral actions are carried exclusively by the rigid floors. These actions are evaluated using an
isostatic distribution approach. Specifically, the resultant lateral force and torque moment for
each module are calculated as the sum of the lateral forces and torque moments acting on the
upper half of the lower module and the lower half of the upper module. An exception is made
for the top floor, when only half of the top module is considered. This ensures that the MBM
process is consistent and straightforward in evaluating lateral actions.

The diagrid design needs to fulfil overall stiffness and strength criteria. The strength of the
diagonals can be evaluated through the Demand Capacity Ratio (DCR), which is a measure
of the axial force that they can resist, representing their capacity. The DCR is therefore the
ratio of the design axial force through the diagonal and its strength. Since a diagonal can be

subjected to either compression or tension, the DCR is expressed as follows:

Nl if Ngg <0 (compression)
min (N¢,ra, Np,ra) o

DCR = N (81)
Ed . .
if Ngq > 0 (tension)

Nt,Rd

NEkaq 1s the axial load along the diagonal an identified by the MBM which is positive if it is in
tension and negative if it is in compression. The tensile and compressive strengths are defined
as Nyraand N¢ rarespectively, Equations (66) and (51). For compressed diagonals the buckling
strength was checked and defined by Ny rq as in Equation (59) due to the instability, multi-
axial loading of the comparison strength approaches. Finally, to present to the user in the
DCR, it should be noted that safety factors are extrapolated from the DCR; therefore, the DCR
is established across each diagonal in a diagrid module but the early iteration focuses on the
maximum DCR value for each module at a stage, which means the diagonals are at a
maximum use trend, resulting in reduced structural mass for the diagrid system.

The design method is comprised of three primary steps, providing a specific focus goal, as
established in Albitos et al. [38]

Step 1 — Initialization: For an assigned diagonal cross-section distribution, selection by the

user has occurred based on the initial cross-sectional areas of the base and top modules, and
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the structured module was analyzed with strength calculations in the MBM framework,
establishing the maximum DCR noted amongst the diagonals of the i-th module. The process
begins with the top module where each undersized diagonal cross-section area was account
for on each module, a refinement of the iterations were adjusted until a DCR > 1 was found;
this was a relevant application to influenced structural mass to the limit of the diagrid, this
could lead ultimately to a diagrid structure in a failure condition (unable to sustain the vertical
and horizontal applied loads).

Step 2 — Strength: This step is the opposite of the previous one, as the diagonal cross-
sectional area is increased rather than decreased to ensure the resistance of each module. The
process begins with the diagonal area distribution along the building height obtained from
Step 1. The DCR is then evaluated by performing structural analysis and strength calculations.
If the DCR exceeds unity, it indicates that the strength demand is not met, and the diagonal
cross-sectional area of the i-th module must be further increased until the DCR is less than or
equal to 1. This process is repeated iteratively for all lower modules, step by step.
Additionally, the top lateral displacement is checked at each iteration. If, at the end of Step 2,
the top displacement is lower than the target limit value, defined as H/500, the structure
satisfies both strength and stiffness requirements, and Step 3 does not need to be implemented.
However, if the top displacement exceeds the target limit, the preliminary design is
incomplete, and Step 3 must be performed to ensure global stiffness, as described in the
following section.

In summary, Step 2 defines a diagrid structure capable of withstanding external loads without
yielding or buckling issues for all diagonals in each module, while also verifying compliance
with stiffness requirements.

Step 3 — Stiffness: This step is executed only if Step 2 results in a structure that is excessively
flexible and deformable, as indicated by a top displacement exceeding the allowable limit.
Unlike the first two steps, the diagonal cross-sectional area is increased starting from the base
module to meet the stiffness requirements. The objective is to iteratively stiffen the structure
until the global top lateral displacement is reduced to within the target limit. However, for
highly slender and flexible structures, the final geometry may fail to satisfy the stiffness

demand due to the maximum allowable diagonal cross-sectional area, Amax = 0.2739 m?, as
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specified in Table 8. In such cases, the algorithm produces a structure with constant stiffness
along the building height, but this results in a significantly increased structural weight.
The entire iterative process is summarized in Figure 54. The flowchart, developed in [38], is

divided into four main parts: the definition of input parameters, the initialization step, the
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Figure 54: Flow chart of the preliminary design; DCR = Demand to capacity ratio, Swp= top lateral displacement, Jim = target limit

top lateral displacement value [38]
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6. CRITICAL LOAD ANALYSIS AND PROGRESSIVE
COLLAPSE OF DIAGRID SYSTEMS

This chapter outlines the methodology to determine the critical load factor of a diagrid system
and analyze its progressive collapse by removing elements exceeding buckling or tensile
strength. In particular, Chapter 6.1 offers an overview of the stability analysis of the diagrid
member, giving information about the critical load evaluation based on the elastic equilibrium
instability theory. Subsequently, in Chapter 6.2, the general principles of structural stability
analysis are explored, with a particular focus on the conditions and verification methods for
ensuring the stability of diagrid systems following the removal of multiple members. Chapter
6.3 presents the framework of the analysis developed in the MATLAB environment, based on
the preliminary design results obtained through the MBM approach discussed in the previous
chapter. Finally, Chapter 6.4 focuses on the validation of the analysis through a Finite Element

Method (FEM) simulation.

6.1. Stability Analysis of Diagrid Members

The instability of elastic equilibrium is a fundamental concern in the study of diagrid systems,
as these structures often rely on slender, interconnected elements to achieve their distinctive
geometric and structural efficiency [39]. In diagrid systems, the instability of elastic
equilibrium is not merely a localized issue affecting individual members but can propagate
through the entire structural framework due to the high degree of interdependence among the
elements. This phenomenon is particularly critical because diagrid systems are designed to
optimize material usage and reduce weight, which inherently leads to the use of slender beams
and rods that are more susceptible to buckling under compressive loads.

Based on this, the local instability of diagrid members under axial compressive forces can be
effectively analyzed using the simplified mechanical model depicted in Figure 55(a). This
model consists of two rigid rods connected by an elastic hinge with rotational rigidity £,
constrained at one end by a hinge and at the other by a roller support. When subjected to an
axial force N, the absolute rotation ¢ of the two arms is taken as the generalized coordinate,

and the total potential energy of the system is expressed as:
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W(p) = %k(Z(p)2 — 2NI(1 — cosg) (82)

The conditions of equilibrium are identified by imposing the stationarity of Equation 82:

W' (@) = 4k — 2Nlsing =0 (83)
from which we obtain the relation:
2k
- Ising (84)

which links loading condition and deformed configuration along the branch of equilibrium

presented in Figure 55(b).
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Figure 55: (a) mechanical system consisting of two rigid rods connected by an elastic hinge of rotational rigidity k, and constrained
at one end by a hinge and at the other by a roller support, loaded with an axial force N with generalized coordinate of absolute
rotation of the two arms g; (b) branch of equilibrium where the points of the upper sector represent conditions of instability, while
those of the lower sector represent conditions of stability [39]

The plane N — ¢ is thus divided into two sectors by the curve of Equation 84: the points of
the upper sector represent conditions of instability of the initial rectilinear form (¢ = 0), while
those of the lower sector represent conditions of stability. Starting from the initial condition
@ = N = 0, it will thus be possible to traverse, in a stable manner, the vertical segment of the
axis NV up to the point C (p = 0, N = N. = 2k /), then to deviate onto one of the two branches
of equilibrium of Figure 55(b). Alternatively, it would be possible to proceed along the
vertical axis beyond the branching point C, although, in this case, the equilibrium is of an
unstable type. The analysis presented above is valid only if the hypothesis of small
(negligible) displacements, which assumes that the cardinal equations of statics are evaluated
with respect to the undeformed structural configuration, is removed. By removing this
hypothesis, it becomes evident that the solution to an elastic problem can represent a condition
of stable, neutral, or unstable equilibrium, depending on the magnitude of the applied load.

Furthermore, around the condition of neutral equilibrium exists an infinite number of similar
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equilibrium states, each characterized by distinct static parameters (applied loads) and
kinematic parameters (system configurations) [39].

The previous formulation considers finite-amplitude displacements (nonlinear analysis).
However, for Eulerian instability problems, a linearized formulation is sufficient for
determining the critical buckling load. This implies writing the equilibrium equations with
respect to the deformed structural configuration, but assuming small-amplitude displacements
so that the equilibrium equations appear in linearized form; this allows investigating the
stability of elastic equilibrium.

For the sake of simplicity, in this thesis, the small displacement hypothesis is taken into
account, considering that the diagrid member is pinned at both ends and forms part of a diagrid
system. Under this framework, the load is increased incrementally until the critical point C is
reached, where the critical load factor A is determined. This marks the transition from stable
to unstable behavior, in fact, in Figure 56 is represented that up to point C, the equilibrium
curve is considered linear, reflecting the stability of the system, however, above point C, the
member is regarded as unstable, so no additional increment of the load is considered, and no

further analysis of the behavior of the member will be pursued within the scope of this study.
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Figure 56: Stability analysis of diagrid members under axial compressive forces, illustrating the division of the N-¢ plane into stable
and unstable regions

Adopting this methodology, the critical load factor is specified, giving an easier threshold for

the stability of the axial compressive loads on the diagrid member. This makes it easier to

consider such a simplification under real-world usage, as one can evaluate the conditions for

stability but still be able to explore the critical elements of the diagrid system in operation.
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6.2. Structural Stability Analysis, Conditions, and Verification Methods

From the perspective of Rational Mechanics, a one-dimensional structure can be
conceptualized as a system composed of rigid, non-deformable components that are
interconnected and anchored to the ground. Such a system may exhibit degrees of freedom,
characterizing it as a holonomic system, and its lability is determined by the number of these
degrees of freedom. Lability can be classified as external and internal. External lability occurs
due to a lack of external constraints given an insufficient number or placement for an
arrangement. For flat systems, the minimum number of simple constraints that must be
present is three. In spatial structures, the minimum is six. In addition to having a minimum
number of constraints, consideration to the organization of these constraints must be made to
avoid certain unfavorable arrangements. Internal lability occurs when the structure has a
lability of order greater than or equal to four, for flat systems, in the absence of any external
constraints, or greater than or equal to seven for spatial structures [40].

The word, isostatic, can be used to refer to a structure that is both non-labile and isostatic to
all reactions. A structure can be called isostatic for internal constraints if upon removing
external constraints, the body has only three degrees of planar motion associated with rigid
systems and isostatic with respect to all internal reactions. A structure can be named isostatic
for external constraints if it is non-labile and isostatic with respect to externally applied
constraints only. The latter assumes that any internal constraints are also rigid or fixed.

The term hyperstatic is generally used to describe a structure in which at least one reaction is
hyperstatic, meaning the structure is not isostatic with respect to all constraining reactions. A
structure is classified as hyperstatic due to external constraints when the number of external
constraints exceeds what is necessary to fully constrain a rigid body in either the plane or
space. In the same way, if there are internal constraints set in a structure, it is considered
hyperstatic, if, when the external constraints are removed, at least one reaction still remains
hyperstatic.

The order of hyperstaticity relates to the number of simple constraints the structure must
endure, which to be rendered isostatic with respect to all reactions, must have those simple
constraints removed. The order can be determined most directly according to its definition:
progressively remove the constraints until the structure is isostatic with respect to all

reactions. The number of simple constraints removed, or equivalent constraints, indicates the
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order of hyperstaticity. While the approach may sound simple, implementing the approach is
not easy, especially distinguishing whether a structure is isostatic. It is relatively easy to
identify whether a structure is isostatic for simple structures, however it is much more difficult
for more complex structures.

A general method, that can be used for plane systems and may be adapted to other cases, can
be applied for the evaluation of hyperstaticity. This method starts by removing all constraints,
external or internal, then exposing the structure to cuts along straight sections to break the
structure into parts. The parts are set so each component is isostatic because of the internal
constraints. In other words, these components are reduced into t single connected beams. This
reduction can occur in infinitely different ways, however the best reduction is the one that
minimizes ¢. After reducing the structure, it is made up of ¢ components (3t degrees of
freedom) since the ¢ parts can participate in planar motion. Once this is done, the structure is
isostatic. Now we need to put the constraints back on the structure to see the number of
constraints s of the equivalent simple constraints, which represents the maximum number of
degrees of freedom that those constraints can eliminate. This lets us systematically analyze
the hyperstaticity of the structure.

A constraint of order » eliminates » degrees of freedom or, equivalently, introduces r degrees
of hyperstaticity. Consequently, if we denote the order of lability of the structure by / and the
order of hyperstaticity by i, the total order of the constraints s introduced serves two purposes:
it eliminates 3¢ — [ degrees of freedom and introduces i degrees of hyperstaticity. This

relationship can be expressed as:

s=3t—-1+i (85)
Rearranging this equation, we obtain:
3t—s=1—1i (86)
From this, it follows that:
3t—s>0 (87)

It is sufficient for the structure to be labile; since in fact both / and i are positive, the condition
[ —i> 0 imports the other [ > 0.

This inequality is a sufficient condition for the structure to be labile. Since both / (the order
of lability) and i (the order of hyperstaticity) are positive, the condition / - i > 0 implies / > 0,

confirming the structure's lability.
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However, this condition is not necessary. It is possible for / — i <0 while / > 0, depending on
the value of i. In other words, a structure can simultaneously be hyperstatic and labile, with
the order of hyperstaticity i equaling or even exceeding the order of lability /.

From Equation (86) we can derive the following relationships:

[>3t—s (88)
i>s—3t (89)

From Equation (86) we also derive the condition

3t—s<0 (90)
that is sufficient for the structure to be hyperstatic.
Indeed, if / — i < 0, it implies i > 0, meaning the structure possesses hyperstaticity. However,
this condition is not necessary, as it is possible for / — i >0 while i > 0, depending on the value
of /. In such cases, the structure is both hyperstatic and labile, with the order of lability

equaling or exceeding the order of hyperstaticity.

The condition

3t—s=0 (91)
is necessary for the system to be isostatic.
The structure is labile if 3¢ - s > 0, and hyperstatic if 3¢ - s < 0. Then applying Equation (91),
we find that / - i = 0, therefore / = i = (. By definition, such a condition is sufficient for the
structure to be isostatic since it is with neither labile nor hyperstatic.
Regarding calculating the degrees of freedom of constraints eliminated, the case of an internal
hinge with n beams converging will be examined. Such a hinge will eliminate the relative
motion between the beams in a systematic manner. Namely, it will eliminate two degrees of
freedom of relative motion between the first and second beams, another two between the first
and third beams, and so on. In general, the total number of degrees of freedom eliminated by

the hinge is:

2(n—1) (92)

This result arises because the hinge constrains the relative motion of each additional beam

with respect to the first beam, and there are n — / such additional beams. Consequently, the

102



6. CRITICAL LOAD ANALYSIS AND PROGRESSIVE COLLAPSE OF DIAGRID
SYSTEMS

hinge effectively reduces the system's overall degrees of freedom by 2(n — 1), which must be
accounted for in the structural analysis [40].

In the case of lattice structures, including diagrids, all beams are connected by hinges that can
be considered spherical. As a result, each beam functions as a hinge. When the loads are
concentrated at the nodes (i.e., on the hinges), the beams are subjected exclusively to axial
forces. However, for analytical convenience, it is often useful to reverse the roles of nodes
and rods. In this perspective, the nodes are treated as point-like bodies, each possessing 2
degrees of freedom in the plane (or 3 in space), while the rods are regarded as simple internal
constraints that regulate the relative distance between two nodes. Based on this framework,
we can establish the relationship between the number of nodes N, and the number of rods N,.
If N. represents the number of simple external constraints, the system will be statically and
kinematically determinate (assuming the constraints are properly arranged, which is a
sufficient condition) when the total number of constraints N; + N, equals the total degrees of
freedom of the system [41].

This condition leads to the following relationships:

In the plane:
N, — N, = 2N, (93)
In space:

N, — N, = 3N, (94)

As discussed in Chapter 6.1, when a member reaches its critical load and enters the buckling
condition, it is no longer considered in the structural analysis. To account for this, the member
is effectively removed from the geometry of the structure. This removal leads to a reduction
in the total number of members, which in turn alters the structural system's degree of
hyperstaticity or stability.

By combining Equation (94) with Equation (89), the degree of hyperstaticity i of the diagrid
structure can be expressed as:

i =N, +N,—3N, (95)

This equation provides a direct measure of the hyperstaticity of the structure.
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When rods are removed from the geometry of the structure, the number of internal constraints
N decreases, leading to a reduction in i. If the removal of rods continues to the point where
the condition:

i<0 (96)
is satisfied, so the system becomes labile.
In this case, Equation (87) now represents both a necessary and sufficient condition, since the
inequality / — i < 0 holds only if / > 0; that is, the system has positive lability and, therefore,
is no longer stable.
On the other hand, the system is defined as non-labile as long as the condition i < 0 is not
satisfied, assuming the constraints are well placed (a sufficient condition), and thus the
structure has maintained enough constraints to be stable even as rods are removed.
However, the condition of well-placed constraints cannot always be guaranteed. Additionally,
certain load conditions or structural geometries may still render the system globally unstable,
even if the constraints appear sufficient. To address these challenges and ensure structural

stability and safety, two key verifications are typically employed:

- Limit State Verifications on Maximum Lateral Displacement;

- Demand Capacity Ratio (DCR).

Both of these methods are powerful options when controlling global instability and ensuring
the structural performance of systems.

The first verification method involving the limit state of maximum lateral displacement is
based on the NTC 2018 [6], which provides standard (regulation) provisions to limit the
maximum allowable displacements and therefore cease structural instability. More
specifically, for tall buildings, the ratio defined as the maximum allowable horizontal
displacement is defined as the maximum absolute horizontal displacement over the total
height of the building where this ratio must not be greater than //500 based on the NTC 2018.
By limiting lateral displacements, the deformation of the structure remains within an accepted
limit, such as preventing global instability events like the development of a progressive
collapse mechanism, etc. When maximum lateral displacement is limited, the applied lateral
loads, such as wind or seismic loads, are within the structure’s resistance capacity limits,

ensuring structural integrity and usability while maintaining global stability.
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The second verification method is the Demand Capacity Ratio (DCR) method which falls
under guidelines of standards such as the GSA UFC [42]. The DCR is a tool to evaluate the
structural performance of various structural elements under extreme events, such as the instant
removal of a column in a specific scenario. The DCR is defined as the ratio of the acting force
(bending moment, axial force, shear force, or combined) in the structural element and the
element’s resistance to that acting force.

A structural element is considered to have failed if its DCR exceeds the following thresholds:

- 2.0 for typical structural configurations.

- 1.5 for atypical structural configurations.

The DCR for structural components is calculated using the formula:

DCR = @ (97)

CE

where:

- Qup is the acting force in the component or connection/joint, determined after the
instantaneous removal of a column. This force can include bending moments, axial forces,
shear forces, or a combination of these.

- Qck is the expected ultimate, unfactored capacity of the component or connection/joint,

considering the same forces (moment, axial force, shear, or combined forces).

If the DCR remains within these limits, the stability of the building is guaranteed. The reason
for this is that the DCR is the actual and direct measure of the structure's capacity to resist
extreme loading conditions, such as the abrupt removal of a load-bearing member. Complying
the DCR limit ensures that structural members have adequate reserve capacity, to prevent
local failure which would lead to progressive collapse. Additionally, ensured compliance with
DCR limit ensures stresses, during extreme conditions, remain low enough to preserve
structural capacity and system function.

Achieving stability for the removal of one or more members requires that all the verification
conditions achieved are verified at the same time. Each verification like complying to the
systems non-labile condition, controlling the maximum lateral displacement, and complying

with the DCR all address specific aspects of the structure's behavior, but separately and in a
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way that is complementary to the other verification conditions to arrive at a total stability
assessment.

These verification conditions are neither interchangeable or substitutes of each other, as each
answer focuses on a different dimension of structural behavior. In the case of structural
behavior, the non-labile condition ensures a stability exist for the system, control of lateral
displacements ensure that the maximum deformations do not lead to states of instability, and
DCR verification ensures that each member has adequate capacity preserved to counter a local
failure or limit progressive collapse.

If any one of these conditions is not verified, safety and structural stability have been
compromised; an aspect of the structure's behavior would have been unaccounted for.
Therefore, only when all conditions are satisfied concurrently can the structure be said to be

safe and stable under worst-case scenarios such as abrupt removal of load bearing elements.

6.3. Methodology

The methodology consists in the evaluation of the critical load factor of the diagrid system
and the subsequent analysis of progressive collapse scenarios. This involves determining the
critical member most at risk of failure, simulating its removal, and iteratively reanalyzing the
structure to assess its stability and performance under reduced hyperstaticity.

The proposed procedure is implemented within the MATLAB environment and employs the
matrix-based method (MBM) described in detail in [30] to perform the structural analysis of
diagrid structures. The matrix-based method (MBM) allows for identifying axial forces,
displacements, and demand-capacity ratio (DCR) for each member throughout the analysis,
as well as updating both the stiffness matrix and the geometry for progressive collapse
analyses.

Chapter 5.4 explores the process of Strength- and Stiffness-Based Preliminary Design, and
the output of the structure provided will meet the characteristic constraints of strength and
stiffness while also maximizing the overall efficient use of the diagrid system's diagonal
members and minimizing the total weight of the structure. The result is the input for the
analysis of the critical load to reach structural instability, as well as to identify the most critical
member or stressed member. In the preliminary design stage, the consistent loading is at

vertical and lateral load factors. The vertical load (see Chapter 5.1) was defined as 4.125
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kN/m? and an equally distributed arbitrary weight over each rigid floor of the structure in this
study, while the lateral wind loads applied as concentrated loads are spread over the vertical
members of the diagrid structures considered. For all the models in Tables 1 - 4, the initial
lateral loads applied were for uniform concentrated loads spanning the height of the structure.
More specifically, all lateral forces in this study will consist of a constant uniform lateral load
of 1 kN lateral load for all models, and it will be combined with the respective preliminary
design vertical loads, and will provide the base loading for all systems analyzed in this study.
Once the input lateral force is established, the axial forces for each member in the diagrid
structural system are developed using Equation (46). The axial loads are calculated for the
diagrid member cross-sectional area compiled from the preliminary design. The axial loads
from this calculation will either be in compression (negative forces) and tension (positive
forces) and then be compared with their respective resistance values based on the strength
criteria established in Chapter 5.2. At this point, the demand-capacity ratio (DCR) will also
be calculated based on the loads examined in this study. The DCR is a key metric for assessing
structural performance under extraordinary events, and it is a key parameter for the
progressive collapse analysis, which will be discussed in detail in the second step.

To conclude the first part of the procedure, the primary task of this work is to find the critical
load factor that causes the structure to be unstable due to buckling. In comparing the axial
compression forces with the compressive strength, only the buckling instability for members
in compression is considered, as given in Equation (59). For members subjected to tension,
the tensile strength of the member is used to note that before reaching the critical buckling
compression value, the member still does not exceed its tensile strength. This condition is
rare, as the buckling compression value was determined with respect to a factor that reduces
the resistance of the members due to instability found in compression, therefore resulting in
a lower resistance value. However, due to some load and geometry configurations, it is still
possible that the tensile strength will be exceeded first. In these situations, this analysis has
become unreasonable, and different assumptions or methods must be chosen in order to
examine the case adequately.

Subsequently, a conditional statement is used to determine if the critical buckling load in

compression or the tensile strength in tension has been exceeded.
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In order to do this, we perform a force-controlled analysis of the diagrid system until the
member strength or capacity is exceeded, whilst we linearly and uniformly increase the lateral
force applied to the diagrid system by a specified chosen value, which in this study is 0.1 N
in order to create a balance of sufficient accuracy and computational speed, allowing us to
complete our calculations accurately and in an efficient manner. This process corresponds to
moving along the linear branch shown in Figure 56. At which time the axial force in the
member reaches its critical value in compression, then the following ratio defines the first
critical load A, causing the instability behavior in the structure for the applied force to the
critical force. Also suitable to note, at this point, the most heavily loaded member in the entire
system is identified by element and module number, thus, two important inputs to our next
analysis, critical load and critical member, are given.

The second aim of this thesis is to model the progressive collapse of the diagrid structure due
to the buckling instability of its members. To achieve this, the two outputs from the previous
analysis, the critical load and the critical member, are used as inputs. More specifically, once
the critical load has been determined, it is multiplied by the lateral force to create the critical
structural condition for instability and capacity.

Following the hypothesis outlined in Chapter 6.1, the critical member is considered as
unstable and is therefore excluded from further analysis, hence, no additional load increments
are applied, and the behavior of the critical member is no longer evaluated.

To take into account these considerations, the geometry of the diagrid system is updated,
reducing the degree of hyperstaticity. The area of the critical member is also set to zero.
Hence, we can calculate a new stiffness matrix to find the new equilibrium in the structure,
allowing us to calculate the new displacements and axial forces in the remaining members.
After a critical member is removed, a linear static analysis is performed again under the same
critical load, and a new critical member appears. This process continues until one of the
stability conditions defined in Chapter 6.2 is no longer met. Each time a new critical member
is found, a plot of the structure is generated, and the critical member is highlighted in the plots
so that it is easy to visualize the output from an iteration. In addition to the plot, an Excel
sheet is created as an output table that contains the displacements in the x, y, and z directions,
and the torsional rotation of each member; this output represents the performance of the

overall structure. The table also contains the axial force (tension or compression) present in
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each member to identify, if calculated, the associated Demand-to-Capacity Ratio (DCR) for
each critical member.

The outputs, displacements, DCRs and reductions in the degree of hyperstaticity will
represent the global stability analysis of the diagrid system.

There will be an instantaneous increase in the displacements and DCR of the remaining
members during the process of removing critical members. Therefore, if the system, or the
degree of hyperstaticity, becomes isostatic, or less hyperstatic, the structure's global stability
should still be checked to confirm the system does not become unstable in the iterative
processes of removing critical members. The stability conditions outlined in Chapter 6.2 were
used to validate this process.

For uniform-angle diagrid systems, the limit for the DCR remains 2, and for non-uniform-
angle diagrid systems, the limit is 1.5. As for displacements, for both uniform-angle and non-
uniform-angle diagrid systems, the limit for maximum allowable displacement is H/500,
where H is the height of the structure. These two conditions, with non-lability, are maintained
during the reduction of the degree of hyperstaticity, and as soon as one condition is no longer
satisfied, the iterative process will stop, and the structure can be considered stable from this
iterative analysis.

The entire iterative process is illustrated in Figure 57, which presents a flowchart divided into
three main sections, including the definition of input parameters, the critical load factor
determination step, and the progressive collapse analysis step, each representing a key phase

of the methodology.
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6.4. Validation of the Methodology

This chapter validates the proposed methodology of the MATLAB code analysis by
comparing it to a Finite Element Method (FEM) analysis. The goal of the validation is to
confirm the accuracy of the methodology in finding the critical load factor, the critical
members, and the axial forces in the members. The top lateral displacement of the structure
is also analyzed to confirm agreement with the results as well.

The chapter is organized as follows: Section 6.4.1 which includes a description of the FEM
analysis setup, including modeling assumptions, boundary conditions, and the iterative
procedure for validating the MATLAB methodology. Section 6.4.2 provides a comparative
analysis of the results, to confirm that the members considered critical by the MATLAB
analysis agree with the members deemed critical by the FEM approach, in terms of axial

forces in the critical members and the lateral top displacements of the entire structure.

6.4.1. FEM Analysis Model and Assumptions

To validate the MATLAB code analysis, a Finite Element Method (FEM) analysis was
conducted using a simplified diagrid structure with a height of 126 meters, consisting of six
modules, each composed of 24 elements. The structure features a square floor plan, with each
member inclined at 76°. The FEM model was defined with the same geometry, cross-sectional
areas, and material properties for each member as specified in Table 13(a). A rigid shell
surface was incorporated to simulate the rigidity of the intra-module floors, with its geometry
and material properties defined in Table 13(b). The applied loads were identical to those used
in the MATLAB code, including a constant lateral force applied at each extremities node
along one edge of the structure in order to have an eccentricity that simulates the same torque
moment applied on each floor in the MATLAB model.

For the first goal, the critical load, as well as the most critical member, were determined using
a linear buckling analysis of the FEM model. This falls in line with the linear elastic
assumptions that were taken in the MATLAB analysis. Once that this was done, to start on
the second goal, the most critical member was removed from the FEM analysis and a new
static analysis was conducted with only the critical load applied (all loads were multiplied by

the buckling critical load factor). In the FEM model, the axial force which the removed
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member had previously carried was redistributed to the nodes it was connected to so that the
physical presence of the member was considered, but it no longer had load-bearing capacity.
Since the MATLAB did not allow any further increments of axial force in the removed

member, this solution reflects that approach.

Diagonal Member Rigid Floor
Cross-Sectional Area [mz] 0,27395 R
5 Thickness [m~] 0,05
Diameter [m~] 0,04
Young Modulus [Mpa] 210E6
Young Modulus [Mpa] 210E10
Weight [ton/m’] 7.8

(a) (b)

Table 13: Geometric and material properties of the diagrid structure for FEM validation; (a) diagonal members; (b) rigid floor)

The iterative process continued until one of the stability conditions specified in the study was
not met consecutively for a member. The process in the FEM analysis replicated the process

that was used in the MATLAB code in an iterative manner, further validating the results.

6.4.2. Results Comparison

In this section, the results obtained from the MATLAB code analysis are compared with those
derived from the Finite Element Method (FEM) analysis to validate the accuracy and
reliability of the proposed methodology. The comparison focuses on three key aspects: first
and foremost, verifying that the critical elements and their order of identification are
consistent between the MATLAB analysis and the FEM analysis. Additionally, the axial
forces in the most critical members and the global lateral displacements of the structure are
evaluated. The MATLAB analysis is fully detailed in Figure 58, while Figures 59 through 65
present the FEM results, specifically the identification and order of the critical elements along
with their corresponding axial forces. Finally, a comparison is made between the axial force

values and the top lateral displacement, as shown in the graphs in Figures 66(a) and 66(b).

112



6. CRITICAL LOAD ANALYSIS AND PROGRESSIVE COLLAPSE OF DIAGRID
SYSTEMS

26-m t ystem
arizing load
Je f (¥ (iop) for ion; (2-7) stru tfigu
f the critica (red) an (blue)

113



6.4. Validation of the Methodology

Analysis: Analysis 1

Loadcase: 1:Loadcase 1, 1:Mode 1 Load Factor = 34.1686
Results file: 01_Diagrid 36_UA~Analysis 1.mys
Eigenvalue: 34,1686

Load factor: 34,1686

Amplification factor: 1,03015

Error norm: 0,133884E-3

Entity: Force/Moment - Thick 3D Beam

Component: Fx (Units: kN)

-63,7825E3
-47,8369E3
-31,8913E3
-15,9456E3
0,0
15.9456E3
31,8913E3
47,8369E3
63,7825E3

Maximum 71,7544E3 at node 9 of element 19
Minimum -71,7563E3 at node 2 of element 2

Figure 59: FEM linear buckling analysis of the 126-m tall diagrid system, showing the axial force (Fx) distribution and identification

of the critical load factor and first critical member

Analysis: Analysis 2

Loadcase: 2:Loadcase 2

Results file: 02 Diagrid 36 UA~Analysis 2.mys
Entity: Force/Moment - Thick 3D Beam
Component: Feature extreme of Fx (Units: kN)

-81,4165E3
-72,3703E3
-63,324E3

-54,2777E3
-45,2314E3
-36,1851E3
-27,1388E3
-18,0926E3
-9,04628E3

Maximum -233,913 at line 137
Minimum -81,6505E3 at line 4

Figure 60: First static analysis after the removal of the first critical member, highlighting the axial force redistribution and

identification of subsequent critical member
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Analysis: Analysis 3

Loadcase: 4:Loadcase 3

Results file: 02 Diagrid 36 UA~Analysis 3.mys
Entity: Force/Moment - Thick 3D Beam
Component: Feature extreme of Fx (Units: kN)

-860,2128E3
-73,8967E3
-61,5806E3
-49,2645E3
-36,9484E3
-24,6322E3
-12,3161E3
0,0
12,3161E3

Maximum 20,3094E3 at line 42
Minimum -90,5357E3 at line 5

Figure 61: Second static analysis after the removal of the second critical member, highlighting the axial force redistribution and

identification of subsequent critical member

Analysis: Analysis 4

Loadcase: 5:Loadcase 4

Results file: 02 _Diagrid 36 UA~Analysis 4. mys
Entity: Force/Moment - Thick 3D Beam

Component: Feature extreme of Fx (Units: kN)

-90,6577E3
-77,7066E3
-64,7555E3
-51,8044E3
-38,8533E3
-25,9022E3
-12,9511E3
0,0
12,9511E3

Maximum 13.4795E3 at line 11
Minimum -103,08E3 at line 13

Figure 62: Third static analysis after the removal of the third critical member, highlighting the axial force redistribution and

identification of subsequent critical member
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Analysis: Analysis 5

Loadcase: 6:Loadcase 5

Results file: 02 Diagrid 36 UA~Analysis 5.mys
Entity: Force/Moment - Thick 3D Beam
Component: Feature extreme of Fx (Units: kN)

-109,665E3
-95,957E3
-82,2488E3
-68,5407E3
-54,8325E3
-41,1244E3
-27.4163E3
-13,7081E3
0.0

Maximum 8,00783E3 at line 18
Minimum -115,365E3 at line 15

Figure 63: Fourth static analysis after the removal of the fourth critical member, highlighting the axial force redistribution and

identification of subsequent critical member

Analysis: Analysis 6

Loadcase: 7:Loadcase 6

Results file: 02 Diagrid 36 UA~Analysis 6.mys
Entity: Force/Moment - Thick 3D Beam
Component: Feature extreme of Fx (Units: kN)

-130,397E3
-114,098E3
-97,798E3
-81,4983E3
-65,1987E3
-48,899E3
-32,5993E3
-16,2997E3
0,0

Maximum 13,4193E3 at line 8
Minimum -133.278E3 at line 17

Figure 64: Fifth static analysis after the removal of the fifth critical member, highlighting the axial force redistribution and

identification of subsequent critical member
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Analysis: Analysis 7

Loadcase: 2:Loadcase 2

Results file: 01 _Diagrid 36_UA~Analysis 7.mys
Entity: Force/Moment - Thick 3D Beam

Component: Feature extreme of Fx (Units: kN)

-142,142E3
-124,374E3
-106,607E3
-88,8388E3
-71,071E3
-53,3033E3
-35,5355E3
-17,7678E3
0,0

Maximum 13,4193E3 at line 8
Minimum -159,526E3 at line |

Figure 65: Sixth static analysis after the removal of the sixth critical member, highlighting the axial force redistribution and

identification of subsequent critical member

Axial Load Comparison Top Displacement Comparison

165 0,058

__ —* FEM Results —e— FEM Results
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—o— MATLAB Results —o— MATLAB Results
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Figure 66: Comparison of results between FEM and MATLAB analyses for the 126-m tall diagrid system; (a) Axial load values
across iterations; (b) Top lateral displacement (6p) across iterations

The FEM analysis validates that the most critical members identified in the MATLAB

analysis were in fact those obtained via the FEM analysis. It has been shown that the critical

load factor produced through the linear buckling analysis matches the critical load factor of

the MATLAB analysis with a percentage change of 0.17%. Additionally, the results of the

comparison show a strong level of congruence between the MATLAB and FEM analyses

because the percentage change between the axial forces of the most critical members as well
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as the top lateral displacements is less than 3%, in both cases. These two percentages needed
to be assessed because it was important to ensure that any differences between the two
analyses had minimal deviation from one another. In this case, the findings confirmed the
functionality of the MATLAB method, and the ability to capture the structural response of the
diagrid system. In addition, the close alignment of results also provided further confidence in
the assumptions and simplifications employed while conducting the MATLAB analysis and
consequently helped ensure the assumptions did not compromise the outcomes. In the next

Chapter, the final outcomes of this thesis will be presented and discussed in further detail.
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7. RESULTS
7.1. Results Introduction

This chapter presents the results obtained through the methodology described previously,
developed within the MATLAB environment. The diagrid systems analyzed in this study are
based on the solutions identified by Albitos et al. in [38]. These solutions were selected due
to their optimal performance in terms of structural efficiency, torsional stiffness, and
construction feasibility, as outlined in the multi-response framework discussed earlier. By
focusing on these configurations, the analysis ensures consistency with the established
methodological framework.

A total of sixty diagrid systems, including both uniform-angle and varying-angle
configurations, were analyzed in detail. However, only eight of these systems, four uniform-
angle and four varying-angle, were fully represented in terms of plotted results. These eight
systems, one for each building height (126 m, 168 m, 210 m, and 252 m), were chosen from
Tables 1 — 4 as the ones yielding the best results in the study. For these configurations, the
results are comprehensively presented, including both the identification of the critical load
factor and the progressive collapse analysis, as explained in detail in the previous chapter.
For the remaining configurations, while they were analyzed in detail, only a comparison of
the Demand-to-Capacity Ratio (DCR), the most critical parameter defining instability during
the progressive collapse analysis, is plotted. This comparison is presented separately for all
uniform-angle diagrids from Tables 1 — 4 and for all varying-angle diagrids from the same
tables.

Regarding displacements, it is important to note that they never emerged as a driving
parameter for identifying instability conditions. Differently from the DCR, displacement
values were always verified and remained within acceptable limits throughout the analysis.
Consequently, there is no interest in plotting displacement results, as they do not provide

additional insights into the structural behavior or stability of the diagrid systems.
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7.2. Results for Uniform-Angle Diagrid Systems

The following section presents the detailed plots for the four uniform-angle diagrid systems
selected from Tables 1 — 4. These configurations represent the optimal solutions for each

building height, as identified in the study. The selected solutions are the following:

126-m tall diagrid: Solution 4908 (O3)

168-m tall diagrid: Solution 23936 (C2)
210-m tall diagrid: Solution 41107 (02)
252-m tall diagrid: Solution 46370 (H2)

For each solution, the results are organized into two main figures in order to provide a
comprehensive understanding of the structural behavior of the selected uniform-angle diagrid
systems, identifying the critical load factor and highlighting their performance under

progressive collapse conditions and the critical parameters influencing their stability:

1. Structural Overview and Member Properties:

The first figure provides an overview of the diagrid structure configuration (subfigure a) and
a table (subfigure b), summarizing key geometric and structural properties, such as the
slenderness ratio, the number of intra-module floors, and, for each module, the member

inclination and cross-sectional area.

2. Critical Lod Factor and Progressive Collapse Analysis:

The second figure focuses on the progressive collapse analysis. Subfigure (1) highlights the
first critical member identified during the analysis, while subfigure (a) presents a table
summarizing the critical load factor (A) and the results of each iteration. The table includes
the iteration number, the critical member removed, the corresponding axial force, the
decrement in the degree of hyperstaticity, the DCR value, and the top displacement. Below
the table, subfigures (2 — n. of iterations) illustrate the diagrid configurations with the
progressive removal of the most critical members, providing a visual representation of the

structural changes during each iteration.
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Diagrid Structure Solution 4908 (03) — 126-m Tall Diagrid with Octagonal Floor Shape

‘ * Slenderness Ratio 42
| Number of Intra-Module 12
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Figure 67: Structural overview and member properties of the 126-m tall diagrid system (Solution 4908 (03)) with octagonal floor
shape, (a) Diagrid structure configuration; (b) Table of the properties, including slenderness ratio, number of intra-module, member

inclination, and cross-sectional area for each module
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Figure 68: Buckling and progressive collapse analysis of the 126-m tall diagrid system (Solution 4908 (03)) with octagonal floor
shape and uniform angles, (1) initial critical member identification; (a) table summarizing the critical load factor (1), critical
member removed, axial force, degree of hyperstaticity (i), DCR, and top displacement (Jwp) for each iteration; (2—7) structural
configurations during each progressive collapse iteration, highlighting the removal of the critical member (red) and previously

removed members (blue).
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Diagrid Structure Solution 23936 (C2) — 168-m Tall Diagrid with Circular Floor Shape
Slenderness Ratio 5,6
160 Number of Intra-Module 24
Module n. Member Inclination Member Area [m’]
1 56° 0,2739
0 2 56° 0,2739
3 56° 0,2739
120 4 56° 0,2739
5 56° 0,2739
6 56° 0,2739
100 7 56° 0,2739
E 8 56° 0,2739
£ a0 9 56° 0,2739
? 10 56° 02739
11 56° 0,2739
60 12 56° 0,2739
13 56° 0,2739
40 14 56° 0,2739
15 56° 0,2739
16 56° 0,2739
20 17 56° 0,2739
18 56° 0,2739
19 56° 0,2739
o 20 56° 02739
21 56° 0,2739
22 56° 0,2739
23 56° 0,2739
24 56° 0,2739
(a) (b)

Figure 69: Structural overview and member properties of the 168-m tall diagrid system (Solution 23936 (C3)) with circular floor
shape, (a) Diagrid structure configuration; (b) Table of the properties, including slenderness ratio, number of intra-module, member

inclination, and cross-sectional area for each module
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Collapsed Element 13 Module 24

7.2. Results for Uniform-Angle Diagrid Systems

Results of the solution 23936 (C2) — 168-m Tall Diagrid with Circular Floor Shape, Uniform Angles and Member Areas

Critical Load Factor r=75.110
Iterations n. Critical Member |Axial Value| [kN] i DCR Bypp [m]
1 Element_13_Module_24 75335.40 5 1,00 0,042
3 2 Element_24_Module_24 83857,09 4 L1l 0,043
=
2>
=
3 Element_2_Module_24 8639041 3 115 0,044
4 Element_I1_Module_24 95014,34 2 126 0,045
5 Element_22_Module_24 115686,87 1 1,54 0,047
6 Element_15_Module_24 127557,06 0 1,69 0,049
7 Element_4_Module_24 141247,76 | 1,87 0,051
m @
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Figure 70: Buckling and progressive collapse analysis of the 168-m tall diagrid system (Solution 23936 (C3)) with circular floor

shape and uniform angles; (1) initial critical member identification; (a) table summarizing the critical load factor (1), critical

member removed, axial force, degree of hyperstaticity (i), DCR, and top displacement (Jwp) for each iteration; (2—7) structural

configurations during each progressive collapse iteration, highlighting the removal of the critical member (red) and previously

removed members (blue).
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Diagrid Structure
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Figure 71: Structural overview and member properties of the 210-m tall diagrid system (Solution 41107 (02)) with octagonal floor

Solution 41107 (02) — 210-m Tall Diagrid with Octagonal Floor Shape

Slenderness Ratio 7
Number of Intra-Module 30
Module n. Member Inclination Member Area [m’]
1 56° 02739
2 56° 0,2739
3 56° 02739
4 56° 0,2739
5 56° 0.2739
6 56° 02739
7 56° 0,2739
8 56° 02739
9 56° 0,2739
10 56° 0,2739
11 56° 0,2739
12 56° 0,2739
13 56° 02739
14 56° 02739
15 56° 0,2739
16 56° 0,2739
17 56° 0,2739
18 56° 0,2739
19 56° 0,2739
20 56° 0,2739
21 56° 0,2739
22 56° 0,2739
23 56° 02739
24 56° 0,2739
25 56° 0,2739
26 56° 0,2739
27 56° 0,2739
28 56° 0.2739
29 56° 0,2739
30 56° 0,2739
(b)

shape, (a) Diagrid structure configuration; (b) Table of the properties, including slenderness ratio, number of intra-module, member

inclination, and cross-sectional area for each module
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Results of the solution 41107 (02) — 210-m Tall Diagrid with Octagonal Floor Shape, Uniform Angles and Member Areas

7.2. Results for Uniform-Angle Diagrid Systems

Critical Load Factor A=73.080
Iterations n. Critical Member |Axial Value| [kN] i DCR Byop [m]
1 Element_13_Module_24 7533540 5 1,00 0,055
2 Element_24_Module_24 8417295 4 1,12 0,056
3 Element_2_Module_24 87262,71 3 1,16 0,057
4 Element_11_Module_24 96116,74 2 128 0,059
5 Element_22_Module_24 109505,08 1 145 0,061
6 Element_15_Module_24 13182486 0 1,75 0,063
a Element_4_Module_24 144641,08 -1 1,92 0,065
(@)
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Figure 72: Buckling and progressive collapse analysis of the 210-m tall diagrid system (Solution 41107 (02)) with octagonal floor

shape and uniform angles; (1) initial critical member identification; (a) table summarizing the critical load factor (1), critical

member removed, axial force, degree of hyperstaticity (i), DCR, and top displacement (diop) for each iteration; (2-7) structural

configurations during each progressive collapse iteration, highlighting the removal of the critical member (red) and previously

removed members (blue).
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7. RESULTS

Solution 46370 (H2) — 252-m Tall Diagrid with Hexagonal Floor Shape

Diagrid Structure

Slenderness Ratio 8.4
Number of Intra-Module 36
Module n. Member Inclination Member Area [m’]

1 56° 0,2739

2 56° 0,2739

3 56° 0,2739

4 56° 0,2739

5 56° 0,2739

6 56° 0,2739

7 56° 0,2739

8 56° 0,2739

9 56° 0,2739

10 56° 0,2739

11 56° 0,2739

12 56° 0,2739

— 13 56° 0,2739
E 14 56° 0.2739
£ 15 56° 02739
© 16 56° 0,2739
2 17 56° 02739
18 56° 0,2739

19 56° 0,2739

20 56° 0,2739

21 56° 0,2739

22 56° 0,2739

23 56° 0,2739

24 56° 0,2739

25 56° 0,2739

26 56° 0,2739

27 56° 0,2739

28 56° 0,2739

29 56° 0,2739

30 56° 0,2739

31 56° 0,2739

32 56° 0,2739

34 56° 0,2739

35 56° 0,2739

36 56° 0.2739

(a) (b)

Figure 73: Structural overview and member properties of the 252-m tall diagrid system (Solution 46370 (H2)) with octagonal floor
shape; (a) Diagrid structure configuration, (b) Table of the properties, including slenderness ratio, number of intra-module, member

inclination, and cross-sectional area for each module
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Collapsed Element 2 Module 36

7.2. Results for Uniform-Angle Diagrid Systems

Results of the solution 46370 (H2) — 252-m Tall Diagrid with Hexagonal Floor Shape, Uniform Angles and Member Areas

250
Critical Load Factor A=73.290
200 Iterations n Critical Member |Axial Value| [kN] DCR Byop [m]
1 Element_2_Module_36 7533540 1,00 0,061
150 | Y
K
E X 2 Element_4_Module_36 8414830 1,12 0,062
Pk
.
100 KX 3 Element_13_Module_36 9597430 1,27 0,063
K
Y 4 Element_15_Module_36 108461,34 1,44 0,065
N ;\
,':‘ 5 Element_1_Module_36 125106,12 1,66 0,067
I’Q
o j"‘ 6 Element_3_Module_36 141430,75 1.88 0,069
20
0
o 74 Element_14_Module_36 166096,01 220 0,073
n (a)
Collapsed Element 4 Module 36 Collapsed Element 13 Modulo 36 Collapsed Element 15 Module 36 Collapsed Element 1 Module 36 Collapsed Element 3 Module 36 Collapsed Element 14 Module 36
A ANAN !
250 250 250 N ,‘«/’\3\/ 250 ,,{ X 250
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Figure 74: Buckling and progressive collapse analysis of the 252-m tall diagrid system (Solution 46370 (H2)) with octagonal floor

shape and uniform angles; (1) initial critical member identification; (a) table summarizing the critical load factor (1), critical

member removed, axial force, degree of hyperstaticity (i), DCR, and top displacement (diop) for each iteration; (2-7) structural

configurations during each progressive collapse iteration, highlighting the removal of the critical member (red) and previously

removed members (blue).

From the results, it is interesting to observe that the driving parameter defining the instability
of the system is the Demand-to-Capacity Ratio (DCR). For uniform-angle diagrids, the DCR
limit value is assumed to be equal to 2. Instability occurs when this limit is exceeded, or,
alternatively, when the lability condition of the system is reached.

Furthermore, additional insights into the behavior of the DCR in uniform diagrid members
will be presented in Figure 83, where a comparison of all other uniform configurations

resulting from Tables 1 — 4 is provided.

128



7. RESULTS

7.3. Results for Varying-Angle Diagrid Systems

The following section presents the detailed plots for the four varying-angle diagrid systems
selected from Tables 1 — 4. These configurations represent the optimal solutions for each

building height, as identified in the study. The selected solutions are as follows:

126-m tall diagrid: Solution 7554
168-m tall diagrid: Solution 654
210-m tall diagrid: Solution 41098
252-m tall diagrid: Solution 46361

For each solution, the results are organized in the same way of the uniform-angle diagrid

systems.
Diagrid Structure Solution 7547 — 126-m Tall Diagrid with Circular Floor Shape
Slenderness Ratio 42
120 Number of Intra-Module 16
Module n. Member Inclination Member Area [m’]
i 1 56° 0,1602
2 56° 0,0661
3 56° 0,2739
80
4 56° 0,2739
E 5 56° 0,2739
E, 60 6 56° 0,2739
o
= 7 56° 0,2739
o 8 56° 0,2739
9 56° 0,2739
10 56° 0,2739
20
11 56° 0,2739
12 56° 0,2739
0 13 66° 0,2739
14 66° 0,2739
15 66° 0,2739
16 66° 0,2739
(a) (b)

Figure 75: Structural overview and member properties of the 126-m tall diagrid system (Solution 7547) with circular floor shape; (a)
Diagrid structure configuration, (b) Table of the properties, including slenderness ratio, number of intra-module, member

inclination, and cross-sectional area for each module
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7.3. Results for Varying-Angle Diagrid Systems

Results of the solution 7547 — 126-m Tall Diagrid with Circular Floor Shape, Non-Uniform Angles and Member Areas

Critical Load Factor A=55.010
Iterations n. Critical Member |Axial Value| [kN] i DCR 8o [m]
1 Element_13_Module_16 75335.40 5 1,00 0,042
2 Element_24_Module_16 83615.42 4 1,11 0,044
3 Element_2_Module_16 8570122 3 1,14 0,046
4 Element_11_Module_16 93330,22 2 124 0,048
5 Element_22_Module_16 103914.96 1 1,38 0,051
6 Element_15_Module_16 113075,14 0 1,50 0,053
(a)
Collapsed Eloment 2 Module 16 Collapsed Element 11 Module 16 Collapsed Element 22 Module 16 Collapsed Element 15 Module 16
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Figure 76.:Buckling and progressive collapse analysis of the 126-m tall diagrid system (Solution 7547) with circular floor shape and

uniform angles; (1) initial critical member identification; (a) table summarizing the critical load factor (1), critical member removed,

axial force, degree of hyperstaticity (i), DCR, and top displacement (Jiop) for each iteration; (2—7) structural configurations during

each progressive collapse iteration, highlighting the removal of the critical member (red) and previously removed members (blue).
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Diagrid Structure Solution 654 — 168-m Tall Diagrid with Square Floor Shape
Slenderness Ratio 5.6
Number of Intra-Module 23
Module n. Member Inclination Member Area [m’]

1 56° 0,0703

2 56° 0,1602

3 56° 0,2739

4 56° 0,2739

5 56° 0,2739

6 56° 0,2739

7 56° 0,2739

E 8 56° 02739
5 9 56° 0,2739
B 10 56° 0,2739
11 56° 0,2739

12 56° 0,2739

13 56° 0,2739

14 56° 0,2739

15 56° 0,2739

16 56° 0,2739

17 56° 0,2739

18 56° 0,2739

19 56° 0,2739

20 56° 0,2739

21 56° 0,2739

22 66° 0,2739

23 66° 0,2739

(a) (b)

Figure 77: Structural overview and member properties of the 168-m tall diagrid system (Solution 654) with square floor shape, (a)
Diagrid structure configuration; (b) Table of the properties, including slenderness ratio, number of intra-module, member

inclination, and cross-sectional area for each module
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7.3. Results for Varying-Angle Diagrid Systems

Collapsed Element 2 Module 23

Results of the solution 654 — 168-m Tall Diagrid with Square Floor Shape, Non-Uniform Angles and Member Areas

Critical Load Factor 2 =58.790
Iterations n. Critical Member |Axial Value| [kN] i DCR Syop [m]
1 Element_2_Module_23 7533540 5 1,00 0,052
2 Element_4_Module_23 8319001 4 1,10 0,053
3 Element_6_Module_23 93630,13 3 1,24 0,055
4 Element_13_Module_23 10821434 2 144 0,057
5 Element_15_Module_23 12182828 1 1,62 0,059
(a)
Collapsed Element 6 Module 23 Collapsed Element 13 Module 23 Collapsed Element 15 Module 23
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Figure 78: Buckling and progressive collapse analysis of the 168-m tall diagrid system (Solution 654) with circular floor shape and
uniform angles; (1) initial critical member identification; (a) table summarizing the critical load factor (), critical member removed,
axial force, degree of hyperstaticity (i), DCR, and top displacement (Jiop) for each iteration; (2—7) structural configurations during

each progressive collapse iteration, highlighting the removal of the critical member (red) and previously removed members (blue).
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Solution 41098 — 210-m Tall Diagrid with Octagonal Floor Shape

Slendemess Ratio 7
Number of Intra-Module 28
Module n. Member Inclination Member Area [m’]
1 56° 0,0802
2 56° 0,1919
3 56° 0,2739
4 56° 0.2739
5 56° 0,2739
6 56° 0,2739
7 56° 0,2739
8 56° 0,2739
9 56° 0,2739
10 56° 0,2739
11 56° 0.2739
12 56° 0,2739
13 56° 0.2739
14 56° 0,2739
15 56° 0,2739
16 56° 0,2739
17 56° 0,2739
18 56° 0,2739
19 56° 0.2739
20 56° 0,2739
21 56° 0,2739
22 56° 0,2739
23 56° 0,2739
24 56° 0,2739
25 66° 0,2739
26 66° 0,2739
27 66° 0.2739
28 66° 0.2739
(b)

Figure 79: Structural overview and member properties of the 210-m tall diagrid system (Solution 41098) with octagonal floor shape;

(a) Diagrid structure configuration, (b) Table of the properties, including slenderness ratio, number of intra-module, member

inclination, and cross-sectional area for each module
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7.3. Results for Varying-Angle Diagrid Systems

Results of the solution 41098 — 210-m Tall Diagrid with Octagonal Floor Shape, Non-Uniform Angles and Member Areas

Critical Load Factor L=51.900
Iterations n. Critical Member |Axial Value| [kN] i DCR By [m]
1 Element_2_Module_28 7533540 5 1,00 0,064
2 Element_13_Module_28 83411,87 4 111 0,066
3 Element_15_Module_28 93730,64 3 124 0,068
4 Element_17_Module_28 105916.,65 2 141 0,070
5 Element_6_Module_28 115501,64 1 1,53 0,072
(a)
Collapsed Element 15 Module 28 Collapsed Element 17 Module 28 Collapsed Element 6 Module 28
200 200
180 180
160 160
140 140
120 120
E E 5
Z 100 z 100
i ] £ |

(5)

Figure 80: Buckling and progressive collapse analysis of the 210-m tall diagrid system (Solution 41098) with octagonal floor shape

and uniform angles, (1) initial critical member identification, (a) table summarizing the critical load factor (1), critical member

removed, axial force, degree of hyperstaticity (i), DCR, and top displacement (dwp) for each iteration; (2—7) structural configurations

during each progressive collapse iteration, highlighting the removal of the critical member (red) and previously removed members

(blue).
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Diagrid Structure

250

200 .

150 |

Height [m]

100 |

Solution 46361 — 252-m Tall Diagrid with Hexagonal Floor Shape

Slenderness Ratio

Number of Intra-Module
Module n. Member Inclination Member Area [m’]
1 56° 0,2739
2 56° 0,2739
3 56° 0,2739
4 56° 0,2739
5 56° 0,2739
6 56° 0,2739
7 56° 0,2739
8 56° 0,2739
9 56° 0,2739
10 56° 0,2739
11 56° 0,2739
12 56° 0,2739
13 56° 0,2739
14 56° 0,2739
15 56° 0,2739
16 56° 0,2739
17 56° 0,2739
18 56° 0,2739
19 56° 0,2739
20 56° 0,2739
21 56° 0,2739
22 56° 0,2739
23 56° 0,2739
24 56° 0,2739
25 56° 0,2739
26 56° 0,2739
27 56° 0,2739
28 56° 0,2739
29 56° 0,2739
30 66° 0,2739
31 66° 0,2739
32 66° 0,2739
34 66° 0.2739
(b)

Figure 81: Structural overview and member properties of the 252-m tall diagrid system (Solution 46361) with hexagonal floor shape;

(a) Diagrid structure configuration; (b) Table of the properties, including slenderness ratio, number of intra-module, member

inclination, and cross-sectional area for each module
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7.3. Results for Varying-Angle Diagrid Systems

Collapsed Element 13 Module 34

Results of the solution 46361 — 252-m Tall Diagrid with Hexagonal Floor Shape, Non-Uniform Angles and Member Areas
Critical Load Factor L =58.290
Iterations n Critical Member |Axial Value| [kN] i DCR Byop [m]

E 1 Element_13_Module_34 7533540 5 1,00 0,070
|

2 Element_15_Module_34 8491291 4 1,13 0,72

3 Element_14_Module_34 95211,09 3 1.26 0,74

4 Element_2_Module_34 110841,27 2 1,47 0,76

5 Element_17_Module_34 119733,13 1 1,59 0,78

(a)
Collapsed Element 14 Module 34 Collapsed Element 2 Module 34

Collapsed Element 17 Module 34

20 AN 250 250,

200 |

200

150 |

Height [m]
Height (m]
Height [m]

Height [m]

Figure 82: Buckling and progressive collapse analysis of the 252-m tall diagrid system (Solution 46361) with hexagonal floor shape
and uniform angles, (1) initial critical member identification, (a) table summarizing the critical load factor (1), critical member
removed, axial force, degree of hyperstaticity (i), DCR, and top displacement (dwp) for each iteration; (2—7) structural configurations
during each progressive collapse iteration, highlighting the removal of the critical member (red) and previously removed members

(blue).

As seen from the results for the different angle diagrid systems, the driving parameter defining
instability of the system is the Demand-to-Capacity Ratio. For the angles defined, the DCR
limit is assumed to be equal to 1.5 (atypical structure). Instability will occur if the established
limit is exceeded or if the state of lability is true. In comparing the results for uniform-angle
and varying-angle diagrid systems, it is interesting to note how there were fewer iterations
before stating instability occurred for the different angle cases when the DCR limit of 1.5 is
defined for the different angle systems is comparatively low, especially in the case of diagrid
heights over 126 m. The primary reason is that the defined DCR limit for the varying-angle
cases was defined for atypical structures that resulted in an early arrival of instability. The
same difference is shown in comparing all the varying-angle configurations in Figure 84, and

also shows how the DCR limit varies the progressive collapse response of diagrid systems.
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7.4. Progressive Collapse Behavior of Uniform- and Varying-Angle Diagrid
Systems: Insights from DCR Analysis
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Figure 83: Comparison of the Demand Capacity Ratio for the progressive collapse behavior of uniform-angle diagrid systems for

various building heights (126-, 168-, 210-, and 252-m) and floor shapes (square, hexagonal, octagonal, and circular).
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Figure 84: Comparison of the Demand Capacity Ratio for the progressive collapse behavior of varying-angle diagrid systems for

various building heights (126-, 168-, 210-, and 252-m) and floor shapes (square, hexagonal, octagonal, and circular).
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7.4. Progressive Collapse Behavior of Uniform- and Varying-Angle Diagrid Systems:
Insights from DCR Analysis

These two Figures (83 — 84) provide valuable insights into the progressive collapse behavior
of uniform and non-uniform angle diagrid systems across different building heights (126 m,
168 m, 210 m, and 252 m) and floor shapes (square, hexagonal, octagonal, and circular). In
each is described the evolution of the DCR values across iterations until the limit, 2 for
uniform-angle diagrids and 1.5 for non-uniform angle diagrids, is reached or surpassed.

It is important to point out that, consistently with what occurred with all configurations, for
the DCR, it starts from 1.0, meaning that the system is stable and below the identified limits,
and subsequently continues to grow with each iteration, which reflects the axial stresses were
growing in members and, thus the system has a lower level of stability as critical members
are taken out of the analysis. In the case of uniform-angle diagrid (Figure 83), with regard to
the height of the building, taller diagrid systems (252 m type) had greater DCR values at
earlier iterations than shorter diagrids (126 m type), indicating that taller diagrid systems are
more prone to being unstable under progressive collapse conditions. Further to this, the
increasing rate of DCR is steeper after members are taken out of analysis in taller diagrid
systems, indicating that the contribution of higher axial stress is a great contributor to overall
stability loss. An additional consideration is with regard to the floor shape, specifically,
circular (C) floor shapes had greater DCR values than other shapes (square, hexagon, octagon)
with the same building height type. In fact, this may suggest that circular floor shape
configurations may be more susceptible to progressive collapse conditions. Further to this,
octagonal (O) and hexagonal (H) floor shapes showed more gradually-steep increases in
DCR, suggesting more stable configurations with respect to progressive collapse conditions.
For varying-angle diagrids (Figure 84), the direction of either building height or floor shape
with DCR trend was similar to that of the uniform-angle configurations. In fact, similar to
uniform-angle systems, the main difference is the more severe design rule (DCR) of 1.5,
which meant DCR-based instability occurred with fewer iterations, particularly pertaining to
building layouts that were taller. Also, if the diagrid types with 126 m were considered, the
overall number of iterations resulted in fewer iterations for varying-angle systems.

It is important to recognize that the difference in the number of iterations between uniform-
angle and varying-angle diagrid systems is strictly related to the assumptions on the limits
made for this study. Most importantly, the limit DCR for uniform-angle systems is at 2.0 and

for varying-angle systems, there is a stricter DCR of 1.5, as they are considered atypical
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7. RESULTS

structural systems. This difference with respect to the DCR limits elements had a significant
impact on the overall results, particularly the number of iterations until identified instability.
However, if uniform-angle and non-uniform angle diagrid systems were treated as atypical
structural systems, they would all experience the same limit of DCR 1.5, and this difference
would not be as noticeable. In this case, the number of iterations to identify instability would
be similar for either system and, further, the demonstrated advantage of uniform-angle
systems with respect to resilient configurations would be far less apparent and incidental. This
example demonstrates the fact that the results are sensitive to the assumptions made in

defining the classification and DCR limits of the structural systems.
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8. CONCLUSIONS

8. CONCLUSIONS

In conclusion, this thesis has presented a numerical model based on the Matrix-Based Method
(MBM), examining the structural response of diagrid systems with a focus on critical load
factor for buckling and progressive collapse analysis. The intention was to build and expand
upon the MBM and provide a more thorough understanding of the behavior of diagrid
structures subjected to extreme loading situations.

The identification of ideal diagrid systems created using a multi-response framework
approach using MBM methodology reinforced the adopted methodology for this research.
Thus, an added level of consistency was also applied in examining the diagrid structural
response. Overall, the extension of the MBM methodology illustrates its feasibility and
competency in accurately representing critical load factors and progressive collapse behavior.
Assessment of uniform-angle and varying-angle diagrid systems by pursuing optimal
configurable diagrids also solidified many pre-existing notions and discoveries regarding any
geometric configuration of diagrid systems, but also building heights, and floor shapes. More
precisely, in the case study assessments of both the uniform and non-uniform-angle diagrid
systems, more importance must be given to the design considerations because the greater
height and circular floor shape of the diagrid system appear to increase the potential for
instability. Moreover, the progressive collapse analysis revealed that the Demand-to-Capacity
Ratio (DCR) is the driving parameter defining the instability of diagrid systems, and its
definition has to be carefully considered due to the analysis sensitivity of the results to the
assumed DCR limits. In fact, for uniform-angle diagrids, a DCR limit of 2.0 was assumed,
while for varying-angle diagrids, a stricter limit of 1.5 was applied due to their classification
as atypical structural systems resulting in fewer iterations before instability was reached,
particularly for taller structures.

This analysis additionally illustrated the resilience of a diagrid structure in critical
circumstances, even when critical members were removed, stability was still maintained.
Hopefully, the outcome of this analysis, if imagined into the real world, can lead to even more
safe and effective use of diagrid structures. By evaluating which members are most critical in
a progressive collapse in diagrid structural performance, this would provide the structural
designers some advance clue in what members, would be worth taking action on beforehand,
so to increase their structural performance and reduce the potential for a structural failure.

Therefore, using the results of the progressive collapse analysis both in the design stage and
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the planning phase, gives designers and engineers a way to develop and evaluate structures
within a more resilient framework, ensuring better performance under standard use
conditions.

The analyses used in the study follow the Matrix-Based Method (MBM), this method
provides a simpler and faster approach to the building modelling methods available to the
designer and engineer, that imply a higher computational cost. To this end, the MBM was
helpful for determining the number of diagrid configurations quantitatively to be more
efficient in the development of the diagrid structure, with relatively careful and confident
estimates of the performance of individual members or an overall lateral capacity assessment.
Therefore, MBM research provides the designer and engineer with an easy and useful way to
create more risk aversion in some areas of tracking and optimizing diagrid structures, which
is easy to adapt to, especially in the early stages of the design phase, or for quickly evaluating
how a diagrid structural system performs.

The MBM model considers any possible shape of diagrid space structure in which the
elements exhibit linear elastic behavior and are subjected only to axial forces, considering
that the floors remain planar after deformation, behaving as rigid bodies with six degrees of
freedom, neglecting the floors within the diagonal modules.

However, to analyze the high-rise building, the MBM has been embedded to the General
Algorithm, simplifying the problem, reducing the degrees of freedom to three, (two lateral
displacements and one torsional rotation).

The applicable loads include vertical distributed loads and horizontal nodal loads, both used
to perform linear static analyses to determine the critical load factor and identify critical
members subject to buckling. Furthermore, progressive collapse scenarios can be simulated
by iteratively removing critical members and recalculating the structural response. However,
not considering the phenomena of plasticity or geometric non-linearity greatly simplifies the
analysis; moreover, this method does not include dynamic effects of loads and does not take
into account any geometric or manufacturing imperfections, which could affect the overall
stability of the structure.

For this reason, there are further opportunities to extend this study and expand the framework
of analysis available in MBM methodologies.

In summary, the overall area of structural engineering is slowly moving toward more and
more effective and resilient solutions to address the difficulties of modern-day urban spaces,

continuing to assess and develop diagrid systems with advanced numerical analysis.
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