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Abstract: The building sector has a significant impact on the environment due to its unproductive
and technologically outdated practices. Although digital tools have emerged as potential solutions,
current building practices often lack automation and efficiency. Throughout history, several self-
supporting techniques, i.e., construction methods dedicated to the building of shells that do not need
support during the construction works, have been developed. These techniques allow for reducing
waste and minimizing construction costs. Combining self-supporting techniques and digital tools
could aid the development of contemporary, highly sustainable, and efficient building practices that
permit the use of alternative and sustainable materials. Building on this, the research conducted
defines an approach for evaluating the balanced state of masonry structures during construction
works and built using robotic technologies. The approach considers the factors that govern the
stability under construction derived through studying self-supporting building techniques. The
proposed approach assesses the structural state under construction, evaluating the need for temporary
supports. An example of a masonry arch is provided to emphasize the importance of construction
factors in sustainable building practices. Then the method is applied to a real case study. Overall,
integrating self-supporting techniques with digital tools has the potential to revolutionize the building
sector, and create highly sustainable and efficient practices.
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1. Introduction

Over the last few decades, masonry has received growing interest from the scien-
tific community, as proven by several investigations and avant-garde architectures [1,2].
Despite these efforts, masonry structures are barely adopted in practical applications, es-
pecially vaults and domes that find limited use within contemporary building practice.
The longevity of the numerous historical masonry architectures suggests that their scarce
adoption is not due to their lack of structural efficiency or sustainability.

Current investigations mainly aim to explore the potential of digital fabrication tools
and innovative design approaches for the renewed application of masonry [3–5]. Since the
beginning of the twentieth century, attempts at on-site automated bricklaying have been
carried out [6]. However, only in the last two decades has the attention on automation
grown in the field of architecture, engineering, and construction (AEC) [7,8]. Nowadays,
researchers are focusing on the adoption of various digital tools, for assembly, as in the
case of robotic arms [9–11] (see Figure 1), or drones [3,12,13], and for fabrication within
the context of additive manufacturing [14–16]. The development of innovative building
technologies using these tools leads to new challenges, e.g., the need to re-think the shape
of construction elements in the case of drones [12] or the necessity of exploring unusual
wall stratigraphy for additive manufacturing [15]. Few researchers are exploring the
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construction systems dedicated to horizontal structural elements suitable for covering
spaces [17]. Even fewer explorations consider historical masonry construction techniques
to develop innovative ones [12]. Amongst these, relevant studies are dedicated to self-
supporting methods, i.e., building practices that allow the construction of vaults, domes, or
shells without any temporary support. Indeed, throughout history, several cultures have
sought these construction methods primarily based on principles of efficiency, economy,
and sustainability [18].
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Figure 1. Masonry glass shell under construction using robotic arms. Reprinted with permission
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Within this domain, the authors are investigating the possibility of developing con-
temporary self-supporting techniques for constructing horizontal structural elements; the
explorations are pursued by integrating modern assembly tools, e.g., robotic arms, and
historical self-supporting techniques. The development of these practices could drastically
increase the efficiency of the building sector [19,20], reduce the waste material production
associated with the need for temporary supports, and provide an essential element for
defining an alternative to the typical frame structural typology established on concrete
and steel. The paper presents a systematic approach adopted to assess the equilibrium of
masonry structures, particularly for arches, vaults, shells, and domes, built by applying
self-supporting techniques and using robotic arms during their construction process. The
approach, based on the individuation of factors whose function influences the construction
process, permits evaluating the state of the structure at every stage of construction. The
research background, hypotheses, and primary research goal are discussed in Section 2,
while Section 3 focuses on the primary research’s aim. Section 4 describes the factors that
govern the structural state during construction. The systematic approach is discussed in
Section 5. In Section 6, the approach is applied to evaluating the state of a masonry arch
during its construction using three robotic arms. In the end, Section 7 reports a critical
evaluation and future steps.

2. Robotic Assistance in Masonry Structures: Combating Tensile Stress through
Compression-Focused Design

The concept of masonry is broad, not strictly related to the material itself; rather, it
refers to how the material is used; it can be associated with a wide range of materials,
e.g., concrete and raw earth. In fact, the stability of a masonry structure primarily relies on
features derived from the material’s compressive capacity and the geometry of structural
elements [21,22]. Such aspects were already established in ancient building practices,
where the construction rules were expressed through geometrical ratios and highlighted in
modern structural analysis methods [23,24]. Indeed, historically, masonry structures have
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been characterized by their unique construction mechanism, one that largely harnesses the
form rather than the material’s inherent strength. Distinct from modern framed structures,
these masonry units underscore the effective usage of structural forms to absorb and
distribute loads, aligning more closely with principles of compression than tension [25].

Inherent in masonry is its minimal tensile strength, a trait that might initially seem
detrimental. However, this property is overshadowed by its commendable compression
resistance, a characteristic that defines the strategy for designing these structures. Un-
like many modern construction materials which can effectively handle both tension and
compression, masonry’s resistance to compression far outweighs its tensile resistance. In
comparison to the tensile strength, many materials display high compressive strength,
especially recycled ones. Despite that, the current design approach leans on flexural be-
haviour, such as frame typology structures, mainly built using steel and reinforced concrete,
significantly impacting sustainability [26]. Therefore, the development of contemporary
vaulting techniques could open up the possibility of adopting low mechanical strength but
more environmentally friendly materials, including recycled or organic ones.

Nowadays, the building sector is one of the fields most responsible for producing
waste and pollution; it is one of the most technologically backward and is amongst the least
productive industrial sectors [20]. Recent studies have revealed how automation, robotiza-
tion, and digitalization could aid in drastically improving the sector’s performance [20].
Drones and robotic arms are highly suitable for constructing structures made of elements
with modest dimensions like bricks or small rigid elements. The structures built with these
innovative tools can be composed of elementary units and behave as discrete elements with
interfaces. In this sense, they could have behaviour similar to masonry buildings. Further-
more, by integrating innovative technologies with historical self-supporting construction
techniques, the need for temporary support during construction could be avoided and this
could open up a new range of geometries that can be built. Therefore, combining historical
self-supporting techniques with robotic assembly technologies can lead to the definition
of sustainable and efficient contemporary self-supporting construction techniques. This
could increase the construction sector’s productivity, mitigate its environmental impact,
and enable a widespread application of masonry shells.

Furthermore, the incorporation of robotics into the construction of masonry structures
offers an innovative approach to maintain this crucial compression. More than simply
laying blocks, robotics can actively contribute to the design philosophy of these structures.
Through a well-calibrated response, a robotic arm can manipulate the blocks in such a
way as to keep the structure consistently compressed, thereby preventing the formation of
tension-induced cracks or block slippage.

Robotic technology, therefore, extends far beyond the mere automated assembly of
masonry; it serves as an active participant in the construction strategy, fostering a sustained
state of compression within the structure. This not only enhances the efficiency of the
construction process but also significantly improves the durability and resilience of the
completed structure.

By integrating the traditional principles of masonry design with advanced robotic
technology, we can preserve the integrity of these structures, effectively addressing the
inherent limitations of masonry materials and leveraging their strengths for more resilient
and efficient construction processes.

3. Aim of the Paper

The advancement of modern self-supporting vaulting techniques, adaptable for robotic
arms or drones, necessitates a dedicated approach to studying and simulating the attributes
of historical self-supporting methods. The proposed simulation process gathers essential
information for describing the construction of masonry structural elements, with a primary
focus on arches, vaults, domes, and shells. It identifies the key features of self-supporting
structures, emphasizing their strengths and weaknesses, and evaluates their impact on the
structural state during construction.
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The development of contemporary self-supporting vaulting techniques can also con-
tribute to the preservation of historical methods, which depend on the examination and
analysis of historic buildings, along with workers’ skills and knowledge. However, labour
costs must also be considered, as the risk of losing expertise in ancient construction tech-
niques increases without appropriate intervention. Robotic assembly technologies offer
a promising solution for reviving traditional techniques in a modernized context, while
also utilizing eco-friendly building materials subjected primarily to compressive forces.
This approach bridges the gap between historical and contemporary practices, fostering
innovation towards sustainable construction.

4. Construction Factors
4.1. Construction Factors in Historical Self-Supporting Vaulting Technologies

Examining historical self-supporting construction techniques is essential for under-
standing the characteristics responsible for their self-supporting ability. Throughout history,
domes, vaults, and arches have been applied in different cultural contexts, leading to
the development of various self-supporting techniques, see Figure 2. Presumably, the
corbelling vaulting technique is among the earliest developed, and its application can be
found in almost all cultures and was adopted to create openings and cover spaces by stack-
ing cantilevered blocks [27]. Amongst all techniques developed throughout history, four
self-supporting vaulting techniques were considered based on their representativity and
popularity. The pitched vaulting technique (PVT) [28] dates back to the 21st century BCE.
Shells built with PVT are characterized by peculiar masonry tessellation, see Figure 2a): the
bricks are laid radially to form arches placed in inclined planes and laid one next to another
with the new arch resting over the previous one. The second technique explored is the
clay tube vaulting technique (CTVT), developed around the 4th century BCE [29]. It was
mainly applied in Africa Proconsularis (today Tunisia, Libya, Algeria, and Morocco) and
throughout Europe [30], today used in India to build shells. Completely different from the
CTVT, the tile vaulting technique (TVT) developed in Spain around the 13th–14th CE and is
still applied in regions like Mexico, India, and some areas of Africa [31]. Tile technology is
based on the use of fast-setting mortar and thin tiles but, as in Figure 2c, even the building
sequence plays a relevant role in achieving stability during construction. The last vaulting
technique observed is the herringbone vaulting technique (HVT), adopted by Brunelleschi
and Sangallo architects during the Italian Renaissance. The origins of this construction
technique can be traced back to the civilizations of ancient Persia. The technique confers a
self-supporting capacity, largely dependent on the precise order of laying bricks and the
presence of resistant substructures: the plate-bande [32].

The mentioned self-supporting techniques (PVT, CTVT, TVT, HVT) provide the in-
formation needed to understand the self-balanced state of masonry structures under con-
struction. All self-supporting techniques have peculiar characteristics conferred by factors
relevant during construction, but they do not strongly impact the structural stability upon
completion. For this reason, these factors are denoted by the term construction factors (CF).
They can be categorized as either geometric, mechanical, or constructional and impact the
effectiveness of the self-supporting techniques. Indeed, each CF plays a role concerning
the technology adopted, assuming different relevance in different self-supporting vaulting
techniques. For example, the existence of resistant substructures is fundamental in the
construction process of HVT, while it does not have any relevance if TVT is adopted. The
following non-exhaustive collection of relevant CFs has been derived from examining
historical documents, current practices [33,34], and full-scale tests [17,18].
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Figure 2. Self-supporting vaulting techniques. (a) Pitched vaults, different schemes to lay bricks.
Drawing of A. Choisy [28]. (b) Clay tube vault, detail of a section of the San Vitale dome (Ravenna,
Italy), horizontal and vertical orientation of the tubes [27]. (c) Process of construction of tile vault.
From left to right: light-centering, construction sequence, and layering of the vault [29].

4.1.1. Geometrical Factors

As testified by a broad literature [12,35,36], geometry affects the behaviour of a com-
pleted structure as well as during construction works [18]. In historical self-supporting
techniques, two geometrical CFs assume a prominent role: the stereotomy and the bed
joint’s orientation, both of which affect the state during construction works. The bed joint’s
orientation is an essential CF in PVT; the wrong orientation of the mortar joint could lead
to the overturning or sliding of bricks during their placement. During the placing opera-
tion, block stereotomy significantly influences sliding, as witnessed by CTVT or corbelled
vaulting technique [18,30].

4.1.2. Mechanical Factors

The structural state under construction could be affected by mechanical CFs, particu-
larly by the presence of resistant substructures and by the material characteristics. Some
masonry patterns allow the occurrence of resistant substructures even during the placing
operations. For example, in the scenario of HVT, the plate-bande built during the initial
stages of construction is meant to acquire the necessary resources for establishing a stable
state at an advanced level of construction. The presence of substructures throughout the
construction process also holds significance in PVT and CTVT. The material properties are
always significant. During construction, they preeminently influence technologies such as
TVT, where the cohesive and fast-setting mortar characteristics coupled with the lightness
of tiles are necessary for reaching a balanced state.
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4.1.3. Construction Factors

The construction sequence, i.e., a precise order to place masonry elements, is a factor
that affects all self-supporting technologies. A wrong adoption of a construction sequence
can lead to the sliding phenomenon or preclude the stability of the structure.

4.2. Technological Factors

The CFs mentioned above and examined in the context of historical self-supporting
techniques are still pertinent for determining contemporary self-supporting vaulting tech-
niques. In this sense, they can easily be coupled with drones or robotic assembly technolo-
gies. Technological CFs are related to the technology adopted and must be considered to
verify the buildability, e.g., the possible interferences and collisions in the case of multiple
robotic arms. These factors are strictly related to the technology selected and impact the
entire construction process; for example, in the case of drone technology, blocks with
tetrahedral-based shapes called droxels [12] have been developed to overcome tolerance
issues during assembly, while reachability and manoeuvrability on the construction site are
significant limitations for robotic arms.

4.3. Temporal Factors

Due to building operations, the geometry of structures, similar to the loads, changes
during the construction works. Consequently, to assess the state of the structure, it is
necessary to examine the temporal evolution of the structure itself. Here, time assumes an
unconventional role. Such a concept is easily recognizable considering the mortar’s setting
and hardening process or the time in which settlements occur. Furthermore, during the
construction of a voussoir arch, the load carried by the centering changes at every step. For
each block laid, the structural state is slightly altered and the structural behaviour changes
instantaneously once the centering has been removed [18]. Therefore, analyses should refer
to a specific time or construction stage even if the loads are static. This phenomenon is
traditionally neglected but has an essential relevance in self-balanced technologies, where
the absence of temporary supports permits displacements and settlements to occur even
in the early stages of construction. The alteration of structural behaviour concerning
the variation of the structure’s geometry is of greater relevance even in double-curved
structures, e.g., for hemispherical domes, the hoop forces cannot act until the brick course
is completed. However, when the hoop forces appear, the structural state changes and a
membrane behaviour activates after the completion of several brick courses [37]. Through
these examples, it is evident that time plays a crucial role in assessing the state of the
structure during construction works and it should be considered as a factor to ensure a
proper evaluation of the construction technique.

5. Simulation of the Construction Process

The influence of the CFs mentioned in the previous section, see Section 4, is considered
within three models: a geometrical model, a numerical model, and a simulation of robotic
assembly, see Figure 3. These three models are interconnected and provide detailed infor-
mation needed to evaluate the state of a structure during its construction. They constitute
the simulation of the construction process for assessing the state of the structure during
construction works.

The geometrical model is composed of an exact copy of the actual structure. It describes
the structure and the building site. It also collects geometrical information about masonry
units, i.e., the stereotomy of bricks or blocks as their position, spatial organization, and
details about the mortar joints. The geometrical model contains all information that could
affect the structural state during the construction works or influence the construction
process, e.g., the robotic workspace. The significance of a detailed model has to be stressed;
an incorrect or non-detailed geometric description of the structure could preclude the
functionality of the numerical and assembly simulations.
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The numerical model is composed of a set of consequential analyses linked by a cause-
and-effect relationship: each numerical analysis evaluates the structural state for a given
construction stage and provides information configuration for assessing the following con-
struction stage. For example, the simulation of the construction process of a hemispherical
dome built using HVT can be carried out by estimating the structural state for each time a
plate-bande is placed and when a horizontal brick course is completed. Each evaluation
associated with a new construction stage is assessed by recognizing the effect of the actual
structural configuration of the portion already built [38]. Material characteristics’ alteration
is acknowledged in the numerical model, e.g., the change in the stiffness and strength of
the mortar due to hardening. In this manner, through the intermediate configurations, the
effect of the temporal factor is assumed within the numerical model.

A model dedicated to the assembly simulation completes the construction process
simulation. This model is strictly related to the technology and enables the assembly
process step by step by showing the robot path planning. In this manner, such a model
informs the other two of the technology’s possible limitations.

6. The Construction of the Voussoir Arch
6.1. Case Study: Masonry Historical Arch

This section delivers a simple but meaningful application of the construction process
simulation presented in Section 5. The example, shown in Figure 4, refers to a masonry
structure constituted of a stone arch built with the aid of three collaborative robotic arms,
denoted by the letters A, B, and C [17], and without the centering support. The example is
chosen to highlight the relevance of the simulation of the construction process presented in
Section 3 and the role of the CFs described in Section 4.

The construction process simulation was carried out based on a detailed geometrical
model representative of the actual structure, see Figure 4b. Although the case study adopted
refers to an arch, the generalization of the simulation of the construction process to spatial
structures such as vaults, domes, or shells could be accomplished with some additional
computational costs. The arch’s span is about 2.07 m, and its stone blocks are about 35 cm
wide, 50 cm high, and 40 cm deep, with an estimated density of 2300 kg/m3. The blocks
placed on the abutments are arranged on a horizontal bed joint, as illustrated in Figure 4.
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Figure 4. (a) Masonry arch (Viterbo, Italy). (b) Geometrical model of masonry arch construction
analyzed. The structure rests on a horizontal foundation even though the street level is sloping, so all
analyses were conducted considering a horizontal plane as the foundation (black line).

After the geometries were established, the robotic arms were positioned based on
the workspace and reachability. Then, several numerical models were implemented, each
considering a different construction sequence; amongst all these, Figure 5 depicts the one
in which the smallest displacements are recorded. According to this construction sequence,
arms A and B place blocks at both arch springs, see Figure 5b; then, they place the two
voussoirs in the higher course and hold the two portions of the structure, see Figure 5c.
Subsequently, arm C lays the second course of blocks, see Figure 5d, and the voussoir at
the next course. At this point, arm B releases the voussoir of the second course; meanwhile,
arm C supplies the resources to support the portion of the arch under construction, see
Figure 5e. Then, similar to the previous step, the robotic arms cooperate in pairs, first B and
C, and then C and A. The last simulated construction stage consists of the keystone placing;
see Figure 5i. In the simulation of the process of construction, all blocks laid by the robotic
arms are held in a manner that the resultant force can be considered applied to the centroid
of the block and to avoid any overturning [17]. Therefore, robots act to place the blocks
and support portions of the structures during construction, allowing for the development
of resistant substructures.

For each construction stage, analyses were carried out to estimate the structural state.
Two different methods were applied to estimate this state of the arch: the line of thrust
analysis to establish the forces required to reach an equilibrium state [21] and discrete-
element analysis to estimate the block displacements [39,40]. Discrete-element methods
allow the motion of a system of rigid elements to be detected but are generally time-
consuming and require high computational costs compared to finite-element methods.
Together these two methods provide an overall description of the state of the structure.

The first set of consequential analyses has been conducted within the framework of
limit analysis estimating the line of thrust [21]. The minimum and maximum horizontal
thrusts were also evaluated considering sliding, i.e., assuming a friction angle of 30◦. In
fact, as Figure 6a shows, the peculiar bed joint orientation of the first voussoir favours
slippage. This phenomenon is contrasted by the mass provided by the blocks already
placed at the second course; see Figure 6b. At this construction stage, the position of
the line of thrust can shift toward the extrados. As shown in Figure 6, the line of thrust
changes during construction; thus, to assess the possibility of building the arch without
centering is necessary to estimate the state for all construction stages. Here the domains
of the orientation of reactions of three different construction stages are also seen. This
domain describes the limit of the orientation of forces that the robotic arm should be
able to provide to reach an equilibrated state; the wider the domain, the easier it is to
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reach an equilibrated state. In the case analyzed, with the progress of the construction
work, the domain of orientation of reactions narrows; see the left side of Figure 6. The
set of consequential analyses shows that the minimum and maximum horizontal thrust
increase along the construction, respectively, from 0.9 kN to 1.8 kN and from 1.1 kN to
14.0 kN, while the domain of orientation of reactions drastically narrows down from 60◦

to 46.1◦ for robotic support and for reaction at the spring of the arch; the variation of the
domain is 23.1◦ to 16.2◦.
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(e) robots C and B support and A positions the stone.
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Numerical analyses were performed within 3DEC software version 5. 20 (3DEC|US
Minneapolis-Itasca Consulting Group), considering stone blocks as rigid bodies. The failure
Mohr–Coulomb model with zero tensile capacity and zero cohesion was adopted in this
study. Therefore, the interfaces between blocks are characterized only by joint stiffness
parameters: kN, kS, and the coefficient of Coulomb friction [41]. As described in [42], kN
and kS are related, respectively, to the difficulty of pressing and slipping of the blocks with
respect to each other. The values assumed within the simulation are kN = 3.7 × 109 N/m
and kS = 3.7 × 108 N/m, with a friction angle of about 30◦. The displacement recorded
during the simulations of the construction sequence is illustrated in Figure 7 where vector
displacements of each block along the construction process are illustrated. The set of
sequential analyses was executed as described in Section 5, i.e., estimating the deformation
and settlements considering the actual configurations of the previous building stages.

According to the illustrated construction sequence, the maximum displacement
recorded is about 0.65 mm and occurs when the keystone has been placed. The knowledge
of this value is meaningful to check the compatibility with the assembly technology chosen.
In this case, it should be compared with the accuracy of robotic arms; values greater than
technological accuracy could preclude the possibility of building and demand adjustment
in the simulation approach. The use of robot arms as temporary support and not only for
placing allows resistant substructures to materialize at each construction stage.

The specific geometry of the case study adopted, characterized by the unusual
stereotomy of the spring’s stones that facilitates sliding phenomena, allows an under-
standing of the role of CFs. Sliding is enabled by adopting a friction angle of about 20◦, see
Figure 8a. Despite that, the slippage does not occur if the stereotomy of the first voussoir is
altered, as seen in Figure 8b, even if the friction angle decreases to 15◦.

As mentioned in Section 4, the construction sequence is another CF that affects the
state of the arch. Its relevance is illustrated in Figure 8c,d, where two construction stages
of two alternative construction sequences are shown. In particular, the collapse of the
structure illustrated in Figure 8c is due to the absence of the stone blocks positioned at the
side of the arch. In this case horizontal thrust of the arch is not balanced and sliding occurs.
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Figure 8. (a) CF: friction angle. Failure mode due to slippage. (b) CF: stereotomy, the variation of
the shape of the two blocks at the arch spring leads to a different displacement field; see Figure 7c.
(c) Failure mode due to the absence of the lateral stone courses that aid in the contrast of the horizontal
thrusts. (d,e) Alternative assembly sequence using only two robots. (f) The construction of the arch
that adopts the centering leads to different (smaller) displacements than that obtained in Figure 7f.

The second alternative construction sequence implicates the use of only two collabo-
rative robots, see Figure 8d,e. The construction of the structure is pursued starting only
from the arch’s right side and placing a voussoir one after another until it has reached the
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opposite side of the arch. Here, the load supported by robotic arms is about 75% more
than the previous cases, see Figure 5. Thus, the robot’s payload assumes a discriminating
criterion. In this case, the maximum displacement recorded increased up to about 0.95 mm
at the completed structure, i.e., expressed by the ratio between displacement and the arch’s
span, equal to 4.6 × 10−4. Further, a comparison is made with the traditional construction
process, i.e., the stone arch is built using centering, as illustrated in Figure 8f. Here the
maximum displacement recorded is about 0.45 mm, i.e., about 31% lower than the previous
simulations. As expected, the construction sequence variation affects the structure’s state.
The role of CFs is visible in the structural analysis and affects the state preeminently during
the construction works, while they could be irrelevant once the structure is completed. The
various examples presented with alterations applied to the CFs identify the significance of
the CFs in the structural analysis and affect the state during construction.

6.2. Case Study: Anatomy of Structure Masonry Historical Arch

The case study described here is an actual application of the proposed approach. The
analyses were applied to estimate the structural state during construction of a glass masonry
vault, see Figure 1c. The structure has been built with the aid of two industrial robotic arms
(ABB-IRB 6400) at the “Anatomy of Structure” exhibit hosted at the Ambika P3 Gallery in
London (for a detailed description of the project see [43,44]). The two robotic arms position
bricks in complex orientations and temporarily support the unfinished structure.

The vault’s design was inspired by historical self-supporting techniques (PVT, HVT, and
CTVT) [1,28]. The vault’s shape resembles a saddle with a catenary profile. It spans 2.7 m,
with a length of 4.4 m. The outer edges have a maximum rise of about 2.2 m, while the central
arch rises approximately 1.9 m. Glass bricks were adopted, and epoxy was used to fill the
joints allowing a quick setting and giving enough strength to hold the bricks in place.

Regarding the construction process, two distinct phases were individuated: the first
phase is the most critical. Here robot arms built the central arch providing support. The
commencement of the construction process occurred on one extremity of the vault, whereby
the sequential laying of bricks was executed up to the opposite extremity. Throughout this
phase, the two robots alternately provide support and lay completion of the central arch.
The second phase starts when the robots work independently to build outward from the
central arch, completing the remaining vault portion.

Numerical analyses were conducted for both phases, focusing on the most critical
one: the construction of the central arch. For this phase, the thrust line, the domain of
orientation of reaction, and DE analyses were performed. The structural evaluations were
determined based on a digital copy of the structures, i.e., for each glass brick a block
was modeled (geometrical CFs); the actual assembly sequences were also considered
(temporal CF). Unlike the previous example, illustrated in Section 6.1, here, the domain
of orientation of the reactions drastically changes during construction work. As depicted
in Figure 9a), during the initial phase of construction, a state of equilibrium is achieved
when the horizontal thrust falls within the range of 0.00–0.001 kN with a wide range of
domain of orientation of reaction, spanning approximately 79.5◦ and around 54.0◦ for the
two reactions. As construction progresses, as illustrated in Figure 9b, both the minimum
and maximum horizontal thrust increase to 0.09–0.10 kN, while the domain of reaction
orientations undergoes a significant reduction, narrowing down to 1.1◦ and 0.8◦, denoting
critical construction stages.

The arch was modeled as a system of rigid blocks with interfaces ruled by the Mohr–
Coulomb model, assuming finite tensile strength and cohesion. These parameters were
estimated and verified through experiment tests, incorporating a safety coefficient (me-
chanical CFs). From a numerical perspective, the interaction between the robotic arm and
the structure was considered as CF and evaluated as a yielding constraint. Indeed, labora-
tory tests have indicated that the gripping points of the robotic arms enable movements
when the forces meet specific conditions, such as a predefined shear limit (mechanical and
technological CFs).
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As displayed in Figure 10a, the numerical simulations revealed that the equilibrium
state is sensitive to the placement of the robotic gripping point. This emphasizes that an
improperly positioned grip may lead to out-of-plane displacements. To avoid overturning
phenomena a particular robotic sequencing construction method was developed in order to
avoid out-of-plane twisting displacement [11,17]. The simulation of the construction stages
conducted with DEM confirms the results obtained by TLA: the central arch reaches an
equilibrium state, with the robotic arm as support, in each construction stage of the central
arch; the maximum displacement estimated is of 4.27 × 10−3 mm.
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Figure 10. Construction stages of the central arch. (a) Incomplete arch showing the position of the
robotic support. Out-of-plane overturning phenomena occur leading to a displacement of about
1.80 mm. (b,c) Simulation of construction of the central arch. The robot arm gripping point lies in the
plane of the arch. The color scale is associated with the displacement vectors of each node.

Once the central arch has been completed, the simulations show displacements smaller
than the previous phase.

7. Conclusions

This study centers around identifying an approach for simulating the structural state of
curved structures assembled with robotics technologies and composed of discrete elements.
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These constructions are primarily subject to compressive forces and, in this sense, resemble
historic masonry structures. Within this context, the study aims to integrate self-supporting
techniques with robotic arms to develop contemporary, sustainable, and efficient building
practices. This approach is explored by evaluating the state of a structure built without
centering and with the aid of robotic arms, establishing a correlation between the building
technique and the construction state.

Studying construction factors governing historic self-supporting techniques offers
valuable insights. Indeed, although not exhaustive, the example provided in Section 6.1
critically examines the variations in construction factors (CFs) and demonstrates their
influence on the structural state during construction. The example critically examines
construction factor (CF) variations and demonstrates their influence on the structural state
during construction. When combined with modern technologies such as robotic arms,
these CFs can drive innovation in vaulting techniques, enable the wider application of
spatial structures (such as vaults and domes), and create opportunities to use eco-friendly
materials, including recycled or organic options. The approach has been applied to simulate
the construction of a glass structure and to assess the state of an arch indicating the most
critical phase.

The approach outlined in this research could serve as a foundation for developing
a framework dedicated to evaluating the cost and sustainability of contemporary self-
supporting techniques, thus enhancing the efficiency of the building sector. Numerical
simulations of construction works based on consequential analyses could pave the way for
innovative research topics, such as cost optimization, structural stability during construc-
tion, and sustainability. However, it should be noted that a critical assessment of efficiency
or sustainability has not yet been addressed in this study. Future studies could incorpo-
rate these evaluations into the proposed approach, ultimately providing a comprehensive
workflow for simulating stability, efficiency, and sustainability to develop innovative
building techniques.
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