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A B S T R A C T

Masonry vaults, mechanically efficient structures, are challenging to build because they require significant tai-
lored falsework as temporary structures for centering, guidework, and scaffolding, which decreases construction
productivity and increases financial cost and environmental impact. Traditional building techniques combined
with recent digital technologies can eliminate such temporary construction. An integrated digital design and
construction approach that leverages the benefits of four construction strategies (namely, thin-tile vaulting,
loxodrome tessellation, augmented reality, and prefabricated spine) within a 4D funicular design framework
is presented in this paper and illustrated by a large-scale demonstrator, innixAR. This structure demonstrates
that the combination of the vernacular craft of thin-tile vaulting with augmented reality technology to produce
a digital guidework, informing a 4D funicular design process that considers the entire construction sequence
from a prefabricated spine, minimizes the required falsework, making the construction of masonry vaults
more efficient and affordable. This approach is benchmarked against alternative conventional vault falsework.
Combining thin-tile vaulting and prefabricated spine allowed a reduction of 82% of the falsework mass, making
transport lighter. Whereas combining digital guidework and prefabricated spine allowed a reduction of 91%
of the falsework elements, making assembly faster. This research contributes to the development of structures
that are efficient both mechanically and constructionally.
1. Introduction

1.1. Context

The construction sector globally has shown 1% yearly productivity
growth over the last 20 years, as opposed to 2.8% for the rest of the
economy, and 3.6% in manufacturing specifically, resulting in a cost
of $1.6 trillion per year [1]. Because the construction industry is one
of the least digitized sectors in the world, several levers for action
were identified, including: rethinking design and engineering processes;
infusing digital technology, new materials, and advanced automation;
improving on-site execution; and reskilling the workforce. The con-
struction sector relies on massive unskilled intensive labor worldwide,
which leads to economic and social abuse in the industry [2]. Lever-
aging digital technologies on the construction site to affordably build
low-carbon structures with higher productivity can contribute to a

∗ Corresponding author.
E-mail address: r.oval@tudelft.edu (R. Oval).

positive impact on the economy, environment, and society. A main
challenge lies in the productivity lost due to temporary construction
works. For reinforced concrete structures, falsework, mainly timber
formwork on scaffold as mold for casting concrete, accounts for 40%
to 60% of the cost of the structure [3,4].

1.2. Problem statement

Masonry vaults are by design geometrically and mechanically effi-
cient structures, as they withstand external loads through a
compression-only structural behavior [5]. With common thickness-to-
span ratios around and below 1:100, similar to an eggshell, these
structures require low material quantities, without relying on tensile
resistance [6]. However, building such structures is challenging due to
the complexity of their doubly curved forms [7]. Erecting a masonry
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Fig. 1. The innixAR prototype of a masonry vault demonstrating how to design
and build for minimal falsework, leveraging 4D funicular design, thin-tile vaulting,
loxodrome tessellation, augmented reality, and prefabricated spine.

vault usually requires the provision of different types of falsework,
consisting mainly in the centering, a temporary structure that supports
the vault during construction only, before the vault is completed and
stable on its own. This centering, made of a combination of standard
and custom wood or metal elements that fill the volume enclosed by
the vault, requires careful design, planning, assembly, and disassembly,
also called decentering [8,9]. Decentering, the lowering of the center-
ing, is a critical, sudden, and dangerous step that aims at the vault
being self-supporting at once. Such temporary construction works make
vaults unaffordable to build, both from a material consumption and a
construction efficiency and safety perspective.

Traditional techniques for masonry construction offer solutions to
mitigate the use of centering for masonry vaults. Such strategies in-
clude: corbelling [10–12], pitched vaulting [13–17], thin-tile vault-
ing [18–20], rib networks [7,21–23], loxodrome tessellations [24–26],
interlocking voussoirs [27–29], or cable systems [7,30]. More details
about these strategies can be found in [31].

Digital fabrication technologies have shown the potential of build-
ing masonry structures without centering. Promising examples encom-
pass the construction of walls with a mobile robotic arm [32]; drone
construction of small-scale voxelated masonry structures, walls, and
vaults, made of interlocking blocks [33]; cooperative robotic construc-
tion of pavilion-scale masonry vaults [34–37]; augmented construction
of vertical masonry structures [38]; collaborative augmented robotic
construction of vertical structures, with augmented manual gluing and
robotic brick positioning [39–41]; augmented reality to visualize the
positioning of the falsework and the construction of the vault through
a tablet [42]; and augmented reality for the construction of a thin-tile
vault staircase through a head-mounted device [43].

1.3. Research objective

This research aims to minimize falsework (i.e., scaffold, centering,
guidework) in the construction of masonry vaults, enabled by the
combination of historical construction strategies and novel design and
construction digital technologies to achieve economic and efficient
construction.

This research is presented and exemplified through the demonstra-
tor innixAR, shown in Fig. 1, a masonry vault with timber ribs, an
application of an integrated approach to improve construction effi-
ciency and economy through the combination of vernacular craft with
modern digital design and construction technologies. This pavilion-
scale structure is located in the garden of the campus of IE University
in Segovia, on a 5 m × 5 m × 3 m triangular footprint shown in Fig. 2.
The architectural goals of this structure are to provide a shaded space
2

for staff and students to gather while framing three scenes from the
natural and historical surroundings of the site: the sinuous path of the
Eresma River, an ancient monastery in Segovia, and the hills over the
central Spanish plateau.

1.4. Contributions and paper outline

In this paper, the integrated digital design and construction ap-
proach to minimize falsework is explained, tested, and quantified. In
Section 2, the strategies combined for falsework minimization are pre-
sented, namely, thin-tile vaulting, loxodrome tessellation, augmented
reality, and prefabricated spine. In Section 3, the design process for
centering-free construction of masonry vaults, so-called 4D funicular
design, tackling the form, tessellation, thickness, and assembly se-
quence, is detailed. 4D funicular design extends state-of-the-art 3D
funicular form finding, which focuses on the equilibrium of the final
shape of the structure. In Section 4, the construction process of the
demonstrator is described, including the prefabrication of the spine
and the use of augmented reality for construction. In Section 5, the
falsework economy is assessed, with falsework mass, embodied carbon,
construction time, and financial cost as metrics. This approach is com-
pared to alternative construction scenarios to evaluate the respective
contribution of each strategy used.

2. Falsework minimization approach

To minimize falsework for masonry vault construction, several
strategies are leveraged to build faster with reduced centering and
guidework:

• thin-tile vaulting: using the material properties of lightweight
tiles and fast-setting mortar to reduce vault centering
(Section 2.1);

• loxodrome tessellation: using a masonry tessellation with trans-
verse interlocking tiles to reduce delay due to mortar setting
(Section 2.2);

• digital guidework: using augmented reality to visualize digital
guidework instead of building a physical one (Section 2.3);

• prefabricated spine: using a rationalized network of stay-in-
place internal ribs instead of a complex boundary centering (Sec-
tion 2.4).

These construction strategies inform the process of 4D funicular
design to find the vault form, masonry tessellation, assembly sequence,
and cross-section thickness that can be built with minimal falsework.
4D funicular design extends 3D funicular form finding, by comprehen-
sively including form, tessellation, thickness, and assembly sequence,
to achieve a structure in spatial equilibrium throughout construction
time.

2.1. Thin-tile vaulting

Thin-tile vaulting is a technique based on the assembly of
lightweight thin tiles with a fast-setting mortar into composite layers,
often built arch by arch, to form a vault, an arch, a staircase, a floor,
a roof, or a tunnel. In this paper, the craft of thin-tile vaulting is used,
as practiced today in 21st-century Spain. This technique eliminates the
bulk of the centering thanks to the sufficient early bond capacity of the
mortar with the tiles. This technique was popular in Medieval Spain,
and later brought to the US by Rafael Guastavino in the 19th cen-
tury [44]. It remains popular today with numerous examples in Cuba,
Syria, Rwanda, Jordan, and Spain [20], as well as among academics,
as documented by [19].
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Fig. 2. The innixAR demonstrator within architectural site context (main dimensions shown in mm).
2.2. Loxodrome tessellation

A loxodrome tessellation features bricks that run transversely to a
regular staggered pattern [26]. Such bricks are clamped by the previous
masonry arch, cantilevering, and offering support to the next masonry
arch. During the construction of a masonry vault, the setting time of
the mortar must be respected when adding successive arches, which re-
quires pausing or delaying by alternating work on different parts of the
vault. In this paper, a loxodrome tessellation is used, reducing the need
to rely on the mortar setting time and to wait for it to build up strength
during construction. These intermediary supports allow building an
arch into sub-arches without a full arch centering. These tessellations
were used for Persian domes, in Iran with the Ardestan Mosque (1088)
and the Isfahan Mosque (1158), or in Turkey with the Great Mosque
in Eski Malatya (1224) [45]. The interaction between the Timurid
Empire (ca. 15th century) and the Italian Renaissance (ca. 15th-16th

centuries) [24] led to the Santa Maria del Fiore Cathedral in Florence,
built by Brunelleschi and Sangallo (1436) without centering [25,26].
Loxodrome tessellations are still used today in the construction of vaults
in Mexico [46], as a hybrid technique between thin-tile vaulting and
pitched vaulting [47–49].

2.3. Digital guidework

Traditionally thin-tile vaulting guidework is necessary to allow the
masons to control and correct the shape of the vault during assembly,
made from rigid boards, beams, or flexible rods, in timber, metal, or
composites [8,9,50]. In this paper, a digital guidework is employed
using augmented reality to visualize the vault’s shape and tessellation
through a head-mounted device for the mason with a set of markers
installed on-site. The guidework is digitized, saving the time and labor
to design, produce, install, and position it [42,43].

2.4. Prefabricated spine

The centering of masonry vaults, including thin-tile vaults, usually
relies on an initial set of arches, along the boundaries, the ribs, and
the creases of the vault. For a vault with doubly-curved unsupported
boundary arches, a boundary centering would have to follow the
complex curvature of the arch itself, be supported laterally with shoring
against the asymmetrical thrust of the rest of the vault during construc-
tion, and be more expensive to build. In this paper, a central spine is
adopted for this initial centering. This spine follows the medial axis of
the vault and acts as a stay-in-place central rib, consisting of a system of
connected planar arches, which are prefabricated for accurate and sim-
ple assembly. The development of ribbed domes and vaults progressed
first through Islamic-Moorish architecture of the Omeyyades (ca. 7th-
11th century) [21–23], and then Romanesque-Gothic architecture (ca.
11th-16th century) [7,51]. Ribs have been introduced in vaults to pro-
vide a hierarchy in these structures. They allow a significant reduction
3

of the centering, as the ribs are assembled first, on centering that is
lighter as it does not need to support the full vault, before assembling
the rest of the vault as brick courses on simpler centering spanning
between the ribs [7]. Particularly, vaults like the Al-Ukhaidir Fortress
built in Iraq (775) rely on such arches that are prefabricated out of
plaster [52]. The LightVault prototype (2020) also relied on an initial
central arch as a spine, built without centering thanks to collaborative
robotic assembly [34]. As a result, this centering is shorter, lighter,
and simpler than a shored doubly-curved boundary centering. This
influences the construction process, building from the inside out as
opposed to the outside in. It also steers the 4D funicular design and
its sequential form-finding process that takes into account the phases
of construction.

Fig. 3 highlights the complementary contributions of these differ-
ent strategies. With thin-tile vaulting, the surface centering can be
reduced to a boundary centering and a physical guidework, while the
loxodrome tessellation strengthens the connection between successive
masonry arches, particularly during construction. With augmented re-
ality, the physical guidework can be eliminated by turning it into
a digital one. The remaining arch centering can be simplified, from
doubly-curved boundary centering to shorter planar centering in the
form of ribs acting as a stay-in-place prefabricated medial spine, sim-
plifying the design, fabrication, and assembly of the centering, and
using it as a permanent component. The combined benefits of these
construction strategies (i.e., thin-tile vaulting, loxodrome tessellation,
digital guidework, and prefabricated spine) inform the 4D funicular
design process, from which stem the form, tessellation, thickness, and
assembly sequence of the vault.

3. 4D funicular design

The initial architectural intent of framing the three surrounding
architectural and natural scenes of the site led to the design of a vault
based on three arches. To minimize the vault’s falsework, the design
process of the form, tessellation, thickness, and assembly sequence of
the structure is informed by the craft and technology of the strategies
discussed in Section 2. To achieve a masonry vault that is in equilib-
rium, in compression, without centering throughout the construction
process, 4D funicular design is introduced here, with the vault analyzed,
designed, and built as a succession of arches. 4D refers to the fourth
dimension of time, as an addition to the three dimensions that describe
space.

Throughout the digital modeling process, the vault is represented as
a mesh of quadrilateral faces. Such a quad mesh is organized as strips
(series of faces) and polyedges (series of edges). This data structure
captures the organization of the masonry tessellation with its contin-
uous tile and brick courses. The proposed 4D funicular design process
consists of three steps: topological design (Section 3.1); sequential form
finding (Section 3.2); and vault tessellation (Section 3.3).
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Fig. 3. Combined strategies for minimizing falsework from a full vault centering to a digital guidework and a stay-in-place prefabricated central rib called spine.

Fig. 4. Generation of the topology of the pattern and assembly sequence based on a spine as a modified topological skeleton.

Fig. 5. Sequential form-finding of the spine and the masonry vault, modeled as a sequence of thrust networks calculated over six consecutive constrained optimization steps, 𝑠1
to 𝑠6.
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3.1. Topological design

The different steps of the topological generation process are shown
in Fig. 4. The process involves the generation of a coarse quad mesh
from the medial axis of the surface, and its densification for the
computation of the assembly sequence [53].

3.1.1. Pattern topology
The topology of the structure is designed based on the boundary

and support conditions of the vault. A fully supported vault can be
constructed arch per arch, or ring per ring, starting from the supports,
and potentially a set of additional arches built from a centering. To
minimize the total length of this arch network, the medial axis, also
called topological skeleton, which corresponds to the set of points
that are equidistant to the surface boundaries [54], serves as the base
to form a spine for the vault, building inside-out (skeletonization in
Fig. 4). The medial axis is simplified to straight branches that connect
the supports to be interpreted as a network of planar arches. The
rationalized arches are then planar elements, as opposed to complex
doubly-curved boundary ones [55], with approximately half the length.
This spine approach also provides clear paths for easier unobstructed
access to the construction site, with access scaffolding, as for the
innixAR demonstrator, mechanized platforms, or automated machines.
It also removes the challenge of closing the vault by accurately fitting
a final keystone. Using the subdivision obtained by the spine, a coarse
mesh is obtained and densified (meshing in Fig. 4). For the innixAR
demonstrator, the spine consists of three arches stemming from the
three supports and meeting at the center of the vault.

3.1.2. Assembly sequence
A post-design approach for computing assembly sequences of vaults

involves trying different paths in a decision tree. Searching for self-
stable parts of the vault to build first naturally yields complete arches
or rings [55,56]. This construction logic of building the vault arch by
arch is embedded in 4D funicular design. The spine consists of initial
arches that serve as support for the next ones. The polyedges that are
topologically parallel to the spine are considered as a series of virtual
arches that represent the main curves of the masonry course, sorted
based on their distance to the spine (sequencing in Fig. 4). For the
innixAR demonstrator, the key steps 𝑠 of the assembly sequence are
𝑠1 for starting from the spine, and 𝑠4 and 𝑠6 to complete the short and
long spans of the vault, respectively.

Then, a construction-aware shape for the vault can be sequentially
form found by including information about the assembly steps.

3.2. Sequential form finding

The primary objective of 4D funicular form finding is to generate
a design that stands in compression under self-weight during and
after construction. The equilibrium of the vault is modeled as a thrust
network using limit analysis [5,57]. This design is the result of a chain
of constrained form-finding problems solved with an auto-differentiable
Force Density Method (DFDM) [58–60]. For the innixAR demonstrator,
the sequential form finding is applied over six construction steps 𝑠,
shown in Fig. 5, from the spine at 𝑠1 to the completed vault at 𝑠6.

3.2.1. Prefabricated spine
The spine, form found during step 𝑠1 in Fig. 5(a), has a maximum

height set to 2.3 m to allow the builders to reach from a standard
scaffolding platform, and has a fixed horizontal projection to fabricate
it from planar boards. For all the subsequent steps, the geometry of the
spine is fixed by adding virtual supports to the model. This induced
discrepancy with the actual support conditions helps find a sequence
of thrust networks with little deviation from each other. The residual
forces in the virtual supports must be carried by the spine thanks to its
bending capacity.
5

3.2.2. Masonry arches
The masonry vault is form found by adding a sequence of thrust

networks on each side of the vault until completion, from steps 𝑠2 to 𝑠6
in Fig. 5. The extension of the thrust network is posed as a constrained
form-finding problem. The objective of each constrained form-finding
problem is to compute the thrust network at the given assembly step
that satisfies a set of structural and constructive design goals. Therefore,
an optimization problem is formulated, where each goal 𝑔𝑘 is weighted
by a factor 𝑤𝑘 and aggregated in a loss function :

min (𝐪, 𝐳𝑠) =
∑

𝑘
𝑤𝑘 𝑔𝑘

s.t. 𝐪 < 𝟎
𝐳𝑠 ≥ 𝟎

(1)

where the design parameters are the force densities 𝐪 of all the edges in
the thrust network, and the vertical coordinates 𝐳𝑠 of the nodes of the
spine. To solve this optimization problem, the function  is minimized
with the gradient-based optimizer L-BFGS [61]. The required gradients
are obtained with automatic differentiation [62]. The force density
parameters are bound to the negative domain to ensure a compression-
only solution (𝐪 < 𝟎). At each assembly step 𝑠𝑖, the main goals, and
their weights 𝑤𝑘 marking their importance, are split between the ones
applied to the new and the ones applied to the existing elements of the
thrust network. The following goals are applied to the edges added at
the current assembly step 𝑠𝑖:

1. Enhanced arch stability (𝑤1 = 10). The stability of the tiles of
an arch being built is assured by the angle of the bond to the
existing part of the vault until the arch is completed. The stabil-
ity of the bond is increased by controlling the inclination of the
interface, by prescribing a target angle 𝛼 between the slope and
the vertical. This goal is assigned to the edges on the transversal
polyedges stemming from the node of the spine, as shown in
Fig. 6. The values of 𝛼 are linearly interpolated from 45◦ and 60◦

at the spine, for the long and short spans, respectively, to 75◦ at
the boundary. The maximum value is based on vernacular vault
construction with these specific mortar and tiles. The minimum
values and the linear interpolation are design choices based on
the aesthetics (vault profile) and function (covered area) of the
resulting form.

2. Uniform tile width (𝑤2 = 1). To simplify later tessellation materi-
alization, each assembly step should correspond to the addition
of a similar number of arches with a unique tile width, aligning
the force flow with the interfaces. Therefore, the normalized
variance of the length of the transversal edges is minimized.

The following goals are applied to the nodes that already exist in
the previous assembly step 𝑠𝑖−1:

3. Small spine deformations (𝑤3 = 15). As detailed in Section 3.2.1,
the nodes representing the spine are considered fixed in assem-
bly steps 𝑠2 to 𝑠6 to find consecutive thrust networks that are
close to each other. The residual forces at these nodes result
in non-funicular loading on the timber spine. The spine can
withstand such loading thanks to its bending stiffness. However,
the exerted thrust is lowered to reduce the stress level and
deflections of the spine. To this end, the shape of the spine is
updated at every assembly step to minimize the magnitude of
the forces acting on it.

4. Best-fit construction history (𝑤4 = 5). From one assembly step to
the next, the form-found thrust network can vary significantly
in shape, especially after adding new elements. The masonry
vault eventually has to contain the entire sequence of form-found
thrust networks within its thickness to guarantee stability during
construction. The greater the difference between consecutive
thrust networks is, the thicker the vault must be. Therefore, the
Euclidean distance between the position of each node at a given
assembly step and its position in the previous one is minimized.
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Fig. 6. Increasing arch stability through a set of target angles for surface slope goal in the successive thrust networks.
Fig. 7. Distance 𝛿 between nodes and medial surface when superimposing the thrust networks generated with sequential form finding, before and after form fitting. This distance
gives an upper bound for the half thickness of the first layer of the vault to be built without centering.
The sequence of form-found thrust networks generated with opti-
mization then informs the selection of a structurally appropriate vault
thickness.

3.2.3. Vault thickness
The final form-found thrust network at assembly step 𝑠6 provides the

medial surface of the first layer of the masonry vault. This final network
is a best fit of the sequence of thrust networks generated at each
assembly step, as a result of the sequential form-finding process. Each
preceding thrust network must be contained between the intrados and
the extrados of the vault to ensure mechanical stability during and after
construction according to the lower-bound theorem of limit analysis for
masonry vaults [5]. The superimposition of the thrust networks thus
guides the selection of the vault thickness, which must be at least twice
the maximum distance 𝛿𝑗 to the medial surface per node 𝑗 and for all
the generated thrust networks, to account for deviations on both sides
of the medial surface during construction. As shown in Fig. 7(a), the
average distance per node across steps 𝑠2 to 𝑠6 is 𝛿avg = 30 mm, with a
maximum 𝛿max = 70 mm close to the spine.

With a target shape obtained from sequential form-finding, form-
fitting is performed to find a lower thickness value for the vault to
be stable under self-weight during construction [63–65]. Each thrust
network 𝑠2 to 𝑠6 is triangulated to increase quantitatively and qual-
itatively the number of load paths to fit the target shape. Fig. 7(b)
6

shows the new set of form-fitted thrust networks per assembly step
and the distances between the nodes and the medial surface. The new
average distance to the final shape is 𝛿avg = 1 mm, with a maximum
𝛿max = 5 mm. This new maximum thickness is lower than half of
the thickness of the tiles (Section 4.2) and therefore the first layer
of the vault can be built without centering. Furthermore, form-fitting
demonstrates that sequential form finding as per Section 3.2.2 produces
a conservative estimate of the required vault thickness that can be
significantly reduced with further optimization.

3.3. Vault tessellation

The materialization of the masonry tessellation on the form-found
surface must follow a set of requirements. Cutting tiles to create
chamfers is time-consuming and interrupts the structural continuity of
arches. Consequently, complete tiles courses are favored to minimize
the number of tiles to cut. As a result of the constrained form finding,
the thrust network offers a regular but not constant set of arches. The
tile courses are thus produced following a constant curve offset from
the spine on the surface based on ortho-geodesic curves [66]. However,
the central node of the spine would induce kinks in the tile coursing and
the resulting tessellation. Therefore, squinches, which are triangles in
the vault, are used to smooth the kink. The dimensions of the squinches
are tuned so that the tessellation fits the boundaries of the form-found
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Fig. 8. Masonry coursing generation.

Table 1
Main geometrical dimensions of the vault after 4D funicular design.

Dimension Value

Bounding box [m3] 5.8 × 4.8 × 2.8
Unsupported boundary length (projected) [m] 23.3 (15.2)
Spine length (projected) [m] 10.2 (7.2)
Vault surface [m2] 16.7 (9.2)
Vault enclosed volume [m3] 16.4

surface with squinches as small as possible to minimize the number
of tiles to cut. The resulting masonry coursing, shown in Fig. 8, has
eight complete arch courses for each long span, two of them only
partially covering the form-found shape, and five for the short span.
Each squinch spans over three interrupted arch courses.

The curves with a constant offset are subdivided to obtain a quad
mesh. The masonry tessellation is then computed by merging pairs of
faces. First, transversal tiles are generated to produce the loxodromes,
spaced by five tiles to break down the arches into sub-arches with a
span of about 1 m. Double loxodromes, resulting in a cross pattern with
variable spans for the sub-arches, are discarded to prevent unnecessary
cutting without additional benefits. The loxodromes are oriented up-
ward so that a loxodrome tile rests upon the previous one during the
assembly process. Then, the rest of the tiles of the masonry tessellation
are combined in the longitudinal direction in a checkerboard fashion to
obtain a staggered pattern. Finally, the tessellation is thickened off the
surface to obtain closed volumetric meshes representing the 3D tiles, as
shown in Fig. 9 at three different assembly stages with the loxodrome
tiles highlighted. As the mesh faces are not necessarily planar, the
discrepancies between the adjacent flat tiles are solved by the mortar
joint.

As a result of this 4D funicular design process, informed by the con-
struction process aiming for minimal falsework, the main geometrical
dimensions of the vault are reported in Table 1, used for financial and
environmental assessment in Section 5.

4. Vault construction process

The innixAR demonstrator vault was constructed over six days, in-
cluding preparation with the casting of the foundation and installation
of the spine (Fig. 10(a)), augmented construction of the first layer
(Figs. 10(b) and 10(c)), and addition of the second layer on the already-
laid first layer (Fig. 10(d)). Preparation included the prefabrication and
erection of the spine on-site, along with the construction of the masonry
footing, anchored with steel reinforcement bars to the foundation,
which consists of a 150 mm flat reinforced concrete slab on 50 mm
of gravel with durability reinforcement.
7

Table 2
Theoretical material quantities of the masonry vault.

Volume [m3] Density [kg/m3] Mass [kg]

First layer Hollow thin tiles 0.407 1070 436
Gypsum plaster 0.061 2300 140

Second layer Solid thick bricks 0.651 1800 1173
Cement mortar 0.081 2000 163

Total 1.14 – 1912
Per vault surface [/m2] 0.0683 – 114
Per covered area [/m2] 0.124 – 208

4.1. Digital data

During the planning of the construction, several digital models con-
taining different specific data were generated for the funicular shape
(Fig. 11(a)), the masonry tessellation (Fig. 11(b)), the prefabricated
spine (Fig. 11(c)), and the digital guidework (Fig. 11(d)). This seamless
production and use of digital information, from design to construction,
was possible because of augmented reality, utilizing a digital 3D model
of the structure, as opposed to physical 2D plans.

4.2. Materials and layers

As any masonry and concrete construction technique, thin-tile vault-
ing requires above-freezing temperature, while humidity conditions
are adapted through the water content of the plaster. The masonry
units are made from fired clay, where the first layer of the vault
consists of hollow thin tiles (225 mm × 100 mm × 25 mm) with
a fast-setting gypsum plaster (10 mm per interface before pressing),
acting as centering-formwork for the second layer of solid thick tiles
(225 mm × 100 mm × 40 mm) placed on a bed of regular mortar
with an approximate thickness of 5 mm, for a total masonry vault
thickness of 70 mm. Fig. 12 features the cross-section of the vault
with its combination of materials, and Table 2 provides the theoretical
material weight of the vault, averaging 208 kg/m2 (covered area).

4.3. Spine construction

The spine is a stay-in-place centering acting as a central rib. The
spine is prefabricated off-site before on-site installation. Its deflection
is checked during vaulting as the spine carries the required markers
needed for augmented construction.

4.3.1. Fabrication
The spine is a tripod made of three planar timber arches, called

legs, connected by a steel node, and to the foundation by a welded
steel plate, shown in the exploded view in Fig. 11(c). All these elements
are prefabricated and each leg pre-assembled. The steel node consists
of three plates that are bent to connect the legs of the spine. The
cross-section of the spine is a constant 90 mm wide and 120 mm deep
rectangle. Each leg is made of 5 layers of 18 mm thick birch plywood
boards. The layers are cut using a CNC machine. The depth of 120 mm
is tuned to provide enough bending stiffness to reduce displacements
during assembly, which was verified using finite element analysis of the
loaded spine. The central layer of the spine features an upper extension
of 30 mm to support and guide the positioning of the first course of tiles
that form the crease of the vault. To facilitate transportation, the cut
plywood layers are split into elements with a length of 50 to 200 cm,
with smooth jigsaw joints, in a staggered organization from one layer
to another to prevent the formation of continuous lines of structural
weakness. The layers are glued and bolted together.
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Fig. 9. Materialized masonry vault on the timber spine at three assembly stages with staggered tessellation and loxodrome tiles.
Fig. 10. The different construction stages of the vault.
4.3.2. Installation
Once the three legs are assembled off-site, they are bolted on-site

to the steel node to form the spine, shown in Fig. 13. To guide the
positioning of the spine, a triangle was marked on the concrete slab
to position the three base points, which corresponded to the middle
point of the intrados edge of the anchor steel plates. This process took
about one hour on-site for three workers, using a scaffold platform
with a pulley to carry the central node while connecting the legs.
Once assembled, the spine is bolted to fin steel plates that are welded
to anchor steel plates cast in the concrete foundation slab. Precise
fabrication and positioning of the spine are crucial for aligning the
physical and digital worlds for augmented construction.

4.3.3. Deflection
Form finding favors a compression-dominant behavior of the spine,

minimizing its deflection without additional supports, as a stay-in-place
centering and carrier of the markers for the digital-physical world reg-
istration. The vertical displacements of the spine are monitored during
construction with a set of 18 equidistant reference points engraved
on the underside of the spine, six per leg as shown in Fig. 14(a), by
performing daily measurements with a laser of their vertical positions
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relative to the foundation slab. The measurements are taken every
morning before the start of the construction activities of the day. This
monitoring method does not capture lateral displacements, but these
are reduced by alternating construction between the three sides of
the vault to reduce asymmetrical loading and horizontal thrust. The
measurements, plotted in Fig. 14(b), reveal a maximum average dis-
placement under 10 mm, which is less than 1/200th of their total span.
At least 50% of the total displacement in the long leg (Leg 1) and 70%
in the short ones (Legs 2 and 3) occurs right after the installation of the
spine, due to the activation and sliding of the connections under initial
loading. Afterward, the spine experiences additional displacements,
when adding masonry, of 1 mm on average per day, which corresponds
to the tolerance of the laser. These small displacements suggest that the
masonry increases self-weight but also stiffens the structure, indicating
that the vault works as a self-bearing element during construction.

4.4. Augmented vaulting

The use of augmented reality is primarily driven by two factors.
Firstly, augmented reality offers a digital guidework, eliminating the
need for physical guidework, usually a tedious but essential task to
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Fig. 11. The different digital models of the vault, from design to construction.
Fig. 12. Two-layer composite vault cross-section.

build such a geometrically complex vault precisely. Secondly, aug-
mented reality empowers the builders, assisting while letting them
adapt and make decisions on-site. Augmented craft permits dealing
with diverse and variable materials like masonry and mortar, where
unexpected challenges regularly occur on the construction site. Efficient
9

Fig. 13. Central connection detail with steel node, timber spine legs, and masonry
squinches.

construction relied both on the builder’s experience and skills and
embracing the augmented-reality technology.

4.4.1. Physical implementation
Augmented reality dispenses the need for physical guidework by

providing a digital one. Physical guidework is usually made of a
reusable lightweight scaffold supporting bent elements made of metal,
wood, or plastic, which provide an outline of the vault in a few
locations only, usually the main arches of the vault like the boundaries,
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Fig. 14. Monitoring of the average vertical deflection of the legs of the spine during construction based on 18 reference points.
or as an orthogonal grid. The augmented reality model provides both
a digital guide of the surface of the vault and its tessellation, the
main masonry courses, and the transverse loxodrome tiles. Augmented
reality is not used for the second layer, which consists of a regular
staggered tessellation only, as it directly follows the first layer with an
in-plane offset of half the width of a brick. Additionally, augmented
reality is used to outline the position of the brick foundation.

A Microsoft HoloLens 2 headset and Twinbuild as a plugin for
Rhino3D form the used hardware and software for augmented vaulting,
respectively [67]. A construction worker supports the vault builder by
managing the pair of headsets on site, uploading the digital models,
and registering the markers. Augmented reality allows the mason to
understand how the vault curves and to plan the brickwork details, tile
cuts, and mortar joints, while foreseeing challenges ahead for a more
coherent brickwork.

For overlapping the digital model on the physical site, markers are
required in the form of QR codes, here printed and attached to 20 cm
× 20 cm stiff boards. Relying on the precision of the production of
the prefabricated timber spine, the markers are positioned on the legs
at reference points, 1 m to 2 m apart, along each of the three sides
of the spine, four per side. The markers are positioned as close as
possible to the vault, facing the mason during construction to minimize
their movement for easier registration while building. The variable
brightness and lack of contrast around the vault and throughout the
day can make marker registration harder, which can be improved with
an integrated or external shading device.

4.4.2. Digital model
The digital model, as shown from the builder’s point-of-view in

Fig. 15, consists of a set of elements positioned at the intrados of the
vault to form the digital guidework, in the same way that a physical
guidework would have been positioned, and for easier visualization:

• the first set of curves in yellow and green represent the interface
between masonry brick courses;

• the second set of curves in white, transverse to the previous ones,
are not meant to show the discretization of the courses but help
better visualize the double curvature of the surface;

• rectangular surfaces in grey show the specific position of the
transverse tiles of the loxodromes;

• outlines of the spine help judge the alignment precision and
notice drifts suggesting the need to register the model again.

While the builder mainly understands the model as a surface based
on the network of curves when working on the standard parts of
the tessellation of the vault, it is important to highlight the irregular
parts, here the loxodrome tiles, to help the mind shift from surface
10
Fig. 15. Digital guidework seen from the builder’s point-of-view.

thinking, following the general shape, to tessellation thinking, following
the detailed brickwork, which requires more specific cognitive focus.
To do so, only the loxodrome tiles are highlighted with shaded surfaces,
not just outline curves.

4.5. Construction sequence

The gypsum plaster sets fast enough to hold a cantilevering
lightweight tile, even up to 5–10 tiles that form the beginning of an
arch. However, adding too many tiles, particularly the most horizontal
ones, needs to be delayed to give the plaster time to set, although
the loxodrome tiles add strength that does not rely on the early-age
properties of the arch being built. Therefore, the arches are built in a
staggered manner by starting to build the base of an arch before the
previous one is closed to avoid delays. Widening the base as early as
possible also provides additional stability to the structure during the
assembly process. Alternation of construction between the three sides
of the vault, building two to three arches on one side before shifting to
another, limits the non-funicular loading of the timer spine. Therefore,
the assembly sequence generally followed the main steps used for form
finding, as detailed in Fig. 16. Assembling the second layer of the vault
started after completing half of the first layer, progressing in parallel,
to be able to reach the top of the vault from outside using a standard
scaffolding for the builders. The second layer, consisting of thick bricks
in a bed of cement mortar, adds weight to the first layer but contributes
to the stability of the vault.

Fig. 17 summarizes construction with a timelapse of the key steps of
the assembly process: assembly of the spine, construction of the base of
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Fig. 16. Actual construction sequence of the two layers of the vault.
Fig. 17. Timelapse of the key steps of the construction process.
the vault, the squinches, the continuous arches, the second layer, and
cleaning of the vault.

5. Falsework economy analysis

The results in terms of economy for the demonstrator are used to
verify and validate the integrated design and construction approach
used to minimize falsework. Firstly, the construction performance of
the prototype is evaluated by considering mass, carbon, and cost of
material and labor. The distribution of these factors between the differ-
ent materials of the structure (the vault), and the falsework (the spine)
are examined. Secondly, the falsework economy resulting from the
respective implementation of each strategy (thin-tile vaulting, digital
guidework, and prefabricated spine) is assessed. This impact is quanti-
fied through the mass and number of elements of falsework as proxies
for measuring complexity, time, and cost. The reinforced concrete slab
is excluded from the calculations because the same foundation is con-
sidered for the different alternative construction scenarios. The costs of
the AR hardware (HoloLens 2 for 3849 e) and software (Fologram for
250 e/month) are excluded as to be shared across projects.

5.1. Cost calculation

The financial and environmental costs are calculated to provide
the distribution between structure and falsework, material and labor.
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The material quantities are assessed before multiplying them by their
respective unit costs. The work hours per trade are evaluated before
multiplying them by their respective pay rates.

5.1.1. Material-related costs
The material-related costs are based on the volume and mass of the

different materials, their unit price, and embodied carbon. The volume
of materials is based on the theoretical model of the vault, using the
as-designed form with a constant thickness, reported in Table 1. The
prices are based on the real expenses of the project in the context of
building on the campus of IE University in Segovia, Spain, in March
2023. The embodied carbon is used as a proxy for the environmental
impact of the project. The embodied carbon is reported for the cradle-
to-gate production stage modules A1 (raw material extraction) to A3
(manufacturing) [68,69], which usually represents up to 50% of the
total carbon, and even 90% of the embodied carbon when excluding
operational carbon [70], which is null in the case of this pavilion.
The rest of the embodied carbon stems from the construction process
(transport and installation), and end-of-life (related to demolition or
deconstruction and potential beyond-life-cycle benefits), but is not ac-
counted for. The embodied carbon values are provided by the Inventory
of Carbon and Energy V3.0 [71]. The results are detailed in Table 3,
providing the unit values and related assumptions.

Fig. 18 highlights the mass, cost, and carbon distribution among the
materials of the structure (tiles, plaster, bricks, and mortar), and false-
work (stay-in-place spine timber legs and steel connectors). Whereas



Structures 63 (2024) 106428R. Oval et al.
Table 3
Material-related financial cost and embodied carbon (EC).

Mass [kg] Unit cost
[e/kg]

Cost [e] Unit ECa [kgCO2e/kg] ECa [kgCO2e]

Vault

Thin hollow clay tilesb 436 0.28 120 0.213 93
Gypsum plasterc 140 0.15 21 0.13 18
Thick solid clay bricksd 1173 0.37 434 0.213 250
Cement mortare 163 0.08 13 0.16 26
Subtotal 1912 – 588 – 387

Spine
Timber platesf 77 5.17 398 0.681 52
Steel platesg 22 16.24 350 2.46 53
Subtotal 99 – 748 – 105

Total 2011 – 1336 – 492

a Cradle-to-gate embodied carbon (A1 to A3 modules) based on ICE Embodied Carbon Database V3.0 [71].
b Theoretical volume. Average UK EC. Waste not included.
c Waste not included.
d Theoretical volume. Average UK EC. Waste not included.
e Theoretical volume. EC for 1:4 CEM I cement:sand mortar. Waste not included.
f EC plywood without carbon capture. Waste not included. The density of plywood is taken as 0.7 t/m3.
g World average EC without recycling. Waste not included. The density of steel is taken as 7.85 t/m3.
Fig. 18. Mass, material cost, and embodied carbon distribution within structural and falsework materials.
the vault represents 95% of the mass and the spine only 5%, the ma-
terial cost is more even with a majority for the spine (56%), compared
to the vault (44%). This is due to the low cost of the masonry materials
as opposed to the CNC-produced plates, which also result in significant
waste, with an even distribution between the timber arches (30%) and
the steel connectors (26%). The embodied carbon mostly stems from
the fired clay bricks and tiles (70%). The spine represents 22% of the
embodied carbon though only 5% of the mass. Particularly, the steel
connectors represent 11% of the embodied carbon for only 1% of the
mass.

5.1.2. Labor-related costs
The labor-related costs are based on the construction work hours

per trade, or skill, and their pay rate: expert vault builder, construction
worker in charge of digital technology for augmented construction,
and general construction worker. Table 4 provides the detailed hours
and pay rates, resulting in labor-costs for the vault and the spine. The
labor-related costs per skill, vault construction, digital construction,
and general construction, are 42%, 31%, and 27%, respectively.

5.1.3. Summary
The cradle-to-gate embodied carbon footprint of the masonry vault

and its timber spine is 492 kgCO2e, or 54 kgCO2e/m2 of covered
area. As a reference, though serving a different function, the cradle-
to-gate embodied carbon footprint of concrete floors like a flat slab,
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a waffle slab, and a vault are 140 kgCO2e/m2, 120 kgCO2e/m2, and
75 kgCO2e/m2, respectively [72]. The spine can be mechanically op-
timized, its cross-section reduced, as highlighted by the measured low
displacements, reducing the contribution of the falsework materials to
the embodied carbon, which accounts here for 22%, and potentially be
removed and repurposed instead of being a stay-in-place falsework.

The material- and labor-related costs are aggregated in Table 5 and
illustrated in Fig. 19, resulting in 321 e/m2 of covered space. The vault
(structure) and the spine (falsework) represent 84% and 16% of the
total cost, respectively. The labor cost represents 75%, with 73% for
the vault and 2% for the spine. To make the construction of low-carbon
vaults more affordable, tackling productivity and labor is essential.
Adding augmented reality to the responsibility of a general construction
worker and considering the standard pay rate of 20 e/h for all working
hours [73], would result in a vault labor cost of 160 e/m2, closer to the
classic range of 100–120 e/m2. A new cost distribution would then be
65%, 18%, 14%, and 2% for vault labor, material labor, vault material,
and spine labor, respectively.

5.2. Economy assessment

The economy is evaluated to highlight the contributions of the
different construction technologies leveraged, namely thin-tile vaulting,
digital guidework, and prefabricated spine, by comparing them with
alternative masonry vault falsework scenarios of scaffold, centering,
and guidework.
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Table 4
Labor-related financial costs.

Vault construction Digital construction General construction Total

Time [h] Pay rate [e/h] Cost [e] Time [h] Pay rate [e/h] Cost [e] Time [h] Pay rate [e/h] Cost [e] Time [h] Cost [e]

Vaulta 42 40 1680 42 30 1260 49 20 980 133 3920
Spineb 0 0 0 0 0 0 5 20 100 5 100
Total 42 – 1680 42 – 1260 54 – 1080 138 4020

a 6 7-h days with 1 vault builder and 1 digital technology construction assistant and 1 general construction assistant + 1 extra 7-h day for general construction.
b 1 worker for 2 h for pre-assembly and 3 workers for 1 h for on-site installation.
Table 5
Aggregated material and labor cost for the structure and falsework per vault surface.

[e/m2] Vault Spine Total

Material 35 45 80
Labor 235 6 241

Total 270 51 321

Fig. 19. Total financial cost distribution.

5.2.1. Approach
To assess the falsework economy made in construction time and

cost of centering and guidework, alternative scenarios are considered
to break down the contributions of the three strategies that were com-
bined, thin-tile vaulting, digital guidework, and prefabricated spine.
To avoid inferring construction time and labor, the mass and number
of elements of falsework saved are used as proxy metrics to compare
the different scenarios, as surrogates to transport and assembly costs.
The time saved thanks to augmented reality for on-site position con-
trol is not taken into account. The time spent on digital design and
construction is not taken into account either. Such information can
be smoothly obtained from a digital model stemming from the design
process, becoming increasingly mandatory in the context of Building
Information Modeling in some countries [74].

5.2.2. Scenarios
Four construction scenarios with different falsework are illustrated

in Fig. 20 with cube units that represent their falsework components.

1. Full centering: vault centering with scaffolding and formwork,
illustrated in Fig. 20(a), as in projects like [75].

• The standard reusable aluminum scaffolding consists of a
tubular frame with cube units with a 50 cm horizontal
spacing, a 100 cm vertical spacing, a 5 cm diameter, a
0.5 cm wall thickness, and bracing on each face. It results
in 20 elements and 29 kg/m3 per unit of enclosed volume.
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• The custom plywood timber waffle frame supported by the
scaffolding consists of elements with a 50 cm spacing, a
20 cm depth, and a 5 cm thickness. It results in 8 elements
and 14 kg/m2 per unit of covered area.

• The custom plywood timber planks have a 5 cm thickness,
a 20 cm width, and a 200 cm length. It results in 2.5
elements and 35 kg/m2 per unit of vault surface.

2. Thin-tile vaulting: boundary centering and physical vault
guidework with scaffolding, illustrated in Fig. 20(b), as in
projects like [9,50]. Additionally to the aluminum scaffolding
and the boundary centering, boundary shoring and physical
guidework are required for this scenario.

• The boundary shoring outside the scaffolding that supports
the boundary centering consists of reusable aluminum
tubes with a 1 m spacing, a 5 cm diameter, a 0.5 cm wall
thickness, and an inclination of 30◦. It results in 1 element
and 4.4 kg/m per unit of boundary arch length.

• The guidework consists of 10 mm diameter continuous
solid plastic rods that sit on the scaffolding. It results in
a total of 21 elements and 0.5 kg/m2 per unit of covered
area.

3. Thin-tile vaulting and digital guidework: boundary centering
with scaffolding, illustrated in Fig. 20(c).

• The guidework is removed and the scaffolding is simplified
to support the boundary centering only. It results in 10.7
elements and 19.8 kg/m per unit of projected boundary
arch length.

4. Thin-tile vaulting, digital guidework, and funicular spine:
prefabricated central rib centering only, illustrated in Fig. 20(d).

• The sole centering is the stay-in-place spine, without sup-
port or shoring as the spine is form found to work mainly
in compression during symmetrical assembly. It results in
2.5 elements and 3.5 kg/m per unit of spine arch length.

If the centering was to be placed on the boundary, the form would
be modified to make this centering planar, like the spine, for fabrication
reasons. Indeed, single or double curvature timber requires access to
more complex fabrication technology with an increase in cost ratio
of 5 to 15 compared to planar elements, respectively [76]. Therefore,
a planar boundary centering is considered, with the same length as
the actual doubly-curved boundary and the average height of the
vault. Additional mobile scaffolding or device like a cherry picker for
access and reachability for construction workers is not considered, as
necessary for all these scenarios. Comparing scenarios 1 and 2 provides
the falsework economy made with thin-tile vaulting, scenarios 2 and 3
the one with digital guidework, and scenarios 3 and 4 the one with
funicular spine.

5.2.3. Results
Table 6 summarizes the quantity of falsework for each alternative

construction scenario, while Table 7 provides the detailed values per
falsework element. The mass and number of elements of falsework
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Fig. 20. Illustration of alternative falsework scenarios.
Fig. 21. Falsework to structure quantity ratios per alternative construction scenario.
Table 6
Falsework quantities per alternative construction scenario.

Scenario Mass [t] Elements [–]

1 - Full vault centering 1.19 443
2 - Boundary centering and physical guidework 0.66 431
3 - Boundary centering and digital guidework 0.48 244
4 - Spine centering and digital guidework 0.04 26

are normalized by 558 kg, the mass of the first layer of the vault,
and 742, the theoretical number of tiles in the first layer of the vault,
respectively. Fig. 21 shows that in scenario 1, without efforts to reduce
falsework, the falsework mass is more than double the one of the first
layer of the actual vault, scenarios 2 and 3 reduce it to ratios around
1, and scenario 4, which is the actually implemented one, has a ratio
as low as 6%. Similarly, scenario 1 necessitates a ratio of elements of
60%, as opposed to 3% for scenario 4.

Table 8 extracts the falsework economy made due to each con-
struction strategy leveraged for this prototype: thin-tile vaulting, digital
guidework, and funicular spine. Fig. 22 shows their relative contri-
bution in falsework reduction. Regarding the economy of falsework
mass, thin-tile vaulting has the most impact by removing the custom
timber centering (46%). Then, prefabricated spine has the second most
impact by removing the scaffold (39%). Regarding the economy of
falsework elements, digital guidework (45%) and prefabricated spine
(52%) enable the removal of most of the falsework elements. Their
relative contributions depend on the area-to-perimeter ratio of the
vault. Scaling up the size of the vault increases this ratio and therefore
the contribution of digital guidework.

5.3. Benchmark

These results are benchmarked against the construction of other
thin-tile vaults in the literature.
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Fig. 22. Falsework economy per construction strategy.

Davis et al. [8] built a thin-tile vault with a centering made of
reusable standard wood palettes and single-use custom cardboard boxes
produced using a CNC. For this 3.5 t vault, the falsework weighted 2.8 t,
or 85% of the mass of the vault itself. An estimated 1.2 t for the first
layer of the vault (28.6 m2 of vault surface with 1 kg tiles of 200 mm ×
120 mm × 40 mm) yields a mass ratio falsework to vault first layer of
2.3, higher than any of the alternative scenarios considered in Fig. 21.
Bricklaying took 42.5 work-hours for a vault surface of 28.6 m2, or
1.5 h/m2, to compare with 2.0 h/m2 to produce the 16.7 m2 in 33
work-hours for the innixAR demonstrator.

For a large-scale vault, Ramage et al. [77] used a centering of flat
timber arches on the boundary and then a lightweight radial guidework
for the central part. The vaults cost 200 $/m2 of material and labor, in
Rwanda in 2017, with a finished interior but excluding waterproofing
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Table 7
Falsework element unit metrics.

Falsework Dimension Unit x Value Volume den-
sity [dm3/x]

Mass den-
sity [kg/x]

Element den-
sity [-/x]

Total volume
[dm3]

Total mass
[kg]

Total elements
[–]

Scaffolda Enclosed volume [m3] 16.4 10.7 29.0 20.0 176 475 328
Beamsb Covered area [m2] 9.2 20.0 14.0 8.0 184 129 74
Planksc Vault surface [m2] 16.7 50.0 35.0 2.5 835 585 42
Splinesd Covered area [m2] 9.2 0.3 0.5 2.3 3 4 21
Boundary scaffolde Projected boundary arch length [m] 15.2 7.3 19.8 10.7 111 301 163
Boundary centeringf Boundary arch length [m] 23.3 5.0 3.5 2.5 117 82 58
Boundary shoringg Boundary arch length [m] 23.3 1.6 4.4 1.0 38 102 23
Spinef Spine length [m] 10.2 5.0 3.5 2.5 51 36 26

The densities of aluminum, plywood, and plastic are taken as 2.7 t/m3, 0.7 t/m3, and 1.5 t/m3, respectively.
a Reusable aluminum frame with cube units with a 50 cm horizontal spacing, a 100 cm vertical spacing, a 5 cm diameter tubes with a 0.5 cm wall thickness and bracing on
each face.
b Custom plywood timber waffle frame with a 50 cm spacing, a 20 cm depth, and a 5 cm thickness.
c Custom plywood timber planks with a 5 cm thickness, a 20 cm width, and a 200 cm length.
d Plastic continuous solid rods with a 10 mm diameter.
e Single-direction aluminum scaffold.
f Custom 5-layer plywood plate elements with 2 m average length.
g Reusable aluminum tubes with a 1 m spacing, a 5 cm diameter, a 0.5 cm wall thickness, and an inclination of 30◦.
Table 8
Falsework economy per construction strategy.

Construction strategy Falsework mass [t] Falsework nb. elements [–]

Thin-tile vaulting 0.53 13
Digital guidework 0.18 187
Prefabricated spine 0.45 219

and covering. A cost comparable to a previous project in South Africa
in 2010 that cost 130 $/m2, or 190 $/m2 when taking into account
inflation [78]. Taking into account inflation, 200 $/m2 in January
017 corresponds to 250 $/m2 or 225 e/m2 in January 2023, to be
ompared with the cost of the innixAR demonstrator of 270 e/m2, or

321 e/m2 including falsework, made in Spain in Winter 2023. Making
this approach and technology more widespread in the construction
industry would allow considering the standard flat pay rate of 20
e/h [73], meaning a cost of 160 e/m2 for the construction of the vault.

This assessed falsework economy, enabled by 4D funicular design
ith craft and digital construction technologies, shows a promising

eduction in falsework material, labor, and cost, which still needs to
e scaled in terms of project size and labor skill to show a large impact
n the construction industry.

. Conclusion

This paper presented an integrated design and construction ap-
roach to minimize falsework in the construction of masonry vaults,
hich are usually mechanically efficient but expensive structures to
uild. Several historical and digital construction technologies were
everaged, namely thin-tile vaulting, loxodrome tessellation, digital
uidework, and prefabricated spine. This construction process informed
D funicular design to obtain the form, tessellation, thickness, and
ssembly sequence. This approach was validated with the construction
f the innixAR demonstrator, where the only falsework is a stay-in-
lace prefabricated timber spine. An analysis of the falsework economy
ound that falsework represented only 4% of the construction time, 2%
f the labor cost, and 14% of the material cost. Thin-tile vaulting and
refabricated spine allowed a reduction in 82% of the falsework mass to
ransport, whereas digital guidework and prefabricated spine allowed
reduction in 91% of the falsework elements to assemble, compared

o a full vault centering as a benchmark. This paper contributed to
he development of structures that are efficient both mechanically and
onstructionally. Testing this approach on larger projects and training
asonry vault builders will be essential to scale within the construction
15

ndustry the impact of such falsework economy.
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