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Abstract

The use of unreinforced masonry spatial structures, in par-
ticular arches and vaults, represents a typical solution in hi-
storical buildings. The Italian architectural heritage is heavily
characterized by the use of this kind of structures, which are
particularly sensitive to the seismic action. In recent years, the
use of in-scale models to investigate the structural behaviour
of vaults has largely increased in scientific research. Actually,
physical models allow to examine the complex three-dimen-
sional failure mechanism derived by pseudo-static response
of the structures due to large displacement of the supports,
simulating seismic behaviour of the building components.

The experimental campaign carried out in this thesis is ba-
sed on the investigation on 1:5 in-scale models of round ar-
ches and barrel vaults with mortar joints, to investigate their
different structural behaviour under settlement of the abut-
ments derived from two different brick patterns: radial arran-
gement, with bed joints orthogonal to the head arch plane,
and vertical arrangement, with bed joints parallel to the head
arch plane.

The first phase of the research is devoted to investigating
and test the materials adopted to build the models, concer-
ning different mortar mixes, different in-scale bricks and their
production methodology. Preliminary tests are carried out on
in-scale models of a circular arch with two different masonry
apparatus, subjected to opening displacement until collapse,
i.e., simulating movement of one abutment in the direction of
the arch thrust. These tests aim at acquiring basic knowled-
ge about the construction process and the behaviour of the
structure, in terms of ultimate displacement and failure me-
chanism, as well as to develop a suitable acquisition strategy
consistent with the destructive nature of the tests.

With these premises, the second phase of the experimen-
tal campaign is carried out in the ModLab of Politecnico di To-
rno, where a new experimental set-up for the vault models is
designed and built. Two tests for each brick arrangement are
carried out on the barrel vault models, for a total of four trials.
The vault models are tested with shear settlement, involving
the movement of one of the abutments normally to the head
arches plane. The acquisition process involves image and
high-resolution video recorded during the tests, while a con-
stant monitoring of a portion of the structures is conducted
with Digital Image Correlation (DIC) cameras. Close-range
photogrammetry and structured light technology are used to



acquire point clouds of the models in specific steps of the te-
sts. The data acquired with geomatic techniques are proces-
sed and related together obtaining metric three-dimensional
dense clouds of each recorded step of the tests. Combining
the information from each source the macroscopic behaviour
of the vault during the abutment settlement has been recon-
structed and, in part, related with the microscopic behaviour
of a significative portion of the structure, analysed through
DIC, in one test. For each test, crack patterns, rotations, ul-
timate displacements and failure mechanisms are recorded.
Comparison of the obtained results has highlighted quite dif-
ferent behaviour between the vaults built with the two brick
arrangements, in terms of different typical crack phenomena
leading to different, local or global, failures of the vault. The
results of the research could be used, in future work, in the vo-
lidation of numerical models and tools for brick vaults analysis.
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1. Introduction

For centuries, masonry represented the most employed
construction technique in building, characterizing a great
part of the western cultural heritage. The arches first and later
the vaults represent the first overcome to the ancient ftrilithic
system. They represent two of the most used masonry structu-
re typologies in common and monumental buildings. Before
the introduction, at the beginning of the XIX century, of the
new construction techniques (such as iron and concrete) the
masonry work has been largely used in different geographical
areas, evolving along with the populations and the traditions
and characterizing the images of the building and the cities:
starting from the first Mesopotamian and Greek structures bu-
ilt in dry stone assemblage, passing thought the great deve-
looment of the matter by the Romans, with great usage of
masonry bricks and mortar joints arched and vaulted structu-
res, along with the medieval builders of the great cathedral
and the baroque complex solution, till the last experiences
of the Catalan modern architects with catenary shapes. This
great variety in terms of shapes, materials, and construction
techniques leads to the presence of rich and heterogenous
constructed heritage. In virtue of their mass uses, arched and
vault structures represent one of the principal issues in ma-
sonry building preservation. The recent seismic activity in Italy
is proof of the delicate role of these structures inside the sy-
stem-building and leads to reflect about the importance of
the interaction between the different building components
in the evaluation of the structural response of these masonry
spatial constructions. On one hand, these catastrophic even-
ts highlight the fragility of our constructed heritage and the
necessity of intervention, on the other hand, they show how
arches and vaults can accommodate their shape to an even
large displacement of their supports, despite the common
sense involving the extreme fragility of these structures. These
accommodations are performed through the development
of plastic hinges with obtaining new static determined states
different from the undeformed ones. In the last year, along
with the investigation related to the seismic activities, the in-
terest about the topic, from the scientific community, is strictly
related to the evaluation of other typologies of displacement,
different from the sudden post-earthquake deformations: the
field of research has been extended also to the effect of slow
soil movement, subsidence, landslide and second-order ef-
fects because of the hydrogeological risks that menace the
constructed heritage. The design and construction phases of



arched and vault structures in masonry, for centuries, followed
geometrical and empirical rules, perfectioned by the builders
over the time: the multitude of masonry construction still in use
and built before Galileo’s theory about the material resistan-
ce confirms the importance of geometry and shapes into the
masonry matter. For this reason, sfill today, the principal inve-
stigations about the topic use methods suitable to evaluate
the stability of the structures and the boundary condition ro-
ther than the resistance of the involved materials. In particular,
in recent years, is developing the use of computational and
experimental tools in the masonry simulation, in which results
are related together. The in-scale physical modelling in the
structural evaluation of the masonry is spreading into the scien-
tific community because it represents a good and suitable al-
ternative in destructive tests to the complex and expensive
ones performed on full-scale structures. Moreover, the use of
physical modelling tools is increasing in the validation of the
computational tools utilized in the analyses of masonry ar-
ched and vaulted structures. Nevertheless, it is demonstrated
how the performances of only analytical and computation
procedures, without the respective experimental tests, can
lead to overestimations of the desired parameters (Ferrero et
al, 2021, Van Mele et al, 2012) if the tools are not calibrated
as a consequence (Dell’Endice et al, 2020). The construction
techniques and procedures represent an important step in
understanding the behaviour of these structures, in virtue of
their great variety and complexity. Nowadays, the literature
presents a good number of contributes in the field of physical
modelling the structural evaluation, but deeper investigations
are still needed, especially comparing the knowledge about
masonry with the other construction techniques. In particu-
lar, the theme of the brick arrangement, one of the focus of
the present research, is scarcely discussed, usually reported in
construction manuals but not investigated deeply in the field
of structural analysis. In light of these premises, the present
work aims to individuate a functional and robust methodo-
logy in the use of physical models in the structural analysis of
spatial structures, involving the individuation of case studies,
the geometrical design of the models, the materials and their
assemblage, the construction techniques, the experimental
set-up, and the data acquisition and post-processing phase.
Through the physical modelling the research aims to under-
stand the difference in the behaviour of arched and vaulted
structures under great displacement of the supports when are
involved different typologies of brick arrangement bounded
with mortar joints. Nevertheless, a part of the research focuses



on developing a methodology in the three-dimensional data
managing, through the use of point clouds, to perform the
deformation analyses of the in-scale models under ongoing
imposed displacement and to relate the visible phenomena
collected during the tests with the cloud comparison informa-
tion.






2. Masonry vaults and arches in architecture
2.1 Arches and vaults evolution

Western architecture is historically heavily characterized by
the use of masonry, from ancient times to the very beginning
of the XX century, until the introduction of new modern structu-
ral materials, such as steel and concrete. The basic principle
that rules masonry is the assemblage of units or blocks (cut
stone, bricks, rubble, etc.), eventually bonded with mortar to
help the laying process in order to form a solid and continuous
structure. Arched and vaulted structures use the natural equi-
liorium obtained through the contrast between the building
components and the horizontal thrust that derives. Their use
in the building does not correspond perfectly, involving dif-
ferent load conditions: the arches are usually placed inside
the vertical elements of a building, supporting the walls, while
the vaults are used to stand the floors and their thrust is ab-
sorbed by the vertical loads of the Iateral wall system (Cangi,
2012). Differently from the ancient wooden construction with
flat surfaces, the masonry arches and vaults are used in history
to realize the floors in the building by designing curved sha-
pes able to work properly with pure compressive loads. Ne-
vertheless, focusing on the behaviour of the structures under
their dead loads, it is commonly accepted to evaluate the
two different structure typologies (arches and vaults) by simi-
lar parameters involving geometry, thrust, and stability, despi-
te the different bi-dimensional and three-dimensional global
behaviour of each of them. One of the best suggestions in
understanding the simple masonry spatial structures concep-
tion is given by Leon Battista Alberti, in its third book of the “De
Re Aedificatoria”, where he describes vaults as curved walls
ruled in the construction by the same techniques employed
for the masonry walls. The metaphor suggested by the Italian
architect let us understand how these structural elements can
be very relevant into the construction process, in particular
in view of their construction process and relation to the other
building components. It is clear that this conception cannot
be extended to the more complex vaulted shapes develo-
ped in history, such as rib and fan vaults, but it is worth noti-
cing the strong impact that this image can lead in the field of
arches and vaults . There is no doubt about the strong rela-
tionship between these two structural typologies, especially if
we consider the barrel vault as a sequence of several arches.
The use of arched and vaulted structures in architecture has
a long fradition in history. Still today, the origin of these curved
masonry structures remains uncertain: the first documented



Fig. 2.1

Treasury of Afreus: view of the en-
france, with thw corbelled dischar-
ge arch above the lintel, plan and
section

Frivom: Como,2007.

Fig. 2.2

Pitched vaults with different brick ar-
ranhements.

From: Huerta, 2009.

examples go back to ancient Egypt, Greek, and Mesopota-
mian cultures starting from the third millennium B.C. and in-
volve principally primitive typologies of vaults made in mud
bricks. Among them, we can refer to two different typologies:
corbelled or false vaults and pitched vaults. The first typology
is characterized by a different structural behaviour due to the
assemblage of several parallel rows of masonry, typically in
stones, laying one on the top of the other with a progressive
corbelling. This technique was largely employed in the Myce-
naean tholos tombs construction (Como, 2008), such as the
Treasury of Atreus (Fig. 2.1).
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The pitched vaults (Fig. 2.2) tare constructed by the syste-
matic inclination of the bricks to avoid the use of temporary
scaffolding (Choisy, 1883). The bricks are assembled so as to
form inclined self-supporting arches, contrasted by a boun-
dary wall (Huerta, 2009; Karydis, 2012), while the lime mortar is
used to prevent the sliding between the elements.
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After these first examples, vaults are fully developed by
the Romans, with the addition of the simple arched structu-
res previously employed by the Etruscan and Greeks in some
ancient examples, in the process that Adam (1989) defines
as “the conquest of space”. One of the most notable exam-
ples is represented by the Porta Rosa (Fig. 2.3) in the Greek
colony of Velia, built in 340 B.C., where a civic enfrance is rea-
lized by an arched opening into the city walls, made with cut
stone. It is worth noticing the use of a second arch bonded
into the masonry, straight above the entrance arch, to help
the load discharge from the main arch. The Romans develo-
ped new construction techniques that brought the usage of
the arched and vaulted structures to a new level: besides the
great number of usages in minor buildings, one of the most
impressive and systematic uses of arches can be found into
the great roman aqueducts. These gigantic infrastructures,
that connected the water sources to the main cities of the
empire, are a consfructed compendium in the usage of the
arched structures. Despite the lack of any direct representa-
tion, by the Roman, of the use of centering, it is accepted by
the scientific community theirimportance in the development
of this device (Adam, 1989). Putlogs and corbelled pieces are
found in many of the aqueducts, still visible today, meaning
the use of temporary hanged supporting (Fig. 2.4) employed
in the arches and construction, as visible in the Pont du Gard
(Fig. 2.5), builtin 15 A.D. After this, it is also reasonable to assu-
me the use of full centering, with a large span, and a comple-
te structure, supported on the ground (Fig. 2.4), also in vaults
construction.
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The other great improvement in the arches and vault te-
chnology is resembled by the systematic use of modular ele-
ments made by the Romans: along with the development of
stereotomy ashlar construction, Roman architecture is hea-
vily characterized by the use of bricks, known as opus testa-
ceum. During the imperial period, the material has undergo-
ne a mass-production with the progressive abandonment of

Fig. 2.3

Porta Rosa in the ancient city of Ve-
lia, 340 B.C.

Fig. 2.4

Drawings of two different centering
typologies:

Leftf -  full frame centering suppor-
ted on the ground;

Right - suspendend centering.

From: Adam, 1989.
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Fig. 2.5

Pont du Gard, France, 15 A.D.



Fig. 2.6

Giotto, Cappella degli Scrovegni,
Padova, 1300 - 1305.

the stone extraction, and it is not surprising to read, in ancient
and modern writings on Rome, about scholars who were im-
pressed by the amount of brick masonry found in the skeletal
remains. This technical development, of course, is reflected
also in arches and vaults construction, with the birth, and the
successive evolution through history, of different construction
techniques linked to the use of brick masonry. Despite the
great use of arched structures, both in the prementioned
aqueducts or in the civil and monumental buildings (e.g. the
Colosseum and the various Triumph Arches), the Romans do
not make intensive use of the barrel vault in brick masonry, in
virtue of the punctual structural system employed most of the
time, that privileges the use of composite solutions, such as
the cross vaults.

The spread of the barrel-vaulted solutions comes in church
designs, starting from the Byzantine period up to the first gothic
experience, and later in some Renaissance and Baroque bu-
ildings. The architectural typology of the church is developed
along with one of his main components: the ceiling and roof
structures, composed of a brick or stone masonry vault and a
timber roof. This ensemble has the double aim of protecting
the wooden roof from fire, very common in ancient churches,
and preventing water infiliration in the masonry. This solution
is visible in well-known buildings from different periods, such
as the Scrovegni Chapel (Fig. 2.6), by Giotto, built between
1300 and 1305, the entrance and the central nave in the Sant’
Andrea Basilica in Mantova, by Leon Battista Alberti, designed
in 1472, and in the Gallery of Palazzo Spada, realized in 1632
by Francesco Borromini. In general, despite the use of arches
and vaults in different contexts and solutions and the good
number of experiments athey have undergone, the principles
of masonry have remained nearly the same in history.

This brief list of barrel vaults and arches examples aims
to demonstrate the great use of these structures in different
periods and fo reflect the evolution in time. Along with the
typologies evolution, the medieval builders start to specula-
te about the geometry of the masonry structures: as alreo-
dy known by Romans, the arched and vaulted structures are
strictly dependent on their shape and their dimension, and
builders and designers used empirical rules in the realization
of new structures, based on the direct experience on ancient
building. Rules of proportion and the imitation of the existing
building have been the main element in masonry design for
centuries. Since it is not possible to prove what kind of evao-



luation the Romans made in the arches and vaults design, it
is reasonable to assume that their use of empirical methods
was not so different from the one utilized during the Renais-
sance (Adam, 1989). This method involves the evaluation of
the abutment thickness by a graphical calculation based on
the span and the cross-section geometry (Fig. 2.7)

i

The geometry remains for centuries as the main guideline
in masonry construction, considered as the base of the sto-
bility and interpreted as the Firmitas, one of the three main
needs in the building elaborated Vitruvius in the “De archi-
tectura” (I century B.C.). The geometrical approach reaches
surprising developments in terms of mathematical evaluation
in the work of mathematicians and designers, such as Guari-
no Guarini in the XVII century. It is reasonable to assume that
Guarini never knew the theories of Galileo Galilei concerning
the resistance of materials (Sakarovitch, 2003) exposed in
the “Discourses and Mathematical Demonstrations Relating
to Two New Sciences” (1638) and considered as the base to
the modern structural mechanics, but it is possible to claim
his deep knowledge in masonry work that led to some of the
most complex and daring arched and vaulted structures like
the Holy Shourd Chapel (Napoli, 2008) (Fig. 2.8t), built after
1668, and San Lorenzo Church Dome, built between 1634
and 1680, both in Turin. Guarini’'s work is totally based upon
the geometrical conception of the spatial structures, and
this is demonstrated by his speculation, started from the work
of Palladio, and exposed in the “Euclides adauctus” (1671)
about the geometrical primitives and their intersection as the
base of the design and the realization of the vaults. Moreo-
ver, Guarini in his treatise “Civil Architecture” (1671) exposes
his disappointment regarding the scarce consideration of the
construction issues in building arched and vaulted structures
by the practitioners of his time (Spallone, 2012), despite the
design and construction difficulties constantly noticed during
in the building construction.

The XVIII century represents the golden age of the structu-

Fig. 2.7

Reinassance grapich method to
estimate the abutment thickness.

From: Adam, 1985.

Fig. 2.8

Guarino Guarini, arch system in the
Holy Shroud Chapel, Torino. about
1668.

From: Napoli, 2009.



Fig. 2.9

Giovanni Poleni, static evalation of
the St. Peter’s Basilica Dome.

From: Poleni, 1748.
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ral discussion in the arched and vaulted structures field, with
many treatises involving geometry and material properties.
Probably the most remarkable evaluation about the theme is
coming from the Italian mathematician and engineer Giovan-
ni Poleni. During his career he worked on the structural evalua-
tion of the St. Peter’'s Cathedral Dome and in 1748, referring to
the Robert Hooks research about the hanging chain (as the
best configuration for an uniformly loaded arch) conducted a
century earlier, he is probably the first in history to give a scien-
tific evaluation of the stability of a dome. The hanging chain
of Michelangelo’s dome in Poleni’'s famous drawing (Fig. 2.9)
resembles for the first fime the distribution and the flow of the
thrust inside the mass of the structure.
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The past pure geometrical and imitating approaches le-
ave the place to new methodologies based on the analytic
evaluation of different elements. Nevertheless, the masonry
construction field preserved an empirical approach in the
structure dimensioning: for example still during the Victorian
age, the scientific literature about the arch and vault dimen-
sioning has experienced a great spread, with many contribu-
tors, involving the geometry of the arch represented by the
span, the rise, and the global shape. These elements are used
to derive the thickness of the structure. In Fig. 2.10 are reported
some of the empirical formulas theorized during this period:



Fig. 2.10

h=4/36630 § (Rankine) Empirical forumals used arc dimen-
h= 220\/7 (Hurst) sioning during Victorian Age.
From: Reda Taha, 2005.
B 82+]82,/§+ I (Troutwine) rom: reda fend
h=4,/40000 S (Depuit - Semi-circular)
h=.,20000 § (Depuit - Segmental)
h=150(1+ J_S ) (Sejourne- Semi-circular)
Where:

- h =thickness of the arch
- f=rise (typically assumed as 1/2 or 1/3 of the span)
- S=the span

Nowadays, one of the most accepted and used theories
about the structural behaviour of masonry is the one introdu-
ced by Jaques Heyman (1966,1995). According to this theory,
the masonry behaviour can be evaluated through three sim-
ple assumptions:

- masonry has no tensile strength;
- masonry has infinity compressive strength;
- absence of sliding failure between the elements.

Under these assumptions, masonry can be imagined as
composed of totally rigid blocks with no-tension interfaces at
the joints, and the failure can only occur by the opening of
hinges in these joints, due to the impossibility of sliding pheno-
mena. If the voussoir arched structure is stable under self-wei-
ght, failure can occur only by the movement of the abutmen-
ts that lead to new accommodation in the general shape of
the arch or by the imposing of external forces (both vertical
or seismic): according fo the three assumptions about the
material, the blocks (or bricks) cannot deform or slide, but just
rotate around contact points, interpreted as hinges, and cre-
ating cracks. It is clear, under these assumptions, that cracks
can only occur along the joints, typically composed of weak
mortar, and not along the rigid elements (Fig. 2.11). These
assumptions are also used in the performing of Limit analysis
(Heyman, 1966): the thrust line represents the geometry of the
ideal arch to support a certain load (as an inverted chain),
and it must lie inside the boundaries of the masonry structure.
With this premise, it is clear that a simple arch can contain
inside its boundaries (between extrados and intrados) poten-

11



Fig. 2.11

Structural behaviour of a voussoirs
arch:

Left - stable state of a cracked
voussoir arch;

Right - minimum and  maximum
thrust undr its own weight.

From: Heyman, 1995.
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tially an infinite number of inverted chains. For this reason, the
master safe theorem (Heyman, 1995) states the need to find
a single thrust line, not even the “actual” one, to assess the
safety of the structure. The representing of the thrust line with
graphical methods can also help to understand the behao-
viour of the structures (arches or vaults, assumed as a series
of parallel arches) when subjected to changes in the loading
or geometric conditions. These variations lead to the opening
of hinges at the joints, as previously described, in correspon-
dence of the thrust line contact to the intrados or the extrados
of the structures. It is demonstrated that the stable structure
becomes a collapse mechanism in correspondence of the
appearance of specific hinges, depending on the structure
geometry and the nature of the loads. In arches and barrel
vault under opening spreads of the supports, as an example,
the mechanisms is tfriggered by the presence of a fourth hinge
(Fig. 2.11) (or fifth in the ideal structure).

(a)
! (b)
2.2 The brick arrangement.

Since the first examples of arched and vaulted structures,
partially described in the previous section, the arrangement
of the elements has been an important aspect in the con-
struction process. As seen in the examples cited by Choisy,
and reported by Huerta, the ancient pitched vaults had dif-
ferent typologies of arrangement with variation in the vertical
tilting of the mud bricks, involving different behaviours of the
elements during the construction. The great built heritage left
us by the Romans also shows variations in the arrangements
of the bricks, now used and produced in a systematic way:
this variety includes the use of single or multiple rows of bri-
cks both in the construction of arches and vaults, leading to
many different solutions, often present in the same building
(such as in the Aqua Alexandrina aqueduct, Fig. 4.9). The sim-



plest solutions involve the use of multiple rows of bricks laid
with mortar bed joint orthogonal or parallel to the abutments:
these solutions, continuously re-used in the centuries, in virfue
of their simple realization, also taken into account by Heyman
(Fig. 2.12) are the two arrangements selected to be tested
in the experimental investigation of the present research and
are exposed in detail in Ch.4.

These two simple solutions represent two opposite and cle-
ar construction techniques, with many variations, in history, in-
cluding mixes of the two arrangements together and use with
other bricks dispositions. The employment of these techniques
appears to be strongly related to the local cultures and tra-
dition, along with the formal solution employed in the arches
and vault geometry: Choisy (1883) continues his description
of the ancient techniques by reporting examples of mixes
between radial courses of bricks and pitched ones, to ease
the construction without centering (Fig. 2.13) while Alberto
Grimoldi (Brumana et al, 2017) describes the strange situation
discovered in the pavilion vaults of two adjacent rooms on
the first floor of Palazzo Magio Grasselli, in Piacenza, built over
the XVII century, on a late medieval building. In particular, Gri-
moldi notices, after thermographic acquisitions of the vaults,
plastered on the infrados, that the two structures, with similar
dimension and built in the same period, have two different
arrangements of the bricks, probably depending on the pre-
sence of two different building tfeams in the construction site,
at the same time.

Fig. 2.12

Radial and vertical arrangement of
the bricks in a barrel vault.

From: Heyman, 1995.

Fig. 2.13

Mixed brick arrangement of a barrel
vault.

From. Huerta, 2009.
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Fig. 2.14

Three different brick arrangement in
little looring vault.

From. Musso and Copperi, 1887.

Arco di mattonj
a due teste

Ghiera di
mattoni in
foglio

JY Arco esterng
di mattonj
ad una testy

Fig. 2.15

Typical brick arrangement in a Tu-
scan Reinassance arch.

From. Cangi, 2012.

Fig. 2.16

Complex brick arrangement in the
stiffening of a pavillion vault in Pa-

lazzo Magio Grasselli, Piacenza, XVI-

Ith century.

From: Brumana, 2017.
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The use of these techniques and their variation has spread
over time, and sfill, at the end of the XIX century, they are lar-
gely used in the masonry construction: the building manuals
of the time, such as “Particolari di cotruzioni murali e finimenti
di fabbricati” (Musso and Copperi), published in 1887, report
drawings and instruction to arrange the bricks in different vau-
It typologies (Fig. 2.14) to help the designers and the masons
during the construction.

But despite the classifications on the base of the bricks or
joints direction, made by scholars and designers, in reality, the
common practice often leads to more complex solutions, in
which even the definition of a principal arrangement direction
is challenging, both in arches and vault construction. This is the
case of the typical arches used in Tuscan Renaissance (Can-
gi, 2012) with multiple layers of radial and vertical oriented bri-
cks, arranged in several arches and reinforced with masonry
ferrules (Fig. 2.15) or the complex arrangement of the pavilion
vault, mentioned before, in Palzzo Magio Grasselli in Cremo-
na, where the in-folio arrangement of the bricks in most par-
tr of the structure is alternated, along the intersections with
stiffening arches on the extrados, with random-appearance
oriented bricks (Fig. 2.16). The same issues are noticed by Pic-
coli (1999) in the analyses of the construction methodologies
involved in the planterian vault, typical complex-shaped vau-
lted structures of the Piedmont region’s architecture, where
the high presence of stiffening elements and geometrical in-
tersections leads to the use of huge mortar quantities to bond
the bricks, sometimes individually manually shaped, in free
directions.




In conclusion, the arrangement of the bricks sfill represents
an open field of research, with many discordant interpreta-
tions about their contributes to the structural behaviour of the
arched and vaulted structures: the theme is briefly treated
by Heyman (1995) who states the substantially similar global
behaviour between the two different arranged structures in
the collapse mechanism, with slight variations into the defor-
med states and crack patterns. On the contrary, Cangi (2012)
interprets the arrangement of the bricks as one of the most
important elements in the evaluation of the resistant mechao-
nisms developed by the vaults, in virtue of the different crack
pattern possibilities related to different structural issues in the
building. Nowadays, the scientific literature about the topic
still does not present a reasonable number of sources involving
the evaluation of the structural behaviour of masonry spatial
structures in relation to their different brick arrangement.
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3. Architectural models
3.1 Use of models in architecture

The use of physical models in architecture is systematical-
ly documented since the great spread of the drawing and
construction treaties during the Renaissance. Nevertheless, it
is possible to find wide evidence in the use of objects to re-
semble the three-dimensional representation of a building.

One of the more ancient examples is represented by the
use of little earthenware models of buildings (White et al, 2016)
(Fig. 3.1), in China, dating back to the Han dynasty (Il and I
centuries BC): these objects reproduce towers, castles, and
simple houses and are usually part of funerary equipment.
They can be interpreted like the well-known Egyptfian and
Greek-Roman ones, with a high symbolic value: these models,
typically decorated with bird figures, are offered to the dece-
ased as a new house in the afterlife. This kind of model has a
strong historical value because of the representation of popu-
lar Chinese architecture from the Han dynasty period, even if
already idealistic.

Other pieces of evidence in the use of symbolic models
are found, in Western culture, in the traditional Christian ico-
nography of the ex-voto: typically employed in ecclesiastic
architectures, these are mosaics or frescos representing the
important personality of the Church donating a model of
the architecture itself to the Mother Mary or the Saints. The
wide diffusion of this practice is proven by the presence of
two ex-voto in as many different and far buildings. The first in
a Pieve in Galliano (Tosco, 2016) in Cantu (CO), in ltaly. Itis a
fresco, dated back to 1007 A.D., representing Milan’s Archbi-
shop Ariberto da Intimiano in the act of donating the model
of the little church to an angel (Fig. 3.2). The second is a mo-
saic commissioned by the Byzantine emperor Basil ll, after the
defeat of the Bulgarians, in a lunette on the western entrance
of Hagia Sophia in Istanbul: it represents the emperor Justinian
| while donating the model of the basilica to the Mother Mary
with the Child, along with Constantin who gives her a model
of his own city, Constantinople (Fig. 3.2). The highly symbolic
value of the ex-voto has a double meaning: on one hand, it
represents the will of the building clients, e.g., the Lombard
ecclesiastic class or the Byzantine rulers, to celebrate them-
selves and their deeds; on the other hand, their use involves
the high consideration of the Roman people to the value of
the three-dimensional in-scale representation of an important
building. Nevertheless, no one of the models represented has

Fig. 3.1

Earthenware model of

traditio-

nal house, Han Dynasty, University
of Pennsylvania Museum, Object
Number: C365.

Fig. 3.

Top -

Bofttom -

Ariberto da Intimiano do-
nate the model of the
Pieve di Galliano, 1007,
Cantu (CO).

Costantin and Justinian
who give model of the
city and the church to
the Mother Mary, uncer-
tain dating between 989
and 1019, Hagia Sophia,
Istanbul.
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arrived at our days, probably due to the exclusive use of the
figurative representation without the respective physical mo-
del.

As mentioned before, the great development of the archi-
tectural model practice takes place in the Renaissance as a
representation and design tool. The use of the models can be
classified into two different categories, as reported in the stu-
dies of Sebastianelli and Muscarelli (2016): the work and study
model and the exhibition ones. The first is realized to study the
building or a part of it, using poor materials, little in-scale re-
duction, and no decoration. These models are also made to
ease the design conception to the customers and the wor-
kers on the building site. Study models are usually composed
of various number of different pieces, representing joints and
constructive tips. A very poor number of this kind of model has
survived, from the period to nowadays, because of the ope-
rative function and their presence in the building sites. Some
of them have been reproduced differently from the originals,
typically described in the letters between the architects and
the customers or in the payment orders. The second typology
includes the model used in exhibitions and ceremonies: they
are designed to expose the whole project to the customers
to be approved before the construction phase. This kind of
model is usually preserved in a better way than the previous
ones, conserved in archives and museums.

In the treatise “De re Aedificatoria” (about 1450), Leon
Battista Alberti deals with the topic, by describing the ope-
rative nature of the model in the architectural practice: he
describes the model not as refined, shiny, or perfect but as
essential and simple to expose the design conception, not the
technical execution. In the treatise, the modelling is directly
linked to the architectural drawing, which occupies a great
part of Alberti’s theory. The three-dimensional representation,
for him, is a tool to prove the physical capacity of the object
to exist after the geometrical conception. It is known the exi-
stence of at least one in-scale model made by Alberti (Vasari,
1550; Burns, 1998) for the Sant’ Andrea church in Mantova. The
models, lost, are used to expose the project to the customer
Ludovico Gonzaga and manage the construction by Luca
Fancelli, Alberti's collaborator, after the death of the master
in 1472.

A decade later, Antonio di Pietro Averlino, known as Filare-
te, describes the use of the physical model in his treatise, while
describing his ideal city Sforzinda to the duke of Milan, Fran-



cesco Sforza. Filarete refers to disegno rilevato as a three-di-
mensional wooden model employed as the last step in the
design process. For the first fime (Spallone, 2012) the models
are systematically used as a representation technique along
with the drawing. As a consequence, in the treatise, Fllarete
uses pseudo-perspective elevation drawings to simulate the
three-dimensional features of the models.

These treatises highlight a new and common use of the phy-
sical model in the architectural process, probably reflecting
the professional practice of the XVst century. Vasari refers to
the design habits of Filippo Brunelleschi, who typically fabrica-
ted wooden models of the architecture that are left on the
building site, as a guide for the masters. This habit is also con-
firmed by the payment orders from the Opera di Santa Maria
del Fiore from which we know that, in 1418, Brunelleschi, along
with Nanni di Banco e Donatello, is paid for a brick-and-mor-
tar model of the cathedral’'s dome, destroyed in 1432. This
model is infegrated, later, with the other two wooden models
of the balcony and the lantern. The presence in the order of
two sculptors tells us the aim of the model to exhibit the final
form of the building with aesthetic value, besides guiding the
bricklayer during the construction. Once the dome is comple-
ted, in 1436, a new architectural competition was opened for
the realization of the lantern above the structure. The compe-
titors were invited to present a physical model of the projects
(Fig. 3.3). This particular request shows the importance of the
modelling in the renewed architectural practice of the bigger
commissions. Brunelleschi won the competition with a “tricky”
model, as described by Vasari (it is designed to hide some of
the features of the project). This model has been used after the
death of Brunelleschi as a guide for the lantern construction,
as expressed in his own last wills. Today a slightly different re-
plica is exposed in the Museo dell’Opera di Santa Maria del
Fiore in Florence.

As mentioned previously, a great part of these models has
not survived during the years, replaced by replicas or lost. Va-
sari, while telling the personal history of his contemporary col-
leagues, refers to a great number of models of well-known
buildings: the one realized by Francesco di Giorgio Martini for
the Palazzo Ducale di Urbino after he succeeded to Luciano
Laurana and also the model of the Belvedere stairs realized
by Bramante for the St. Peter's complex. Vasari tells the story
of Giuliano da Sangallo who gives a model of a royal palace
as a present to the emperor Charles VIl of France while visi-

Fig. 3.3

Wooden model of the lantern,
about 1430-46, Museo dell' Opera di
Santa Maria del Fiore, Florence.
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Fig. 3.4

Passignano, Michelangelo presents
the model of St Peter to Pope Paul
IV, XVIIith century, Casa Buonarrofi,
Florence.t

Fig. 3.5

Michelangelo and Battista da Car-
rara, Model of the St. Peter’'s dome,
view of the cross-section, 1558-1561,
Museo Petriano, Rome.
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ting him with the cardinal Giuliano della Rovere, in 1496. This
episode has a significative meaning in the comprehension
of the new importance of the modelling in architecture, with
this practice assuming a role not so different from the ancient
ex-voto. A similar event is reported in a fresco by Antonio Cre-
spi, known as Passignano, in Casa Buonarroti, Michelangelo’s
native house. In the fresco, the architect is showing the model
of his project for St. Peter’s Basilica to Pope Paul IV during a
public ceremony (Fig. 3.4). The Basilica is linked to two of the
most known architectural models in the history of the subject.
The first is the model representing the Michelangelo dome,
realized between 1558 and 1561, together with the carpen-
ter Bafttista da Carrara, is exposed in the Museo Petriano in
the Basilica: it is a 1:5 in-scale reproduction of the dome, con-
structed in basswood, that offers the possibility to be opened
and show the section profile of the structure along with the
interior (Fig. 3.5).

The second model is the well-known representation of the
Antonio da Sangallo’s project for the Basilica. It is the focus of
extensive research and documentaries because of its featu-
res and history. The model of Sangallo (Fig. 3.6) is a one-of-o-
kind artwork realized in wood and stucco: it occupies an area
of 45 m2 and it is more than 4 m high, composed of thousands
of pieces in the layout of several components assembled to-
gether. This object has the unique feature of being visitable
also in the interior, with a great number of details. Realized
in 1:30 scale, it is fabricated by a tfeam of carpenters, led by
Antonio Lobacco, taking a period of seven years for the con-
struction and costing around 4.800 scudi (the amount of mo-
ney needed for the construction of a real little church, at the
time). Sangallo’s project will be never realized, but the model
is still exposed in the Basilica, after a long and expensive resto-
ration performed during the last years of the XX century: this is
a clear example of the importance of the physical model, at
the time and still nowadays, as a project tool for the designers
and for preserving the historical memory of the construction
that represents.

The collaboration of a team of carpenters in the con-
struction of St. Peter’'s model, once again reported by Vasari
and the daily payment orders by the Fabbrica di San Pietro,
is meaningful to understand the professional practice of the
time. A global overview about an exposition model realization
procedure is proposed by Roger Pratt, an English architect,
who visited Italy and the big construction sites during 1643



and 1649. He describes the process as the result of the work
of a team: after the design phase, the architect chooses the
scale of representation and works together with the carpen-
ter to select the better wooden support for the scale chosen.
Then he draws the prices directly on the wooden panels, the
carpenter provides to cut and later assemble the componen-
ts. The more the architect is present in the design phase of the
model, the less he is involved directly in the construction of the
object.

During the XVIII century the use of physical models assu-
mes an important place in the professional activity of the ar-
chitects, with many pieces of evidence still visible, as the well
decorated and baroque models used for teaching in the Ac-
cademia di San Luca or the collection of the models linked
to the various projects of the St. Peter’s basilica, by Francesco
Fontana. The role of the models increases with the specta-
cularization of the architecture in the period, concerning the
construction of the great public buildings and the interest of
the scholars involved in the Grand Tour. A proof of the use in
the practice is reported by Filippo Juvarra who, in his letters
with the customers, expresses the helpful role of modelling in
visualizing the final result of the design with fewer misunder-
standings than the classical drawing (Curcio, 2000). The sug-
gestion of Juvarra is reflected in his work by many models,
such as the big one realized, along with the carpenter Carlo
Maria Ugliengo, for the Rivoli's Castle, between 1717 and 1718
and nowadays exposed at Museo Civico d’'Arte Anfica in Tu-
rin (Fig. 3.7). It is realized in wood and represents the volume
of the castle and the detail of the facades. In the past it was
completed by adding a second model representing the ter-
races at the base of the building, today lost. The realization of
the model is remarkable for features like the possibility to be
opened revealing the architectural section passing through
the stairs, the presence of the interior decoration, and the pre-
sence of the complex vault systems realized with multiple thin
layers of engraved wood. In the same period, in Rome, the
models are largely used in the design of great buildings: the
payment orders registered for the carpenters show the evolu-
tion in the needs of the designers, and it is possible to compa-
re the 650 scudi paid for the model of the Sagrestia Vaticana,
in 1715, to the 230 scudi paid for the model of the Fontana di
Trevi in 1735 (Di Marco, 2017). This gap in the expenses nee-
ded for the model realization can be interpreted as the deve-
lopment of a structured fradition in the use of wood carpentry
along with the architectural design. This theory is confirmed by

Antonio da Sangallo and Antonio
Labacco, Model of St. Peter’s basi-
lica, view of the cross-section, 1539-
1546, Museo Petriano, Roma.

Fig. 3.7

Top -

Bottom —

Carlo Maria Ugliengo,
Model of the Rivoli Ca-
stle, particolare delle
volte, 1717-1718, Museo
Civico d'Arte Antica, Tu-
rin.t

detail of the vaulf repre-
sentation.
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the numerous citations of the carpenter Carlo Camporese in
the document linked to the Fontana di Trevi construction. Mo-
reover, the figure of Camporese is described, at the period, as
a well-known professional figure highly requested in the works
of the Roman aristocracy.

In the XIX century, it is worth noticing the approach of some
scholars to the use of the physical model as teaching support
in the architectural faculties. Giovanni Curioni, professor at
Politecnico di Torino, realizes a collection of models represen-
ting structures, construction machines, and building solutions,
with a high degree of detail and mechanisms of action. In
1872 the collection is composed of 104 models, some of them
today gone lost (AA. VV., 1989). These models were exposed
to the public in the halls of the Valentino Castle, in Torino, and
were used as examples to the students, along with a new la-
boratory to test the materials. It appears clear that the birth of
the new construction science has influenced the use of these
supports also in the academic field. Among the lost models,
as emerging from the inventory of the collection, there were
two models of stereotomy stone bridges, where the voussoirs
are cut individually and then assembled to show the students
the building procedures.

Itis probably in the XX century that the use of models, in the
architectural professional practice and teaching, has largely
spread in the design and exposition phases: the renewed pro-
fessional activity, the intellectual speculation during the post-
war period, and the great architectural contests are the main
characters in the architecture of the century, and all of them
bring new usage and rules in the physical modelling. This is
proven by the request of models as a compulsory condition to
parficipate in the contests and the big spread of conceptual
modelling, in which the pure form is expressed as the main
feature of the object.

This brief excursus shows the evolution of the use of the phy-
sical models in the architectural practice until nowadays, with
the great development in the use of virtual three-dimensional
models still in course. The examples reported are selected be-
cause of theri relevance as the most notable and meaningful
uses of the physical modelling tool in architecture to illustrate
the great potential of the modelling.



3.2 Historic structural models

Quite all the models illustrated in the previous section have
the main purpose of representing the design conception of
the architect to the customers, the committee, and the wor-
kers. They belong to the exhibition model typology (realized
for the committee and customers), with the main intrinsic cha-
racteristics of representing the building. It is worth noticing that
it is documented, in history, at least one other different usage
of the physical models in the architectural and engineering
practice: this kind of modelling involves the evaluation, throu-
gh physical and experimental observations, of the object spa-
tial and structural behaviour. The experiences of Alberti and
Juvarra, in the previous pages, demonstrate the use of this
kind of model as study tools in the past centuries. In particular,
we can refer to a precise typology of models as structural mo-
dels, the subject of the present thesis work. These models have
the main aim of investigating experimentally the structural
behaviour of a building component, using an in-scale repre-
sentation. These investigations typically involve the evaluation
of the geometry and the stability of the elements, especially
in the masonry fields. Another usage of the models regarding
the material resistance will be not tfreated here, despite their
large use, also documented in the scientific literature.

There are few reliable sources about the topic, probably
depending on the operative nature of these tools and the
professional activities: as reconstructed by Ricci (2008), Filippo
Brunelleschi was used to constructing study models to evalua-
te the geometry of the buildings, but he was very careful not
to allow anyone to watch them, as for a wooden and rope
model constructed on the Arno’s bay to evaluate the geo-
meftry of the Santa Maria del Fiore dome. This episode, along
with many others confirmed by Vasari, can clearly represent
the tendency of the designers in professional practice to pre-
serve some of the practical tools developed by the designer.
Naturally, this can be only one of the many causes of the
lack of information about the topic. Still nowadays, organic
and complete research about the use of physical models in
structural analysis is lacking. Similarly to the exhibition models,
unfortunately, also most of the structural models documented
in history are lost or destroyed, especially due to their usage as
study tools during the design phase.

Thereis no particular evidence of the use of physicalmodels
by the ancient Greeks and Romans in the construction field,
while some references can be found, still scarce, about their
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Fig. 3.8

Robert Le Ricolas, Structural models
of hangars, 1940 - 1950.

From Vrontissi, 2016.

Fig. 3.9

Ludwig Mies van der Rohe, structu-
ral model of the Chigaco el Con-
vention Hall, 1953.1

From Cabanillas Cuesta, 2018.
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use during the medieval age: Jaque Heyman, a great scholar
in ancient construction techniques, speculates about the use
of models also in the big gothic cathedral construction, with
the aim of demonstrating the geometrical principles used to
design complex masonry structures. This thesis seems to fit well
with the design principles used in the cathedral construction
based on pure geometrical and empirical relations. Heyman
also reports the existence of a physical model of the San Pe-
tronio cathedral in Bologna (1995), today gone lost. This is a
18 meters long model made of bricks and plaster, dating to
about 1390, the period in which Anfonio di Vincenzo was the
chief architect of the construction. The San Petronio model
aims to evaluate the stability of the building in relation to its
single parts, with the same geometrical approach previously
described.

Charles Perrault in his memories (1909) reports the episo-
des involving Gian Lorenzo Bernini with the construction of
full-scale masonry models: during his brief fime in Paris, at
the court on Louis XIV in 1665, the Italian architect commis-
sions two vault models, with the boundary walls, testing the
different construction practice of both Italy and France and
different load conditions. Roberto Gabetti (1989) reports the
experience of Soufflot and Rondellet, employed in the Pan-
theon construction in Paris. According to the author, the two
designers, famous for the calculation and design of the ar-
moured stone, performed the test of geometrical stability of
vault and supports along with the material resistance testing.
With a conception close to the great gothic builders, Soufflot
believes in the high value of the empirical and experimental
evidence, along with the mathematical observation. For this
reason, he built some wooden models to evaluate the stabili-
ty of the structure. Gabetti also reports the use by Alessandro
Antonelli of a 1:20 in-scale model of the San Gaudenzio Basi-
lica’s dome, highlighting the tendencies in Antonelli’'s design
process to privilege experimental solution and direct observa-
tion in the great masonry structures construction.

A wider spread of physical structural models started at the
end of the XIX century, involving the design of spatial structu-
res, in which the in-scale modelling of the shapes can help
to evaluate the global behaviour of the structure. The use of
this strategy is common to designers as Richard Buckminster
Fuller, Eduardo Torroja, Felix Candela, Robert Le Ricolais (Sar-
do, 2004), and Ludwig Mies Van der Rohe (Cabanillas Cuesta,
2019); in particular, Le Ricolais and Mies used physical models



to evaluate the behaviour and the geometry of space fro-
mes, e.g. in the Le Ricolas hangars (1940 — 1950) (Fig. 3.8) and
the Mies’'s Chicago Convention Hall (1953) (Fig. 3.9). The re-
search about compression-only structures involves the studies
of Antoni Gaudi for his arched and vaulted structures. The Ca-
talan architect was used to evaluate the global shape of the
catenary arches and vaults by fabricating models of hanging
chains, loaded with little led weights, obtaining a tensile-only
structure configuration, then reversed: this solution allows the
designer to obtain the best and optimized solution by the prin-
ciple involving the catenary as the better thrust distribution
in an arched structure. Every adjustment of the led weights
upon the chains leads to an automatically physical re-com-
putation of the optimal shape of the structures, allowing the
designer to invert the model, with the use of simple mirrors, to
design the arches and vault. Gaudi used this solution in many
of his projects, e.g. the Sagrada Familia in Barcellona and the
incomplete Church in Colonia Guell (Fig. 3.10). Another no-
table example is resembled by Frei Otto, well-known for his
use of the physical models in the design phase of his structu-
res, converged in the book “Thinking by modelling”, published
two years after his death, as an exposition of the models built
during his professional activity. Among this great model pro-
duction, it is worth noticing the use of a hanging chain model
in the structural design of the gridshell roofs in the Mannheim
Multihalle (Liddell, 2015) (Fig. 3.11) during the ‘70s. The 1:100
in-scale model is composed of small hanging piers in wooden
material that holds the boundary lines of the inverted structu-
re: the linking lines connected through little metal rings and
composing the inverted webs representing the gridshell ele-
ments are connected to the boundary line through the use of
metal springs, in order to register the forces inside the web and
control the curvature in both directions. Other typical models
used by Frei Otto in spatial structures design are composed of
little metallic frames hanging a net of wool threads drenched
in a liquid soap and water solution: in this way, it is possible to
visualize the minimal surfaces between the net, formed by the
water and soap solution (Fig. 3.12). A similar approach can be
found in the work of the Italian engineer Sergio Musmeci (Ni-
coletti, 1999), who is particularly aware about the conception
of special structural form through modelling: if the shape of
a structure is determined by the way the forces pass through
the matter in the space, then the physical visualization throu-
gh the model is the best way to analyse the spatial distribution
of the static actions involved by the shape itself. The theory of
Musmeci is reflected upon the design of his well-known Basen-

Fig. 3.10

Antoni Gaudi, Tensile-only model of
the Church in Colonia Guell. 1898 -
1917.

From dataphys.org.

Fig. 3.11t

Frei Otto, gridshell roofs in the Man-
nheim Multihalle model, about 1970.

From Liddell, 2015.

Fig. 3.12

Frei Otto, Modeling With Soap Films.

From Domus, 2015.
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Fig. 3.13

Sergio Musmeci, Basento Bridge
1:10 in scale model, about 1967.

From Lapenna, 2020.

Fig. 3.14

Segmental round arch model,

from Ochsendorf, 2006.
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to Bridge, in which the structural minimum surface is performed
with a 1:10 in-scale model (Fig. 3.13), made of micro-concre-
te. The model is tested with hydraulic jacks to understand the
distribution of the forces under different load configurations in
order to optimize the shape of the thin concrete membrane
designed to support the bridge deck.

3.3 Contemporary use of structural models

In the last decade, the research about the structural behao-
viour of masonry arches and vaults has largely made use of
in-scale physical models: based on Heyman's assumption,
these researches are based on principles involving the geo-
metry and the stability of the structure more than the material
resistances. This approach is also supported by the fact that
the big spread in the use of arched and vaulted structures,
along with the construction of many of the most complex and
innovative ones, is anterior to the research of Galileo Gdlilei
about the resistance of the material, in the XVI century. For
these reasons, it is commonly accepted, in the modern scien-
tific community, the use of in-scale models to test masonry
spatial structure considering only geometric and stability fe-
atures and neglecting the scale effect, typically considered
in tests involving forces and resistances. Moreover, a series of
new solutions in the field of data acquisition and managing is
nowadays available, making it possible to perform more ef-
fective tests on the in-scale models, involving parameters not
possible to be measured in a traditional way with the simple
observation of the phenomena. In the following, a brief report
about the state of the art in the field of the structural test on
the in-scale models is reported, highlighting the procedures
and the aims of the researches.

The research by Ochsendorf (2006) and Romano and Och-
sendorf (2010) can be considered as parts of the first modern
experimental campaign about the masonry arches behao-
viour under large displacements of the supports. This research
involves respectively segmental round (Fig 3.14) and pointed
arch models made of cast concrete dry joint voussoirs, that
are tested under opening of the abutments, to simulate the
response of the structures to the movement of the supports. As
for many other experimental campaigns involving arch mo-
dels, the data acquisition is based upon image capturing of
the main vertical plane of the arch: this is due to the simple
bidimensional behaviour of an arched structure under in-pla-
ne displacement of the abutments. In particular, this resear-



ch aims to evaluate the arch behaviour in terms of ultimate
displacement, hinge opening, hinge configuration, and their
relation with the line of thrust. With these aims, the authors de-
velop a MATLAB algorithm to perform iterative comparisons
between the images (2006) to perform the limit analysis on
different configurations of the arch. In the 2010 publication
they expose a new procedure that integrates the previous
one, where the line of thrust is also found by the use of the
graphical method. In 2007 the results collected by Verstrynge
et al. during a student workshop are published. The studen-
ts build a model of a parabolic arch (probably the only one
experimentally investigated in the last decades) in masonry
blocks bonded by lime mortar (Fig. 3.15). The arch is tested
under a centric load and opening displacements of the abut-
ment. A custom software interface is designed to obtain in
CAD environment the description of the line of thrust derived
by the direct observation and image capturing of the arch
behaviour. The experiences here described have been the
basis of the procedures of many other research projects on
the theme, sometimes focusing on a specific feature in the in-
vestigation (geometry, displacement, model discretization, in-
terfaces, etc.) where the basic limit analyses method is replao-
ced by modern and more sophisticated computational fools.
In this category falls the work by Galassi et al. (2020), which
aims to evaluate the behaviour of a pointed arch model (Fig.
3.16) under large displacement of the abutment with a focus
about the element discretization and some of its constructive
features. In particular, the results show a different response of
the arch in the presence or absence of a keystone in terms
of both collapse mechanism and ultimate displacement. The
experimental results are used to validate an innovative tool
based on the modelling of interfaces (joints) with a precise
stiffness to evaluate, in an iterative way, the ultimate displo-
cement, the hinge position, and the collapse mechanism of
arches under the tested displacement. In the same year, the
results of the experimental test on a 1:5 in-scale segmental
round arch model by Alforno et al. are published. In this case
the model is made by an assemblage of wooden blocks bon-
ded with low cohesion lime mortar and tested under opening
displacement (Fig. 3.17). The ultimate displacement is acqui-
red by a digital measuring tool, while the data concerning
the evolution in the stability of the arch model and the hinge
opening are collected by the use of a high-resolution came-
ra, acquiring at fixed steps of the imposed displacement. The
results, in terms of collapse mechanism, hinge position, and
ulfimate displacement are compared with a new proposal of

Fig. 3.15

Parabolic arch model collapse un-
der opening displacement,

from Verstrynge et al, 2007.

Fig. 3.16

Pointed arch model collapse under
opening displacement,

from Galassi et al, 2020.

Fig. 3.17

Segmental round arch model col-
lapse under opening displacement,

from Alforno et al, 2020.
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Fig. 3.18

Segmental round arch model, hin-
ges opening under inclined in-plane
displacement,

from Ferrero et al, 2021.

Fig. 3.19

Cross vault model, hinges opening
under in-plane displacement,

from Van Mele et al, 2012.
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a computational tool for the micro-modelling of the masonry
structure, obtaining a good matching between experimental
and numerical results. More recently, a new research campai-
gn (Ferrero et al, 2021) has involved a series of experimental
tests of a dry joint segmental arch model (Fig. 3.18), realized
in bicomponent casting material. In this case, the focus of the
research is on the behaviour of the structures under in-plane
large displacements of the supports with different directions,
from purely vertical and purely horizontal to different degre-
es of variation. The experimental results, also in this case, are
used to validate two different computational tools which are
used later to assess the difference in the arch behaviour in
terms of hinge position, collapse mechanisms, and ultimate
displacement in relation to the direction of the in-plane impo-
sed displacement and the number of voussoirs in which the
model is discretised.

One of the first experiences involving the use of an in-scale
vault model is reported by Van Mele (2012). Here, the rese-
arch aims to investigate the complex three-dimensional col-
lapse mechanism of a double-curvature cross vault, by using
physical and computational models. The main focus is the
computational evaluation of the ultimate displacement that
leads to the collapse of the structure and the capacity of the
numerical tool to predict the experimental results obtained in
the tests. The experimental campaign is performed on a vault
formed by the geometrical intersection of two barrel vaults
with 150 mm of internal radius and 24,4 mm of thickness. The
in-scale structure is modelled in Rhinoceros and constructed
by the assemblage of dry joints individually shaped vousso-
irs, obtained by 3D printing with plastic material. The vault is
placed upon four separate abutments and the movement
of one of them, in horizontal, vertical, and inclined direction
imposes the displacement that leads to the collapse of the
structure (Fig. 3.19). The data acquisition is performed through
the use of optical devices and the experimental results are
compared with the computational ones.

In the same year, Shapiro publishes the results obtained
during her Master’'s Degree Thesis at the Massachusetts Insti-
tute of Technology. The experimental campaign is performed
with different typologies of dry joint in-scale vault models un-
der different conditions of load and displacement. In particu-
lar, she tests two different barrel vaults (Fig. 3.20) and a cross
vault by opening spreads of the supports, vertical point load,
point load on initially deformed configurations, and constant



horizontal acceleration of the structures obtained by filting
the reference plane of the models with different angles of in-
clination. The in-scale models are designed with Rhinoceros
sofftware and the dry joint individually shaped voussoirs are
obtained by the application of multiple layers of powder ma-
terial to adhesive layers. The models are designed with similar
geometrical features, with a mean radius of 350 mm. It is wor-
th noticing the use of an uncommon solution in the realization
of the centering: in spite of the classical convex shape, used
in the masonry common practice, the model is assembled
on concave support adhering on the extrados of the in-scale
vaults, subsequently tilted on the supports. The data acquisi-
tion is performed with the usage of high-frequency cameras
to catch the frames of the collapse mechanisms.

Rossi et al (2015) report the results of an experimental cam-
paign performed on a 1:5 in-scale model of a cross vault (Fig.
3.21) and compare to the results obtained with a custom nu-
merical tool, in order to validate it. The research aims to simu-
late the in-plane displacement capacity of a masonry vault,
through the use of a model corresponding to a real masonry
cross vault of 3,1 m of span, under seismic actions. The model
is designed and discretized with trapezoidal-shaped voussoirs
and special pieces to realize the ribs of the vault. All the com-
ponents are obtained by 3D printing with plastic material and
weighed down with the insertion of little metal plates inside
specifically designed pockets in the voussoirs to prevent acci-
dental failures of the model during the experimental activities.
Four centerings mounted on rails are used to assemble the
voussoirs and the four abutments are rigidly fixed on as many
metal plates connected by metal rods to activate the displa-
cement mechanism and measure the force. With this set-up
configuration, both simple and pure shear tests and opening
tests are performed. The data concerning the forces are ac-
quired by the use of load cells near the mechanism actua-
tor and strain gauges applied to the activation bar, while the
geometrical data are captured with high-frequency and hi-
gh-resolution cameras.

A 1:10 model of a pavilion vault is analysed in Rossi et al,
2016 (Fig. 3.22), by performing opening tests to evaluate the
crack pafttern, the ultimate displacements, and the collapse
mechanism, and by comparing experimental results with ob-
servations of real structures in historical masonry buildings by
the evaluation of the line of thrust. The model is realized fo-
bricated with dry joint trapezoidal cross-section voussoirs, de-

Fig. 3.20

Barrel vault model, hinges opening
under opening displacement,

from Shapiro, 2012.

Fig. 3.21

Cross vault model, hinges opening
under in-plane displacement,

from Rossi et al, 2015.

Fig. 3.22

Pavilion vault model collapse under
opening displacement,

from Rossi et al, 2016.
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Fig. 3.23

Cross vault model, hinge opening
under shear displacement,

from Carfagini et al, 2018.

Fig. 3.24

Pointed barrel vault model, hinge
opening under linear vertical displo-
cement,

from D'Altri et al, 2019.
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signed as an ensemble of multiple bricks and mortar joints in
the same position as in a real structure. This solution allows the
easing of the work by reducing the number of voussoirs and
limiting the use of extremely tiny pieces. Due to the closed
shape of the pavilion vault, the centering is simply lowered
down under the structure without a complete removing, to
not interfere with the experimental set-up composed of mul-
tiple moveable plates. In this way it is possible to test different
conditions of displacement by changing the quantity of the
abutments involved in the movement. The data acquisition
is performed by the four opftical sensors mounted on fixed tri-
pods, one for each side of the vault. The sensors are able to
evaluate the displacements of the single voussoirs by tracking
the univocal four-dotted patterns printed on each piece.

In 2018, the research published by Carfagini et al. aims o
assess the behaviour of a cross vault and its arches in the field
of large displacement of the supports. The model reproduces
the geometry of a real quadripartite cross vault in the late-
ral nave of the Holyrood gothic cathedral in Edinburgh. The
1:4 in-scale model Fig. 3.23), of about 1 x 1 meters of base
and 0,76 m of rising, is realized of wooden blocks bonded
with lime mortar. The construction of the model follows the
real practice in this building typology, with the assemblage
of the main arches and of the vault on light partial scaffoldin-
gs. The vault model is realized upon four concrete blocks as
abutments and a rigid wood panel is attached to one of the
arches to simulate the rigid response of the external walls of
the cathedral. A simple shear test is performed by sliding of
two abutments on rails, to avoid buckling phenomena, and
the geometrical data are collected with the usage of a total
station by monitoring selected points of the extrados (main
arch, ribs, a portion of the shell, etc.). The experimental results,
in ferms of displacements and crack pattern, are compared
with the one obtained with linear and non-linear analysis to-
ols. Another research, performed with the same methodology
exposed in the previous one, is reported by D'Altri et al, 2019.
In particular, the research is focused on the use of a 1:12 mo-
del of a pointed barrel vault reproducing the typical structu-
res used in Scottish architecture of the XVth century (Fig. 3.24).
The model is made of macro wooden blocks, approximating
the measure of a group of blocks in the real construction. The-
se blocks are bonded with lime mortar. The model is tested
under the linear displacement of one of the abutments by
pulling down one of the corners of the vault. The geometrical
data are acquired with a total station, while the cracks are hi-



ghlighted in the image acquisitions by the application of dye
material inside the hinges. The experimental results are used
to validate the numerical tool developed for this kind of vau-
It and then other displacement conditions are tested on the
same geometry by computational simulations.
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4. Description of the case studies
4.1 Identification of case studies

The models tested in the present research are based, di-
rectly or indirectly, upon the in-scale models tested in Rossi,
2015 and Alforno et al, 2020, both previously exposed in the
section about the state of the art in the use of physical models
in structural analysis.

In the first study, a 1:5 in-scale model of a cross vault is built
and tested, until collapse, under different loading conditions.
The model is produced as a replica of a typical square base
cross vault, in masonry with 3,5 m of span, and made of typical
brick blocks 60 x 120 x 240 mm. The brick arrangement is de-
rived by a review of scientific literature (Cangi, 2005). The use
of cross vaults with these dimensions is typical both in religious
and civil Italian buildings, with many examples in churches la-
teral nave or transect and in residential buildings porticos. In
particular, in this work, two convergent slices of the ideal cross
vault model are evaluated (Fig. 4.1) with a graphical method
(Mery, 1840), to estimate the line of frust (Fig. 4.2) in the static
limit analysis perspective (Heyman, 1995). This method consists
of a graphical schematization of half an arch (in presence of
symmetric structures) into separate voussoirs, between a ran-
ge of 90° and 30° in the angle of embrace. The thrust line is
constructed with a funicular polygon made by the voussoirs
loads summed into a forces polygon. Due to the indetermi-
nate nature of the problem, the finding of a single thrust line
implies the stability of the section. After that, the analysis is
performed also on the diagonal ribs.
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Fig. 4.1

Typical subdivision of a cross vault
into slices to perform the graphic
static limit analysis.

From Rossi, 2015.

Fig. 4.2

Graphic static limit analysis per-
formed on the slice of a typical
cross-vault.

From Rossi, 2015
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Fig. 4.3

In-scale cross-vault model.

From Rossi, 2015.

Fig. 4.4

Segmental round arch: geometric
features.

Courtesy of Marco Alforno.
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After the analytic response on the arch stability, the model
is designed and constructed starting from head arches with a
span of 620 mm and a rise of 225 mm and 1032 custom sha-
ped voussoirs, shaped to follow the several portions of bricks
and joints.
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The work presented by Alforno is directly referred to the
one exposed in the Ph.D. thesis of Rossi. In fact, the in-scale
arch model tested is the reproduction of one of the head ar-
ches of the cross-vault model exposed before. This allows the
models’ behaviour to be compared by basing new research
on geometries tested and well documented in scientific litera-
ture. The arch has the same 620 mm of net span and 170 mm
of rise, in virtue of the minor angle of embrace considered
(122°), with an internal radius (r) of 330 mm and an external
radius (r_) of 350 mm (Fig. 4.4).

The experimental campaign of the present thesis, as declo-
red in the infroduction, moves from this last experience, with

r=330 mm
170 mm
y
Z 620 mm re=350 mm
X
122°



the aim of investigating the different behaviour of the arches
in relation to their brick arrangement. For these reasons, the
geometry of the models, exposed in the following sections,
derives directly from the one tested by Alforno et al., in virtue
of the usage of the same experimental set-up to impose the
displacement, with slight variation in the measures.

4.2 Arch Models

A new centering is realized to perform the tests of the pre-
sent thesis work, as reported in the previous section. The net
span and the rise of the arches are fixed respectively to 600
mm and 182 mm, adapting the other dimensions to the ge-
ometry of the existent device. The geometrical and three-di-
mensional design of the arches is performed with Autodesk
AutoCAD: starting from fixed dimensions, such as the radiuses
and the span, various designs are evaluated to optimize the
number of bricks and the joint dimension in relation to the
overall geometry: the design process, started with the arch
model with radial arrangement of the bricks, involves seve-
ral frials compared with experimental results, before the rea-
ching of the final configuration. As will be reported in detail in
the Tab 7.1, at least three voussoirs discretization configuration
are tested, respectively with 62, 69, and 65 bricks. The first two
are discarded because of the mortar joint dimension: too big
in the first case and too small in the second case. After the
experience gained with the first arrangement, a new typology
of model, with vertical arrangement, is designed by following
the same principles. In the final configurations, the 1:5 in-scale
arch models correspond to full-scale arches with 3 meters of
net span and about one meter of rising, representing the typi-
cal dimensions of arches in a historical masonry portfico.

As stated in the Introduction, the main aim of the resear-
ch is to investigate the different behaviour of masonry spatial
structures with the same overall geometry but different brick
arrangements. Two arrangements are selected to be tested,
among the various exposed in the Ch. 2 in virtue of their com-
mon use and the ease in the construction:

- Radial arrangement (AR) (Fig. 4.5): the arch is composed
of a single row of bricks arranged orthogonal to the main
vertical plane of the arch. The bricks are laid vertically on
their short edge (rowlock orientation) (Fig. 4.6). With the
use of these brick arrangement, the arch has a single type
of fransversal bed joints, wedge-shaped, laid between
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Fig. 4.5

Arch with radial arrangement of the
bricks: isometric view.

) &

Strercher Header Rowlock
Shiner Sailor Soldier
Fig. 4.6

Nomenclature of the typical brick
orientations in fraditional masonry.
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cross section

the major faces of the bricks. The final configuration of
the arches models with RA involve the presence of 65 ce-
ment-based bricks each and wedge-shaped mortar joints
with variable thicknesses between 1,3 mm and 1,9 mm.

- Vertical arrangement (AV) (Fig. 4.7): the arch model has a
similar geometry to the one of the arches with AR arrange-
ment, with the principal variation in the shiner brick orien-
tation. The use of four rows, forming four parallel arches,
is preferred to a configuration with three arches (with a
depth more similar to the AR) in virtue of major out-of-pla-
ne stability and a higher number of joints, involving higher
possibilities in evaluating the collapse mechanism. Due to
the presence of multiple rows of bricks, the bed joints are
divided into two typologies: shorter transversal wedge-shao-
ped joint, between each pair of bricks laying on the same
arch, with measures between 28 mm and 1 mm, and lon-
ger longitudinal joint with rectangular cross-section, laying
between each arch, with a thickness of 5 mm. The confi-
guration of the arches with VA involves the presence of
74 cement-based bricks for each model organized in two
couple of arches composed respectively by 18 and 19 bri-
cks.

Both arrangements are typically used in historical masonry
(Adam, 1989, Huerta, 2009, Piccoli, 1991) and well documen-
ted in the scientific literature (Heyman, 1995). The vertical ar-
rangement in arch construction is quite an atypical solution
compared to the most common radial one. Nevertheless, a
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sparse number of arches built with this construction pattern
can be found in ancient architecture: some examples are
present in ancient Roman architecture, such as in an access
corridor to the furnaces of the Baths of the Six Columns in
Ostia (Fig. 4.8), from the first half of the Il century AD, where
the bricks are oriented orthogonally to the arch main plane
but with a stretcher orientation. On the other hand, the radial
arrangement represents probably the most common solution
in masonry arch building. Examples of this technique can be
found in the majority of simple round arches from all historical
periods. It is used commonly in single or multiple concentring
rows: the Agqua Alexandrina aqueduct (Fig. 4.9), built in AD
226 and still visible in Rome, presents both the single row radial
arrangement of the bricks in the lower arches and the double
rows radial arrangements on the upper arches.

As a result of what exposed, the arch models are desi-
gned with an external radius (r.) of 360 mm and an internal
radius (r,) of 342 mm (Fig. 4.10, 4.11).

Fig. 4.7

Arch with vertical arrangement of
the bricks: isometric view.

Fig. 4.8

An access corridor to the furnaces
of the Baths of the Six Columns in
Ostia, second century AD.

From: Adam, Roman building, 1989.

Fig. 4.9

Portion of the Aqua Alxandrina
aqueduct, 226 AD, Rome.

From: romanacqueduct.info.
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Fig. 4.10

Arch with Radial arrangement of
the bricks: geometric featfures.

Fig. 4.11

Arch with Vertfical arrangement of
the bricks: geometric featfures.
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4.3 Vault Models

The in-scale vault models are designed on the base of the
arch models previously investigated: the nature of the barrel
vault, with the cross-section comparable to an arch, makes
it possible to use the experience gained both in the geome-
try design and manual modelling and construction. The main
dimensions of the model are fixed by scaling the measures
used in the arch models. On one hand, the overall geome-
try of the vault model is not completely comparable with the
arch models, on the other hand, the use of smaller spans and
rises allows the construction of a larger number of models
in a reasonable amount of time, estimated on the base of
the direct experience in construction during the first phase of
the experimental campaign on the arch models. The rise of
the vault is fixed to121 mm, while the net span 400 mm and



matched with the same length, obtaining a segmental barrel
vault with a square base. The geometrical and three-dimen-
sional design of the vaults is performed with Autodesk Auto-
CAD, as during the arch design: besides the evaluation of the
various designs, to optimize the number of the bricks and the
joints dimension in relation to the overall geometry, the use of
a three-dimensional design tools allows to better evaluate the
features as for the joints geometry and dimension definition,
figuring out also the mortar quantity necessary to the whole
model construction. These 1:5 in-scale models correspond to
a full-scale vault with 2 meters of net span and about 0,6 me-
ters of rising.

As for the arch models exposed before, two different brick
patterns are used to investigate the different behaviour under
the same imposed shear displacement. The two tested arran-
gements are:

- Radial arrangement (VR) (Fig. 4.12): the vault model is
composed of multiple rows of rowlock oriented bricks, pla-
ced orthogonal to the main vertical plane of the vault. This
arrangement involves the use of bricks parallel to the abut-
ment direction. It has two different types of bed joints: the
main wedge-shaped longitudinal head joints between the
major faces of the bricks, with a 4,2 mm base, and the mi-
nor rectangular cross-section head joints between the bri-
cks of each longitudinal row, measuring between 2,7 mm
and 1,8 mm.

Fig. 4.12
Longitudinal joint
Bricks Wedge-shaped Vault with Radial arrangement of
Rowlock orientation Cross section the bricks: isometric view.

Transversal joint

Rectangular
cross section

- Vertical arrangement (VV) (Fig. 4.13): in this vault model
the bricks are laid with a shiner orientation in parallel rows
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Fig. 4.13

Vault with Vertical arrangement of
the bricks: isometric view.

Fig. 4.14

Top: vertical arrangement of the bri-
cks in a composite barrel vault.

Boftom: centering design for a bar-
rel vault with radial arrangement.

From: Musso e Copperi, Particolari di
costruzioni murali e finimenti di fab-
bricati, 1887
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to the main vertical plane of the structure, in the same
configuration exposed for the AV models. Multiple brick
rows are used in the building of the vault model to obtain
an equal mass to the vaults with a VR arrangement. The
fransversal joints measures 4,2 mm x 0,8 mm while the ro-
dial joints have a rectangular cross-section with a base of
1.3 mm.

Wedge-shaped
Cross section

Rectangular
cross section

Both the tested arrangements are used in fraditional ma-
sonry and are welldocumented in the literature. Notably, both
solutions are reported in construction manuals (Fig. 4.14) still at
the end of the XIX century, meaning they were widely adop-
ted in masonry common practice (Musso e Copperi, 1887).
The radial arrangement is probably the most used solution in
vault construction: it is worth noticing that in Piedmont, during
the XVII and XVII centuries, considered as the masonry vault
golden age in Italian architectural heritage (Spallone, 2012),
this arrangement represents the common solution used as a
base to the most complex shaped vault arrangement (Picco-
li, 1999). In the sources, the vertical arrangement is typically
used for minor portion of for vault of smaller dimension. A gre-
at tradition in Nubian architecture involve the use of the ver-
tical arrangement of the bricks, where the filting of the brick
courses with a certain angle allows the use of parallel arches
to provide the possibility of bricklaying without the use of cen-
tering (Wendland, 2006; Huerta, 2009).

As the result, the vault models are designed with an exter-
nal radius (r,) of 249 mm and an internal radius (r;) of 229 mm.
Both models present the same span, the same rise and the



same depth (Fig. 4.15, 4.16). All the models are composed of

450 cement-based bricks with a similar global mortar quantity.

Fig. 4.15
Vault with Vertical arrangement of

the bricks: geometric features.

Vault with Radial arrangement of
the bricks: geometric features.
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5. Construction of the models
5.1 Materials of the models
5.1.1 Premise

The present work is inspired to the experimentation star-
ted by Flammetta Venuti and Marco Alforno (Alforno et al.
2020) concerning the in-scale model of an arch with radial
arrangement of the bricks subjected to opening of one of the
abutments. The materials adopted in the test and the obtai-
ned results were used as basis for the tests carried out in this
work and for the optimization of the experimental process. All
the considerations exposed in this chapter are referred to the
same brick arrangement: the tests on radial arches, more nu-
merous than the others, have been used to compare mate-
rials and technigques, to develop a methodology of work and
to achieve confidence with the manual brick laying and the
modelling of the structures.

The research of suitable materials occupied a great part
of the present work: starting from solutions well documented
in the literature (reported in ch. 3.3 , “Contemporary use of
structural models” paragraph), the tests allowed to optimize
the process of modelling and testing, according to the speci-
fic needs of the experimental campaign. All the remarks repor-
ted in this chapter are based on direct empirical observation
linked to the possibility of developing the work according to
theoretical knowledges of structural mechanics and structural
engineering. All the choices were made on the base of ope-
rational considerations including e.g., availability of mate-
rials, ease of fabrication, possibility of reducing errors by using
professional tools, duration of the processes and economical
evaluation. Moreover, the COVID-19 pandemic situation, oc-
curring during the whole period of the experimental cam-
paign, strongly influenced the tests development, especially
because of the reduced availability of materials, laboratories
and professional tools.

5.1.2 Mortar

Two different types of mortar (tab. 3.1) have been used for
the bricklaying of the arches, tested on the same geometrical
parameters (radial arrangement with 65 voussoirs), and both
are derived from scientific literature about experimental stu-
dies of masonry models behaviour.
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Tab. 5.1

Mortar mixes tested during the
experimental campaign.
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MIX COMPONENTS
MIX 1 3 pt. Silica sand - 1 pt. Lime - 1 pt. Water - PVA glue
MIX 2 3,2 pt. Silica sand - 1 pt. Lime - 0,88 pt. Water

- Mix 1: This mix was used for several experimental studies
about masonry models (D'Altri et al., 2019). In the cited
study, the ratio between water and the other componen-
ts of the mix was not specified, it was therefore assumed
1 part of water for construction purposes. This mortar has
weak bond power that allows the failures to occur along
the joints, according to the classical Heyman's theory (ne-
gligible tensile strength). The use of a little amount of glue
in the mix leads to a better workability of the mortar.

- Mix 2: This mix of a quasi-brittle mortar aimed to reproduce
Roman’s concrete for models with low cohesive masonry
and no-negligible tensile stress (Albuerne et al., 2019). The
result of this mix is a drier mortar than the one previously te-
sted, with worse workability for the building of the structure.

The quantity of water expressed in the mix descriptions must
be infended as the initial amount of liquid with slight variation
during the building process to obtain the desired workability
of the mortar. The decision of testing two different mixes of
mortar derives from the hypothesis of a non-negligible tensi-
le strength developed by the joint on a 1:5 scale model dif-
ferently from a full-scale structure. Despite this assumption is
rejected by classical theory, in many historical structures the
mortar joint, still weaker than the bricks, applies aresistance to
the separation between the blocks. This behaviour, documen-
ted for example in Roman concrete vaulted structures, where
the bond agent was casted together with stone’s shards or
bricks (opus caementicium), is sfill visible in the fragment of
the collapsed cross vault of the Basilica of Maxentius in Rome
(Albuerne and Williams, 2017).

With similar conditions of use (thickness of the joints, geo-
metry of the arch, number of voussoirs) the two mixes don't
show substantial differences in terms of maximum displace-
ment or failure mechanism: discarding outlier results, the ma-
ximum displacement of the arches with radial arrangement
(within the accepted tests) has a mean absolute deviation of
2,79%, considered acceptable for the manual nature of the
construction work, while the failure mechanism hasn’t shown



significant variation from the expected results linked to the
typology of employed mortar mixes. The results of these ob-
servations concern the selection of the mix based on operao-
tional factors: mix 1 is easier to use than mix 2 due to a minor
ratio between sand-lime and water and to the presence of a
little amount of PVA glue that helps the workability of the mix-
ture. The mortar made with mix 1 works better on modelling
thin and shaped joints with the usage of jigs.

5.1.3 Blocks

The research about the material for the composition of the
bricks occupied a fundamental part of the work. A prelimi-
nary investigation on the products available on the market
showed that 1:5-scale bricks consistent with the research pur-
poses were not available. So, due to the nature of the work,
focused on realize and optimize the processes of the resear-
ch itself, it was decided to realize the bricks starting from raw
materials. Properties of the materials like weight, consistency
and strength have been taken to account according to pro-
duction methodologies (possibility of producing a large num-
ber of unities, dimensional uniformity, time of production, ease
of fabrication).

5.1.3.1 Timber blocks

The first bricks used, fabricated by Marco Alforno for the
preliminary test, were obtained from a spruce lath with thick-
ness of 2 mm, depth of 20 mm and cut in length of 40 mm (Fig
5.1). These blocks were obtained by manual sawing of the
timber, so they presented slight dissimilarity among the uni-
ties. After the cutting the blocks were covered with a layer
of enamel to reduce the absorption of water from the wood
in direct contact with the wet mortar. To reduce the uncer-
tainty linked to the length measure of the blocks, some tests
on the timber were carried out using computerized numerical
control machines for laser cutting: the aim of the test was to
obtain monolithic blocks starting from Medium Density Fibre-
board panels (two unities of 2 mm and 10 mm thickness were
tested). Unfortunately, the machines used were not able to
cut through panels of the desired thickness, severly burning
the wood and altering the final geometry of the blocks. Consi-
dering this, the use of computerized numerical control machi-
nes was discarded.The progress of tests on the arches shown
several criticisms related to the use of tfimber. The hygroscopic

Fig. 5.1

Timber block used during the first
phase of the experimental campai-

an.
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behaviour of the spruce heavily altered the tests: despite the
enamel treatment, the blocks tended to swell while in con-
tact with the mortar, probably due to the high ratio between
the dimension of the bricks and the joints, modifying the who-
le geometry of the arch after the drying. For this reason, the
block at the key was always put in place after at least 4 hours
after the construction of the rest of the model. This behaviour
led to failure of the structure, especially during summertime
with unconftrolled temperature and humidity’s conditions,
when the lack of pressure between the altered quoins did not
allow the arch to resist while lowering the centring. Another
criticism came out from a physical property of the timber: due
to the low density of the spruce, the arch, while standing, was
heavily influenced by the vibrations derived from laboratory’s
activity carried out in the surrounding environment, with visible
out of plane oscillations of the structure.

All the exposed factors led to discard the timber for the
proceeding of the research, focusing on casting materials, in
order to reduce the global uncertainty related to the con-
struction of the masonry models.

5.1.3.2 Cement-based blocks

In order to resolve the issues noticed during the tests with
timber blocks, some attempts with casting materials were car-
ried out. Cement was selected as binder and tested in six dif-
ferent mixes, trying to optimize the production and the results.
Three parameters were adopted for the selection of the best
configuration: the ratio between the components of the mix,
the compaction of the material and the time of framework
stripping. This last parameter, negligible for a small number of
blocks, e.g., the ones necessary for the arches’ tests, was cru-
cial for the vaults’ tests due to the high number of required
blocks.

The firsts three tested mixes, mix 1, 2 and 3, (fig 5.2- a, b, ¢)
were not suitable for use. Specifically, they allowed to highli-
ght some operative aspects useful to optimize the mixes and
the process:

- Thelack of compaction of the material casted in the mould
compromise the geometrical regularity of the block, with
air bubble inside the block and often on the surface, as
well as the mechanical resistance (empirically tested by
falling of the bricks simulating the collapse of the structure);



- The presence of PVA glue (used in literature with binders as
lime to improve the mortar) does not significantly improve
the workability of the mix for this type of objects;

- Lubricating the mould helps to obtain a perfect shaped
block from the form stripping, with less cracking and im-
perfections.

These observations led to the testing of other three mixes
with the same condition of fabrication and drying: reducing
the variability only to the presence of sand as aggregate, the-
se last tests gave acceptable results to start using cement-ba-
sed blocks in the construction of the models. The different no-
ture of the adopted aggregate, quartz sand for mix 4) and
silica sand for mix 5, shows negligible differences for the pur-
poses of research but a large gap in the uniformity of the bri-
cks if compared with the mix 6, composed only by cement
and water. This mix offers the best solution with the minimum
effort and issues: despite a little shrinkage of the material, in-
volving the face exposed to the open air and solved with the
usage of sand paper to level the surface, the resultant blocks
were much more regular and smooth in comparison to other
mixes. The absence of aggregate material, like sand, simpli-
fies the compaction of the casting material with a significant
reduction of the air bubble inside and on the surface of the
blocks. During the tests, mix 6 was optimized in the time of
stripping, from 24 h to 12 h (reported as mix 6.1) (Tab. 5.2),
enough for the cement paste to develop the hydration and
reach the setting. In order to reduce the abrasion action of
the sand-based mortar on the blocks, each unity has been

Fig. 5.2

Cement-based brick tested:
Top -Mix 1, Mix 2;

Center - Mix 3, Mix 4;

Bottom - Mix 5, Mix 6.
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Tab. 5.2

Components and features of ce-
ment-based brick mixes tested du-
ring the first phase of the experimen-
tal campaign.
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treated with a ply of concrete impregnating, helping to reuse
several times the blocks and preventing the alteration of the
shape. The mixes tested are summarized in the following table
(Tab 5.2).

MIX COMPONENTS COMPACTION STRIPPING

Mix 1 4 pt. Quartz sand
1 pt. Cement No Th
2 pt. Water

Mix 2 4 pt. Quartz sand
1 pt. Cement No Th
1 pt. Water

Mix 3 4 pt. Quartz sand
1 pt. Cement
1 pt. Water
PVA glue

Mix 4 4 pt. Quartz sand
1 pt. Cement Yes 24h
1 pt. Water

No 2h

Mix 5 4 pt. Silica sand
1 pt. Cement Yes 24 h
1 pt. Water

Mix 6 2 pt. Cement
1 pt. Water

Yes 24 h

Mix 6.1 2 pt. Cement

1 pt. Water ves 12h

The use of cement-based material allows to solve most
part of the issues raised during the tests with timber blocks: hi-
gher density, high impact resistance from falling after structu-
re's failure, reusability after coupling with lime and sand-bao-
sed mortar. In addition, differently from wooden elements, this
material allows to shift the focus of the fabrication from the
single block’s unity to the mould, reducing the effort of pre-
cision work to a specific step of the process, simplifying the
production of a great number of elements.

In order to optimize the process of blocks fabrication, se-
veral moulds have been built searching for the best solution
suitable for the work’s purpose, with different typologies and
materials employed.The first fabricated mould is a 12-unities
steel grid (Fig. 5.3), obtained from flat bars (10 mm wide and
1 mm thick) through the use of manual power tools, shaped
with half-lap joint fo match longitudinal pieces, with steps of
20 mm , and cross pieces, with steps of 40 mm. The result is
a grid with both ends opened, used with a stiff panel of Me-
dium Density Fibreboard (MDF) as support for the casting of
the material: this panel, supported by simple wooden pieces,
which provide a horizontal surface for the bottom faces of
the blocks, allows to fransmit vibrations induced with the use



of manual power tools for the compaction of the casted mix.
This type of mould has shown good results in achieving the
desired geometrical shape: the jointed steel elements are sfiff
enough to be disassembled without deformations that lead
to breaks in the edges of the blocks. The use of mineral oil to
lubricate the mould helped the extraction of the bricks after
the material drying. The limit of the steel-grid mould is in the
manual shaping: the accumulation of millimetric errors in the
measures due to the use of manual tools represents a criticism
in the final uniformity of the blocks.

=,

To reduce manual work-based errors, the research has pro-
ceeded with the usage of professional power tools and Com-
puterized Numerical Confrol (CNC) machines available at
ModLab Arch of Politecnico di Torino: here, other two moulds
have been fabricated, in order to optimize the first 12-unity
grid mould used to test the mixes. To increase the precision
the work has been carried out with a Trotec Speady 400 laser
cutting machine. Due to the inability of cutting steel plates,
a 3 mm-thick AVIO plywood panel (plywood with high num-
ber of layer, used in static modelling) was chosen by virtue
of his high stability compared to other plywood panels of the
same thickness. The new mould is a 70 unities wooden grid
with open ends (Fig 5.4), having the same spacing, 20 mm x
40 mm, of the previous one. All the pieces were treated with
enamel and two plies of wood impregnating agents in order
to reduce the swelling, due to the contact of wet casting ma-
terial with the wood.

This tfreatment failed in the aim of preventing the swelling
of the components: despite the application of a mineral oil’s

Fig. 5.3

12 unities steel grid mould.

Fig. 5.4

70 unities wooden grid mould,

obtained by laser cut.
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Fig. 5.5

70 unities wooden grid mould, se-
cond version:

Left - single raw assembled;

Right- entfire mould assembled with
stiffen elements.
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layer, the distortion of the elements after the casting made
it difficult to disassemble the mould, increasing the breaks in
the edges of the blocks, also due to the lower stiffness of the
wood compared to the steel. To overcome this problem, a
new version of the same mould was fabricated (Fig. 5.5), by
cutting the fransversal component of the grid to reduce the
whole stiffness of the mould.

T T W
ke ) B éﬁ

Each grid component was divided in parts equal to the
desired spacing between the longer elements (20 mm),
using a T-shape to allow half overlap of the joints. This solution
showed better results than the previous version, but still not ac-
ceptable from the geometric point of view. Furthermore, the
grid required a great amount of time to be assembled and
required the addition of stiffen elements (Fig. 5.5) to prevent
slippering of the pieces while casting. For these reasons, the
grid type mould was discarded.

The best result was obtained with the usage of a bicompo-
nent silicone rubber (Fig. 5.6): this two-parts polymer presents
all the advantages related to the needs previously exposed
(availability of materials, ease of fabrication, possibility of re-
ducing errors by using professional tools, etc.). With a relatively
low cost it offers high properties of durability and ease of ca-
sting and stripping out, shifting the focus of the work only on
the fabrication of the mould. The negative mould was obtai-
ned by casting the polymer inside an open end mould made
of spruce lath and MDF panel, in which a series of 40 blocks
were fixed to prevent their slipping during casting of the sili-
cone rubber. These blocks were accurately selected among
the fimber ones previously presented: all the 40 blocks were
measured and fixed in the length in order to obtain the best
uniformity in the dimensions. The result is a 40-unities negative
mould with an open end, used for casting in combination with
a rigid MDF panel to transmit the vibrations induced with a
power tool into the cement-based materials. The highly ela-
stic nature of the silicone rubber, useful for the stripping out



phase, represents the only limit detected for this kind of work:
it visibly dampens the induced vibrations, reducing the effi-
cacy of the compaction, resulting in longer time to obtain ac-

ceptable results.
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Fig. 5.6

Silicone rubber mould;

Positive mould, casting of
the silicone rubber;

Top -

Bottom - negative mould, detail of
i the mould

»

All the operative considerations exposed about the moulds
are summarized in the Tab 5.3, where are reported pros and

cons of the diifferent typolgies tested, in the opinion of the

Tab. 5.3

Tested moulds comparison.

CONS

writer.
TYPE PROS
High stiffness
Ease of disassembling
STEEL GRID High duration

Good results in geometry of the blocks
Good results in compaction

More difficult realization
Impossibility of use CNC machines
Longer maintenance phase

Possibility of use CNC machines
Ease of realization
Short time of realization
Good results in compaction

WOODEN GRID

Low stiffness
Swelling phenomena
Bad results in geometry of the blocks
Longer time of assembling
Longer maintenance phase

Good results in geometry of the blocks
Ease of realization
Short time of realization
High duration
Shorter maintenance phase

SILICONE RUBBER
MOULD

Lower quality compaction

5.2 Experimental Set-up

5.2.1 Arch models - Description

The first part of the experimental campaign developed in
the present thesis, adopted an existing experimental set-up,
tested in Alforno et al, 2020, mentioned in the previous section.
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Fig. 5.7

Arch experimental set-up overview.

Fig. 5.8

Detail of the moveable abutment.
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This set-up is a simple wooden structure with the double aim of
allowing the construction of the arch models and imposing a
controlled displacement of one of the abutments. The device
(Fig. 5.7) is composed of a fixed structure, obtained from spru-
ce lath, with a rigid base profile supported by T-shaped legs,
and two wooden abutments, with custom inclined surfaces to
confrast arch thrusts.

Fixed
abutment

Moveable
abutment

Threaded rod

Jackscrew

Actuator

Abutment rail

One of the abutments, free to slide upon the base profile,
is linked to a fixed block through a threaded rod inserted in a
fixed threaded plate (actuator of the mechanism): the twi-
sting of this rod allows to move the abutment in the direction
of the arch thrusts, thus imposing an opening displacement (in
the following, this displacement will be intended as the base

Threaded Moveable Double
rog| abutment washer

Locknut

Fixed portion




for Opening Tests). The abutment is free to move in virtue of
the link solution with the threaded rod, composed of two lock-
nuts tightened on the rod with the usage of double washers:
this solution (Fig. 5.8) helps to reduce friction between the twi-
sting nuts and the wooden abutment, allowing it to slide on
the fixed wooden part.

Two L -shaped aluminium profiles are used as rails for the
moveable abutment to avoid buckling phenomena to the rod
under the horizontal thrust of the arch model and the vibra-
tion induced by the actuation of the mechanism. A second
part of the arch’s set-up is represented by the centering (Fig.
5.9) that allows the effective construction of the arch models.
With a net span of 600 mm and a rise of 182 mm, it has been
realized using CNC machines to obtain the best precision in
the curved shape. The two sides of the centering are compo-
sed of 3 layers of 3 mm Finnboard (panels composed of wood
pulp) each, glued together: the exterior layer is 3 mm wider
than the interior ones, realizing a rabbet joint for the positio-
ning of a curved laser-cut piece of Finnboard. The structure
is stiffened by three internal diaphragms, also supporting the
curved surfaces, linked to the side panels with mortfice-tenon
joints. The centering is now screwed in a spruce lath profile
having three blind holes in the lower surface: these holes al-
low to lift and lower the centering through the use of three
jackscrews fixed on the set-up (Fig. 5.7). These jackscrews are
composed of two threaded plates fixed on the main device
and a threaded rod ending with a locknut: these elements,
fitting in the blind holes on the lower portion of the centering,
maintain the structure in place during the bricklaying.

Internal
diaphragm

Base profile

External
Infernal layer
layer

Fig. 5.9

Arch model centering structure.
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5.2.1 Vault model
5.2.1.1 Requirements

Starting from the experience gained on the arch models
and the research of similar objects in scientific literature, a
new experimental set-up is designed to carry on the research
also on the vault models. Various possibilities about the set-up
fabrication were analysed, considering the aim of the rese-
arch, acquiring and monitoring techniques, quality control,
and availability of professional tools and space for the con-
struction. In the following a list of requirements on which the
design (subject of the next section) has focused is reported:

- Possibility to reuse the set-up after the present work for
different research purposes: it involves the design of the
object with more features than the final ones described in
the next Ch.

- Presence of two abutments moveable according to dif-
ferent directions, allowing to perform both opening and
shear tests;

- Use of reversible connection to allow changes in the con-
figurations;

- Use of composite elements to allow substitutions for diffe-
rent tests;

- Employment of easy-to-work materials in a way compati-
ble with the available tools;

- Employment of material suitable to CNC machines for the
more delicate phases of the work involving the final in-sca-
le model geometry;

- Possibility to fix a calliper to measure the imposed displace-
ment without interferences;

- Building a lightweight but stiff centering to support the
dead load of the brickwork;

- Building a support system for the centering to ease the
lowering phase;

- Building a system of clamps to ease the construction of
models with the vertical arrangement of the bricks.

5.2.1.2 Design and Construction

The construction phase of the experimental set-up is car-
ried on with the help of the ModLabs of Politecnico di Torino:
the wood carpentry is realized in the ModLab Design, while



the rest of the construction is performed in the ModLab Arch.

The experimental set-up used for the arch models has been
used as a guideline for the design of the vault's set-up: the
principle of using threaded rods to manually activate the me-
chanisms shows good results in the first phase of the research,
so it is used as the base for the design of the new testing devi-
ce. The general idea is to have a base plane where both the
abutments can slide on rails, to test the structure constructed
above: this panel must be stiff enough not to bend under lo-
ads of the centering and the structure and it is dimensioned
to host the vault models’ abutment on the shortest side, while
the length exceeding the net span of the vault hosts the abut-
ments and the excursion for the opening test. The base panel
must also to include, under the vault model projection, the
jackscrews to sustain the centering (Fig. 3.9). A 650x400 mm
portion is obtained, with mechanical sawing, from a 12 mm
thick MDF panel to realize the base panels of the device.

Moveable
abutment

Moveable
abutment

Opening
displacement

Actuator

Actuator

The abutments, simply laying on the base, are designed
with two different components: a principal wooden body,
mechanically linked to the actuators to impose the displace-
ments, and a second wooden top piece, shaped to contrast
the thrust coming from the vault. This solufion will allow the
testing of different shapes of the vault (in subsequent works)
by only changing the geometry of the top portion, without
modifying the displacement mechanism. Both the abutmen-
ts are laterally constrained by metal profiles to void buckling
phenomena of the rods, while a third constraint under the
vault span delimitates the run of the opening abutment hel-
ping to reposition it after each test, without altering the net
span of the masonry vault (Fig 5.11). These constraints are also

Fig. 5.10

Vault model experimental set-up:

main features.
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Fig. 5.11

Schematic description of the cen-
tering lowering and disengage from
the jackscrews with the composite
constraint for the opening abut-
ment.

Fig. 5.12

Detail: Opening abutment.

Fig. 5.13

Detail: Shear abutment.

Threaded rod @ 8 mm
Locknut @ 8 mm
Double washer @ 8 mm

Top portion
50x20x20 mm

Screwed
conection

CENTERING

Lowering area‘

Stepped hole
@16 mm

used as support to disengage the centering during the lowe-
ring phase. They are realized by an assemblage of MDF layers
with an aluminium U-shaped profile: these pieces are screwed
together to the base plane obtaining two 400 mm length sup-
port for the centering that also helps to maintain in place the
two abutments during their movements.

Abutment costraint i
Centering support

The opening abutment is connected through two threo-
ded rods, inserted on the long side, with two contrast blocks:
this solufion, on one hand, increases the possibility to apply
different movement of the abutment, while on the other
hand avoids the possibility of buckling of a hypothetical sin-
gle central rod and the twisting of the abutment on its plane.

Screwed conection

Top portion
50x20x400 mm
Modified threaded

plate @ 8 mm
Double washer
8 mm
Locknut @ 8 mm

Threaded rod
. @8mm

Base panel

Stepped hole
@10

Lower portion
50x50x400 mm

Blind hole @ 16 mm

Lower portion
50x50x20 mm Screwed conection
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The component, obtained from spruce lath, is pierced on the
long side realizing two stepped holes: these holes allow to fix
the threaded rod inside the abutment (Fig. 5.12), to avoid in-
terfering with the lowering of the centering. On the top of the
main component, for both the abutments, are placed two
laths portions with 28° angle cut, to follow the vault models
geometry and fit the bricklaying during the construction. The
shear abutment has a single rod, on the shorter side, con-
nected with a single contrast block. In this case, a wood pro-
file is added below the main panel to increase the surface
on which the shear abutment can slide. The addition of this
piece to the principal panel is made possible thanks to the
T-shaped legs linked together by a wooden lath to improve
the stability of the device. The shear abutment is pierced on
the short side where is inserted the threaded rod, connected
to the activation block (Fig. 5.13). This solution requires the
modification of the plate attached to the abutment to tran-
smit the displacement from the twisting of the actuator to the
support. The main device's body (Fig. 5.15) is completed ad-
ding four legs to rise the structure, allowing to operate on jo-
ckscrews to lowering the centering: these T-shaped legs are
composed of a horizontal 150 x 50 x 20 mm component and a
vertical 150 x 50 x 20 mm one. They are obtained from spruce
lath and screwed together in an orthogonal way. The legs are

Spruce lath 50x20x400 mm with 28° cut
Spruce lath 50x50x400 mm

Aluminun U profile 15x10x400 mm
3 layer of 15x3x400 mm MDF

MDF panel 400x19x650 mm

Fig. 5.14

Spruce lath 50x20x150 mm

Detail: Overview of the main devi-
ce with the connection of the de-
vice to a fixed plane. In the image
are visible the brackets for the con-
nection of the legs from below the
sliding plane.

Fig. 5.15

Detail: Experimental set -up main
device: description of the compo-
nents.

Spruce lath 50x19x150 mm

Spruce lath 50x20x550 mm

Spruce lath 50x20x150 mm

Spruce contrast block 50x70x50 mm

Threaded plate @ 8 mm

o Threaded rod @ 8 mm

] N
\ >| Spruce lath 50x20x400 mm with 28° cut

\\) Spruce lath 50x50x400 mm

Aluminium flat profile 35 mm
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Fig. 5.16

Detail: Vault model centering: de-
scription of the components.

1 mm curved Finnboard

Three layers
diaphragm

Single layer diaphragm
Five layers diaphragm

Single layer diaphragm

19 mm MDF panel
400 x 400 mm

now connected, using screws and metal brackets, with two
different wooden profiles forming two frames: these support
frames are simply screwed to the base plane from below, to
not compromise the abutments’ sliding surface. To avoid ac-
cidental movement of the structure the main device is now
linked to an external wood panel through two metal brackets
bolted to the legs and screwed in a wood panel; this panel is
then fixed on a table with two woodworking clamps (Fig. 5.14).

The centering is designed with a rigid base panel and a
grid structure composed of several orthogonal diaphragms.
These pieces are shaped with the laser-cut machine to obtain
the best precision and assembled with the same principles te-
sted in the arch centering: external packs of multiple layers
are glued together form rabbet joints to insert the curved top
plane, while the central pack hosts both the curved panels
used for the coverage. The other radial diaphragms are used
to gives support to these top surfaces. The structure is stiffe-

1 mm Finnboard

3 mm MDF
Detail - rabbet joint
Aluminium 30 x 30 mm
angular profile

3 mm MDF
1 mm Finnboard

Aluminium 40 x 40 mm
angular bracket

3 mm MDF
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ned with the use of orthogonal diaphragms shaped with te-
nons to fit the mortice joints on the radial ones. The centering
(Fig. 5.16) measures a 400 x 400 mm at the base panel. On
this base is screwed the orthogonal grid of diaphragms. The
main, components are extracted from a 3 mm thick MDF foil
while secondary radial diaphragms are obtained from Tmm
thick Finnboard foil. The internal orthogonal diaphragms are
also obtained from the e 3 mm foil and shaped for fitting te-
non-mortice joints with the radial ones. The grid is completed
with the positioning of two aluminium angular profile on the
heads of the centering to protect the wood during the slide
on the metal supports when the centering is disengaged from
the jackscrews during the lowering. The centering structure is
finished with the addifion of curved surfaces for the support of
the brick during the vault construction.

The device and the centering are now matched for deter-
mining the position of the four lifting mechanisms (Fig. 5.17).
The two base panels are pierced together with precision to-
ols to ensure the best correspondence in the assemblage. On
the main device panel are realized passing through holes,
while on centering panel are realized blind hole to host the
lifting mechanism ends. Two threaded plates are used as a
base to activate the pulling and lowering mechanism of each
jackscrew (Fig. 5.18), composed of simples threaded rods and

Locknut @ 8 mm

Blind hole
@12 mm

Centering
base panel

Main device

Eye nut @ 8 mm base panel

Threaded rod @ 8 mmK Threodeé:l L%T%
Screwed

Locknut @ 8 mm connection

Fig. 5.17

Detail The centering assembled and
matched with the main device to
determine the position of the jack-
SCrews.

Fig. 5.18

Detail of the jackscrew.
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Fig. 5.19

Clamp system: main components.

<

Fig. 5.20

Clamp: components.
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nuts. This configuration allows to completely disesngage the
centering during the lowering phase once reached the metal
support described previously (Fig. 5.11).

As a result of the experience gained during the AV tests,
an additional component is designed only for the test on
the vertical arrangement of the bricks in the vault (Fig. 5.19):
a contrast panel, attached on one side of the set-up, with
the presence of moveable clamps, in wood and threaded
rods, to give a little amount of precompression during the bri-
cklaying. This allows maintaining in place the bricks while the
construction proceeds and helps the cohesion between the
arches

Contrast panel

Activating rods

This clamp system is realized starting from a 16 mm chip-
board cut with a CNC laser machine: beyond the shaping of
the element, the use of CNC machine allows to set a guide-
line for realizing the holes for the clamp. This step is crucial fin
order to fit the curvature of the centering and the clamps in
the best way (they are shaped following the same curvature),
and to maintain the rods parallel to the centering extrados,
avoiding buckling phenomena in the brick rows while tighte-
ning the clamps. The panel is now bolted to the set-up with
reversible connections and metal brackets. The clamps are
designed to reduce the risk of instability in the vault’'s portion
during the tightening (Fig. 5.21) and are composed of seve-
ral pieces obtained from a 3 mm thick MDF panel, glued to-
gether (Fig. 5.20). The obtained clamps are used during the
construction by linking the rods to the contrast panel with the
usage of alocknut and a wingnut: in this way is possible to fine
register the trust inside the clamp system for preventing acci-



Threaded rod @ 6 mm

Wingnut & 6 mm Locknut @ 6 mm
16 mm thick
chipboard Double washer
Clamp- MDF
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dental damage to the vault model.During the experimental
campaign, the main device is modified to improve the perfor-
mances in the VV tests. The tests performed on the VR models
show that the first caliper configuration, with the use of simple
screws to hold the instrument in place, (Fig. 5.22) do not per-
form properly, with measure issues in the proceeding of the
VR_2 tests, due to final visible misalignment of the tool. To pre-
vent the occurring of this phenomenon, a new configuration
is realized with a custom plate for tight in place the caliper in
a more effective way (Fig. 5.24): a custom two-componen-
fs clamp, screwed in the shear displacement actuator block,
that allows being tightened with a pair of bolts and nuts, while
a second clamp is obtained, on the shear abutment, with the
screwing-holding mechanism for the moveable part of the
measure tool. At the end, this solution has completely fixed
the problem noticed in the previous experiences. Also, the
actuator block for the shear test is modified to enlarge the
net excursion of the abutment: during the proceeding of the
campaign, it is noticed that the evaluated range of displace-
ment could be not long enough to lead a complete collapse
in the VV model. So, the original contrast block for the shear
mechanism activation is replaced with a less thicker wood
element, fixed to the device’'s leg thought an angular metal
brackets (Fig. 5.25), gaining 50 mm of excursion for the displa-
cement than the previous configuration.

In the Tab. 5.4 are summarized all the material employed
in the construction of the experimental set-up and their divi-
sion into the components previously described in the Fig. 5.15,

Fig. 5.21

Schematic behaviour of the clamps
system.

Fig. 5.23

Second calliper configuration with
a custom design metal plate.

Fig. 5.24

The two shear displacement actua-
for's configurations:

Left— first configuration;

Right— second configuration.
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5.16, 5.18, and 5.19 (the bill report only the material,

without the count of joints elements).

WOOD CARPENTRY HARDWARE
Spruce lath X 1 Threaded rod @8 mm X 2
50 x 50 x 2500 mm Components
Components 3 x 300 mm
3 x70 mm 4 x 150 mm
2 x 40 mm Threaded rod @6 mm x3
Spruce lath Components
50 x 20 x 2000 mm X2 5x 500 mm
Components Aluminun angle profile 1000
2 x 400 mm with 28° cut x 20 x 20 mm x 1
1 x 400 mm Components
1x 550 mm 2 x 400 mm
8 x 150 mm Aluminun angle profile
1 x 150 mm with 19 mm 1000 x 40 x 40 mm x 1
thickness Components
MDF panel 12 x 40 x 40 x 40 mm
1100 x 400 x 19 mm Aluminun flat profile 1000
Components x35x2 mm x 1
1 x 650 x 400 mm Components
1 x 400 x 400 mm 1 x 400 mm
MDF foil 1400 x 1400 x 3mm X 1 2 x250 mm
MDF foil 1000 x 800 x Tmm X5 5 x50 mm
Chipboard panel 1000 Aluminun U profile
x 800 x 16 mm X 1 1000 x 15x 10 mm x 1
Components
2 x 400 mm
Tab. 5.4

Bill of the material employed in the
experimental set-up consfruction.

Fig. 5.25

Images of the AR model con-

struction.
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53 Arch Models
5.3.1 Models construction
5.3.1.1 Radial arrangement

The construction of the arches with the radial arrangement
of the bricks represents the simplest way to build a brick ma-
sonry arch: each brick is posed, above the centering, with a
single layer of mortar forming a wedge-shaped joint t. The first
trials in the in-scale model construction are carried out with
free-hand shaping of the joints, revealing the importance of
precisely dosing the mortar quantity to achieve the desired
overall shape of the arches. The 1.5 in-scale nature of the mo-
del involves the realization of mortar joints with variable thick-
nesses between 1,3 mm and 1,9 mm. After several trials, the
building process did not show good results in the precision of
the shape, due to the difficulty in shaping these little thicknes-
ses without a jig. To overcome this problem, a series of woo-
den jigs (Fig. 5.26) are realized to ease the work: the principle



is to build a jig shaped to host a single brick and the desired

mortar quantity. This way the bed joint is already shaped for

the laying after stripping the brick from the jig (Fig. 5.27).
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Another device is built to ease the brick positioning: the
experience gained during earlier tests highlighted the presen-
ce of issues in the final geometry of the arch, depending on
the tilting of the bricks upon the centering. Better results are
obtained by designing a tool (Fig. 5.28, 5.29) shaped to fol-
low the curvature of the centering and to maintain a surface
always orthogonal to the centering tangent: in this way the
brick is always placed in the correct position. This simple tool is
obtained by laser cut from 3 mm- thick Finnboard, with simple
mortice-tenon joints glued together.
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Bricks
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curvature

Fig. 5.26

AR jig: measures and description.

Fig. 5.27

Image of a brick covered with a
shaped mortar joint affer stripping
from the jig.

Fig. 5.28

Schematic description of the AR
fool usage fo keep the brick ortho-
gonal to the centering.
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Fig. 5.29

Schematic description of AR tool
design and assembling.

Fig. 5.30

Image of one AR model after the
centering lowering.

Fig. 5.31

Images of the AV model con-
struction.
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The construction of the arch model starts from one of the
abutments until 32 bricks are placed, before starting the con-
struction from the opposite abutment. In every test, the key
brick needs adjustment to fit the insertion between the two
constructed portions. These adjustments, typically used in the
masonry common practice, are performed giving the brick
a slight wedge shape to ease the insertion. The whole con-
struction of a single model takes about two hours. After 24
hours the centering is lowered and the opening test is per-
formed on the structure. During the experimental campaign,
a higher number of AR arch models (Fig. 5.30) were built to
gain experience with bricklaying. The process involves the
construction of nine different AR models, seven of which are
tested.

5.3.1.2 Vertical arrangement

The construction of the arch models with vertical arran-
gement requires the modification of some bricks before the
construction starts: the need to offset the head joint betwe-
en adjacent courses means to start the construction from the
abutment with the alternation of full-size and half-size bricks.
These half bricks (20 x 20 x 10 mm) are obtained by manual
sawing of the full-size ones. After several trials, a precise pat-
tern of construction (Fig. 5.31, 5.32) is selected to ease the bri-
cklaying: due to the absence of contrast surfaces for the bri-
cks, the construction of single arches results difficult: so, each
brick contrasts against the others with the interposition of the
longitudinal mortar joint, allowing to exert a slight compression
between each element.

The experience gained on the RA models leads to the
construction of a new jig for the VA arches. This jig (Fig. 5.33)
is shaped to allow the realization of both the radial and longi-
tudinal joints at the same time on each brick. Each element,



once stripped from the jig, is covered with mortar which con-
stitutes a portion of the total joints system, in both longitudinal
and transversal directions (Fig. 5.34). Differently from the AR
jig, this new one has a lateral slope to model the head joint on
the bricks.
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Also for the AV models, the key bricks need to be shorte-
ned to fit the constructed portions rising from the two abut-
ments upon the centering. The closure of the arch, in virtue of
the need to confrast the bricks towards one anothet, proce-
eds, on the two portions, from the first row by adding the bricks
with the same pafttern exposed before, in a symmetrical way
(Fig. 5.43).
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The whole construction of a single AV model takes about
five hours, due to the tricky building methodology. As for the
RV arches, after twenty-four hours the centering is lowered
and the opening test is performed on the structure. At the end
of the experimental campaign, a total of five AV models are
constructed and four of them are tested.

Fig. 5.32

Schematic description of the AV bri-
cklaying pattern.

Fig. 5.33

AV jig: measures and description.

Fig. 5.34

Image of the double layer of mortar
upon a brick after the stripping from
the AV jig.

Fig. 5.35

Schematic description of the closu-
re process of the arches in AV mo-
dels.
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Fig. 5.36

Image of one AV model after the
centering lowering.

.»

Fig. 5.37

Images of the VR model con-
struction.
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During the proceeding of the AV tests, it was observed that
the construction process heavily infuenced the final behao-
viour of the structures under the imposed displacement: the
first models, with low compression between the arches, lead
to quite different failure mechanisms. A rudimental clamping
system, with adhesive tape, is tested during the construction
of the latter models to exert a little amount of pre-compres-
sion between the arches. As predicted, these models showed
different behaviour than the previous ones. All the tests and
the results are described in further detail in the next Chs.

54 Vault Models
5.4.1 Models construction
5.4.1.1 Radial arrangement

The construction of the in-scale vault models with radial
arrangement of the bricks (Fig. 5.37) follows the same proce-
dure described for the radial arch models. The 1:5in-scale no-
ture of the model involves the realization of mortar joints with
variable thickness between 0,8 mm and 1,75 mm: as a result
of the experience gained during the first phase of the expe-
rimental campaign, two new wooden jigs (Fig. 5.38) are built
with CNC laser cutting machine. The principle is to obtain two
jigs (a major one for the normal bricks and a minor one for the
half bricks, shaped to host a single brick and the precise mor-
tar quantity desired for the realization of the wedge-shaped
longitudinal joint and the rectangular cross-section tfransversal
one. For this reason, the jigs are shaped to exceede the di-
mension of the bricks in two directions, in order to shape both
the typologies of joints. During the construction of the models,
an L-shaped aluminium profile is used to control the straight-
ness of the brick rows (Fig. 5.39) to prevent the accumulation
of errors due to different thickness in the longitudinal joints. The
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final configuration of the vaults with VR involves the presen-
ce of 450 cement-based bricks for each model. The model is
composed of 45 rows of 10 bricks each. The head arches are
realized by the alternance of full-size and half-size bricks, to of-
fset the transversal joints. The construction proceeds by single
rows on one abutment and continues symmetrically, for each
row, to maintain an equiliorated load on the centering. The
last two rows of bricks in the centre are laid together, with the
mortar infill between them to work as key voussoirs for the two
portions previously constructed starting from the abutmen-
ts. The whole construction of a single VR model takes about
twenty hours of work. After twenty-four hours the centering is
lowered and the shear test is performed on the structure. Two
VR models are constructed and tested during the campaign.

Fig. 5.38

VR maijor jig: measures and descrip-
tion.

Fig. 5.39

Image of the straightness control of
the brick rows during VR model con-
struction.

Fig. 5.40

Image of one VR model after the
centering lowering.
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Fig. 5.41

Images of the VV model con-
sfruction.

Image of the clamp system in action
during the VV model construction.

Fig. 5.43

VV maijor jig: measures and descrip-
fion.
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5.4.1.2 Vertical arrangement

As for the AV models, there is the need to offset the join-
ts from each row of bricks, meaning to start the construction
from the abutment with the alternation of full-size and half-size
bricks. The bricklaying pattern (Fig. 5.41) follows the one te-
sted on the AV models: the only variation in the methodology
regards the number of arches built simultaneously, with the
construction of symmetric portions, made by a row of six or
eight arches at time. Moreover, the presence of a contrast
panel helps the positioning of each brick by easing the exer-
ting of compression between each mortar layers. This featu-
re is used also to maintain the elements on a vertical plane,
ensuring the straightness of the arches. As reported in Section
5.2.1.2, a clamp system (Fig. 5.42) is used to allow exerting a
slight pre-compression of the bricks. The closure of the arches
proceeds by adding the bricks with the same pattern expo-
sed before. The clamps are fixed to tight the arches after the
construction procedure of a single portion and to prevent ac-
cidental falling of the head arches’ bricks from the centering,
while performing the surrounding laboratory activities before
the performing of the shear test.

Two new jigs are built with the same principles and sha-
pe of the AV ones: these tools are shaped to allow the rea-
lization of both the radial and longitudinal joints at the same
time on both full size (Fig. 5.43) and half size bricks. The VV mo-
dels are composed of 450 cement-based bricks, organized in
35 arches: 18 of them are made by 12 bricks while the other
17 are composed by 13 bricks, which include two half-sized
ones. These reduced bricks are laid as first on the abutment,
in the respective arches, to offset the longitudinal joints The
total mass of the models completely is comparable with the
VR one.
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The whole construction of a single VV model takes about
thirty hours of works. As for the other models, after twenty-four
hours the centering is lowered and the shear test is performed
on the structure. During the campaign, two VV model are bu-
it and tested.

Fig. 5.44

Image of one VV model after the
centering lowering.
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6. Data Acquisition for in-scale model testing
6.1 Requirements

The acquisition of data concerning the tests on the in-sca-
le models represented an issue of the work: the selected way
is to find suitable and manageable solutions compatible with
the experimental set-up realized and the aims of the experi-
mental campaign.

During the tests, the direct observation of the phenomena
needs to be implemented with methods capable of monito-
ring the situation, constantly or by steps, to have complete
and clear management of the work. As explained, the resear-
ch is based on a geometrical approach concerning mason-
ry's arches and vaults subject to induced displacements and
while on one hand this axial displacement is known and mo-
nitored with a digital caliper on the other hand local and glo-
bal displacements and the crack pattern must be checked to
understand the global behaviour of the structure before the
failure. For these reasons, the process is managed to respond
to a sequence of requirement:

- A constant monitoring to capture the failure mechanism.

- A constant monitoring to capture the local and global di-
splacements.

- The acquisition of certain data related to particular events
occurred during the test.

- The possibility of acquiring and managing the structures in
a 3D environment to document the models was destroyed
during the tests.

- Usage of suitable solutions to the model’s sensitivity to
avoid accidental failure of the structures.

Considering these requirements, the acquisition and postpro-
cessing phases had been managed through a multidiscipli-
nary approach with the integration of various methods:

- Simple image and video acquisitions or used to monitor
the structure during the progress of the test, while the vi-
deo acquisition is fundamental to capture the failure me-
chanisms, not even simple to catch live by the naked eye.

- Digital Image Correlation (DIC) was used to monitor the
displacement of a portion of the structures derived from
the axial displacement of the abutments.
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- Close-range photogrammetry and structured light scan-
ners are used, in combination with other Geomatics tech-
niques, to obtain high-resolution 3D digital models of the
structure in selected steps of the test, useful for metric do-
cumentation and to have replicas of the in-scale models,
destroyed as a consequence of each failure test.

6.2 Geomatic techniques

The geomatic techniques involve various procedures in
the 3D acquisition field: it is based on the mathematical repre-
sentation of an object with three dimensions, through the use
of structured data containing information about the object
and interpreted by algorithms. These data, and the models
in general, contain metric information, giving the possibility to
know and interpret the geometric and spatial features of the
object acquired in a digital ambient. The range of possibilities
in the 3D acquisition field is very wide and well documented,
with continuous developmentsin the devices and the integra-
tion between the various methodologies. A brief classification
of the principal methodologies in moveable objects (magni-
tude < 1 m?) acquisition is reported in the following, with the
focus on the selected techniques in virtue of the requiremen-
ts established for the research aims and previously exposed.
The first distinction between the methodologies suitable in the
three-dimensional acquisition is represented by the contact
with the interested object: the use of Coordinate Measure-
ment Machine (CMM) is a structured practice in laboratory
research e.g., inreverse engineering processes; this technique
involves the use of a CNN machine with a probe connected
to controlled axes able to calculate the coordinates of the
points tested by the probe. As reported in the analyses of the
requirements, the use of contact devices is not suitable with
sensitive and deformed in-scale models, so the decision is
to use only contact-less solutions. This is a vast category that
includes many different approaches, with a diction into the
type of radiation used: we can divide it into passive and acti-
ve technigues. The first ones involve the use of radiation alre-
ady present in the environment where the object is located
(e.qg.. light) and it includes image-based methodologies such
as photogrammetry and stereoscopic. On the contrary, the
active techniques involve the use of particular radiations wao-
velength (inside or not inside the visible spectrum) and their
catch from a device sensor after the reflection on the con-
cerned object. A further subdivision into the active sensor co-



tegory can be performed into the range-based techniques
based on the distance calculation methodology. For measu-
ring short distances (<1 m) one of the most used approaches
involves Triangulation: it is based on the evaluation of the di-
stances and angles as elements of a triangle where a projec-
tor and a lens sensor are two of the vertexes, with a fixed
distance, and the third vertex is the projection of the radia-
tion on the object. This category contains laser scanners and
structured slight scanners. or medium distances (around 100
m), one of the most used technologies is based on the Phase
Shift: though the superimposition of different electromagnetic
waves, emitted and received, is possible to estimate distan-
ces with the Interferometry technique from the emitter device
and the reflecting surface of an object. For longer distances
(magnitude of more than 100 — 200 m) the measurement de-
vices use the estimation of the Time of Flight of the radiation
between the emitter and the receiver after the reflection on
an object: this information is fransformed info electric signals
for the evaluation of the time needed for the return of the
radiation, making possible to measure the distance, knowing
the speed of light.

3D models
ACQUISITION
CONTACT-LESS CONTACT
solutions solutions
ACTIVE PASSIVE
solutions solutions
Close-range
‘ PHOTOGRAMMETRY
TRIANGU- PHASE TIME OF
LATION SHIFT FLIGHT

STRUCTURED
LIGHT scanner

Fig. 6.1

Schematic classification of the 3D
acquisition techniques.
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In the last years, geomatics’ commitment in documenting
movable heritage (Adami et al, 2015; Guidi et al, 2017), in mu-
seal or archaeological fields, has encountered the possibilities
offered by the ongoing great technological development:
this allows to obtain high-resolution 3D replicas of the concer-
ned objects with relatively low efforts. In particular, image-ba-
sed and range-based solutions, selected for the present work,
offer the possibility to link to the metric information also to the
radiometric component, allow to obtain detailed textures of
the objects. With these premises, the geomatics approach,
with close-range photogrammetry and the use of structured
light scanners, responds to the fixed requirements of the work.
These procedures and theirintegrated use are well documen-
tedin the literature and are continuously updated considering
the already mentioned technological development (Adamo-
poulos et al., 2021). The use of these acquisition techniques
permits to have a 3D reconstruction of parficular steps of the
tested models (failed at the end of the tests) with the imposed
displacement, without any contact to the model.

6.1.1 Range-based acquisition: structured light scanner

As previously mentioned, the great development of the
technology in the last decades has brought to new possibi-
lities in the acquisition of data from objects: from the classi-
cal metrical survey, with its methodologies, the geomatic has
developed new techniques of acquisition, complementary
to the classical ones. In the classical survey (but also in the
photogrammetry, as exposed in the following paragraph)
particular points of the concerned objects represent the fo-
cus in the measures as guidelines to acquire the geometry
(corners, intersections as natural points of the object but also
markers placed by the operators). The development of ran-
ge-based techniques, using active systems (e.g., the ones ba-
sed on laser or structured light), allows acquiring the desired
objects without the particular attention mentioned before:
new technologies in the fields of photonics, computer vision,
and electronics lead to the development of new devices and
application in the survey, providing solutions that implement
the traditional ones. The use of structure light scanners offers
good solutions in the contactless acquisition of small objects
(magnitude < 1T m3). These systems use the principle of trian-
gulation (Fig 6.2) in addition to a light projector and one or
more cameras for the acquisitions.



Object

. FIXED DIISTANCE
Projector L Sensor

The principles are derived from the simpler laser light scan-
ner. a source project a laser spot on the interested surface,
while a sensor, through a lens, catch the image of the lighted
spot, forming a triangle: the knowledge of its components like
the fixed length L between the projector and the sensor, can
integrate, through simple trigonometric calculations, the un-
known distance D from the concerned point, estimating the
angles a and B:

L - tana - tanf
b= (1)
tan a + tanfs

This method is defined as 1D because of the measurement
interest only the axis coming out from the sensor. As a derivo-
tion from the exposed 1D system, a more complex solution,
capable to acquire 2D (x,y,z coordinates) involve the use of
a rotating reflection mirror for deviate in steps the laser light
on a surface: the acquisition by the camera, as seen befo-
re, can reconstruct, by steps the coordinates of the points on
a section of the concerned object, from planar surfaces to
more complex ones. An improvement of this technique le-
ads to obtain a 2.5D system (Guidi et al., 2010, a): with this
name are intended the systems capable of manage only one
point on the vertical axis of the sensor for each point on the
horizontal surface of the sensor itself. It allows to map alrea-
dy the entire surface of an object, but it is not able to ma-
nage undercut portions. These systems can be divided into
two typologies: moveable laser scanner (directly derived by

Fig. 6.2

Principle
method.

of

the

friangulation

75



Object
Y

Acquisition
_line

Projector

Fig. 6.3

Rotating m

mirror

DEVICE

Schematic function of a 2D laser
scanner device.

Fig. 6.4

Schematic function of a structured
light scanner device.
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the scanner exposed previously) and structured light scanner
(with common principles but different mechanisms). The first
one involves a laser scanner sensor coupled with moveable
components; the laser segment is projected, by steps, on a
surface, rotating or translating on fixed axes. In this way it is
possible to acquire a rectangular-shaped portion of the surfa-
ces. This system requires complex and expensive mechanical
parts for working properly due to the precise nature of the
scanner’'s movement.

As mentioned, the structured light scanners use similar
principles, allowing to acquire portions of surfaces by the
projection of complex patterns (Fig. 6.4). Structured light
scanner devices are typically composed of a pattern projec-
tor and a camera with converging orientation and can work
both in visible or Near Infra-Red spectrums. Instead of using la-
ser segments, moved to form a rectangular-shaped portion of
the analysis, a bi-dimensional pattern of light is projected by a
projector on the surface of the object, while a digital came-
ra acquires the reflection: as for the laser scanner described
before, the structured light scanners use the principle of trian-
gulation in addition to the elaboration based on the pattern.

Acquisition
area

Projector

DEVICE

The patterns can be composed of simple or complex geo-
metric shapes, with the constant of knowing the undeformed
state: once projected on a complex surface, this is deformed
and elaborated by the algorithms to evaluate the coordino-
tes of the point related to the pattern. This evaluation can be
carried out by two principal methods:

- Gray code: this method uses a pattern composed of whi-
te and black stripes, and each transition between a whi-



te zone and black zone represents a profile, manageable
as seen for the previously exposed scanners. Starting from
a minimum number of stripes (one for each colour), the
camera acquires a subsequent image with a new confor-
mation of the pattern, with a larger number of stripes (unfil
the maximum frequency required), representing a diffe-
rent level of the acquisition process. The increase of the
black and withe alternations, on a fixed-size portfion of the
object, consisting of the projection area, means a progres-
sive increase in the acquisition of object profiles. Giving to
each image a binary code corresponding to the black or
white nature of each pixel, it is possible to relate all the
levels of the acquisition, building a map of the surface’s
dept by the entities of the pixels.

M N
Projector

Object

Camera

Projector
Camera

Moire effect: this method is based on the difference
between pattern overlaps (subtractive Moire). Starting
from a known pattern projected on a non-planar figure
(alteration of the pattern), it is possible, by confronting the
expected patftern with the altered one, to obtain the map
of the surface variation. This is possible by creating inter-
ference figures made by the overlap of the two patterns

Fig. 6.5

Schematic principles of structured
light scanners with Gray code pat-

tern.
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Fig. 6.6

Schematic principles of structured li-
ght scanners with subtractive Moiré
method.
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using a precise filter (as for beat phenomenon in the acou-
stic field) based on phase shifting. These filters work on the
interference between two electromagnetic waves with
slightly different frequencies. The Moire effect works on
the similarity between undeformed pattern and deformed
ones after the projection on the object surface, allowing to
use of a various number of different patterns arrangement
(stripes, geometric shapes, random or organized dots).

Camera

Due to the projecting nature of the system, with variabili-
ty in the patterns solutions, structured light scanners work well
with a great number of surfaces, without the use of physical
markers or manual measures. The biggest weakness of the
method is in the acquisition of highly reflective surfaces: ma-
terials like metal, with a high reflection coefficient, can reflect
the biggest part of the pattern projected, creating a blind spot
in the acquisition. The point cloud generated with this method
has an absolute scale in which each point has its coordinates
in relation with the others, differently from other techniques,
like photogrammetry (treated in the next paragraph), where
the scale of the cloud is relative and depending on external
measures. Nevertheless, once obtained the complete point
cloud it is possible to reference it to an external coordinates
system, using consolidated rototranslation methodologies.

In the last years, the use of structured light scanners has
increased, with a great number of publications about the
methodologies (Malik et al, 2018), the results obtainable with
the new devices available on the market (Kersten et al, 2016;
Kersten et al, 2018) and the comparison with consolidated te-
chniques of survey (Patrucco et al, 2019). The development of
new technologies, especially in the way of ease-to-use hand-
held scanners, offers new solutions for the acquisition of the
moveable heritage or in the industry, especially in an integra-
ted way with the consolidated techniques.



6.1.2 Image-based acquisition: close-range photogrammetry

Photogrammetry is a survey method that allows the ac-
quisition of objects of any shape and magnitude with a gre-
at number of acquired points: its applications go from carto-
graphy to little object reconstruction. It is commonly divided
into two great categories, differenced by the acquisition ap-
proach: aerial photogrammetry, mostly used in cartography
and architectural survey, and terrestrial photogrammetry,
mostly used from architectural to moveable object scales.
The term close-range photogrammetry indicates the situation
in the photogrammetric techniques where the acquisitions of
the images are taken from an inferior distance to 300 m and is
common applied in architecture and engineering.

Photogrammetry uses one or more photographs of an
object (measurable and photographable), from different
positions, to derive its shape and location (Luhmann et al.,
2013), through a three-dimensional reconstruction in digital or
graphical form, based on inverse perspective and descripti-
ve geometry (Guidi et al., 2010). The fransition from a real 3D
object to a 2D image involves a loss of information (hidden
areas, a different magnitude of details, quality of the ima-
ge, etc.), starting from a three coordinates system, needed
to describe the position of a singular point in the reality, and
working on a two coordinates system acquired by the sensor
(camera). Is important to notice that at the base for this tran-
sifion between the 3D entity (object) and 2D entity (image), a
precise analytic-geometric relationship relates the points from
the first system to the ones on the second system a one-to-one
correspondence. In the digital photogrammetric procedure,
not only spatial coordinate or geometric data are considered
for the reconstruction of the objects, but also the radiometric
component (colour), infended as the electromagnetic radio-
tion of the light reflected by the object through a tfransmission
media (usually air) and captured by the cameras. Starting
from the acquisition, passing through the measurement of the
images, the object can be reconstructed using mathematical
transformations.

The technique is based on the central projection imaging
(Fig 3.7): to determine the position and the shape of an object,
a group of rays is projected from the photograph (Image 1, 2,
... X), starting from a perspective centre (C1, C2, ... Cx, with
their distance from the image plane), passing from the ima-
ge point (P, P"', ... Px) and reaching the corresponding real
object’s point (P).
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Fig. 6.7

Schematic principles of photogram-
metric method.
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The intersection of corresponding rays (at least two) for ho-
mologous points (visible, and then projectable, in the different
images) allows the individuation of the position of the points
in the space. The intersections between the homologous rays
allow locating the object’s point in a precise position on each
ray, linking images from different perspectives. So, each ima-
ge generates a bundle of rays capable of being linked with
the bundles derived by otherimages, creating a network with
high geometric strength, known as stereoscopic model. The
obtained network can be oriented merging the image to re-
constituting the object surface. The usage of reference points
(from the direct survey of previous photogrammetric obser-
vation) links the reconstructed surfaces to the global object
coordinate system. This is possible only if the perspective cen-
tres positions are known. These rays are related to the object
space by knowing the geometry of the images and the po-
sifion of the imaging systems (Fig. 6.7): internal orientation of
the cameras, indicates the relation of the camera with the
image, while external orientation indicates its relationship with
the real space.

The internal orientation defines the geometry of the came-
ra in relation to the single image; it has two main parameters
for establishing the perspective centre position in the local
image reference system:

- nPP, §PP: coordinates of the principal point PP in the came-



ra reference system.

- ¢: principal distance of the camera between the per-
spective and image centre.

Where the PP point is the orthogonal projection of the C
point on the image plane. In theory, this point must coincide
with the geometric centre of the photograph (intersection of
the axes n and §) but in practice there is always a gap. The
coordinate on the axes of the distance of PP to the centre is
declared, along with the distance c, by the producers of the
devices.

It is possible to estimate the coordinates (X, Y, Z) of a P’
point of the image in a coordinate system related to the ima-
ge plane with the formula:

Xp = &p —$pp
Ypr = np —Npp, (2)
Zpi = C

The ray from the perspective centre to the object, passing
through an image, can be mathematically express with the
co-linearity equation:

Xp—Xe _ Yp—Yo  Zp—Zg
Xp—Xc  Yp—Y¢ = Zp—Zg

(3]

Fig. 6.8

P (X,Y.Z) Main components of the photo-
grammetric process.

P' (X=2E&-¢&p, Y=np-nep, L=C)

Object

PP (Nee,Epp)

S

C (Xc,Yc,Zc) + (ke,@c,wc)

C

Principal distance

Perspective center

YA -
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Fig. 6.9

External orientation of the camera.
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This way for each image is possible to calculate the re-
lation between the projecting rays of homologous points, by
considering the coordinates of P (the point where the rays
meet) as fixed. The external orientation (Fig. 6.9) defines the
camera absolute position in a global reference system (typi-
cally the same system of the acquired object), with a total of
six parameters (three translations on X, Y, Z and three rotations
k, @, ®). Solving the external orientation of the system means
fixing the stereoscopic model in an absolute position, not pos-
sible just by solving the internal one. For scale and rototran-
slate the obtained model, it is necessary to use aft least three
points measured on the object: two points allow to scale the
stereoscopic measuring the difference between the segment
joining the point on the object and the one on the model,
while a third point allows to eliminate the problems linked to
the rotation around these segments once the model and the
object are overlapped in the same coordinate system. The
general precision in the work highly depends on the acqui-
sition phase: while in aerial photogrammetry the acquisition
planning follows more severe rules, usually terrestrial close-ran-
ge photogrammetry is organized by following more empirical
rules. The distance between image shoots is assumed typically
as a quarter of the distance from the object, estimating the
image scale as 5 o 6 fimes higher than the representation sco-
le desired. A fundamental datum to estimate the work preci-
sion is expressed by the Ground Sample Distance (GSD) that
indicates the distance between the centre of two adjacent
pixels, expressing the portion of the object captured by a sin-
gle pixel in a single image.

The roots of photogrammetry can be related to the resear-
ch about perspective conducted during Renaissance (Guidi
et al., 2010, b), but its frue birth is in the XIX century, along with
the development of the photographic technique: the most in-
fluential experiences conducted in the field are related to the
topographic purposes, with the usage of photographs to re-
construct parts of the cities, as for Laussedat in Paris in 1859. A
remarkable development of the subject, in terms of methodo-
logy and technology, was recorded also during the two World
Wars, with the usage of aerial analogic photogrammetry to
map the combat fields. With the birth of the automatic cal-
culator, from the '50, and the electronic calculator, in the '70,
a great development in photogrammetry is obtained, due
to the possibility of eliminating the camera distortion through
computational processes: this allows the use of a normal co-
mera instead of metric cameras used previously, and to consi-



derably shorten the tfime of elaboration. In addition, during the
'90, the photogrammetry turns digital, with the development
of high resolutions digital cameras and appropriate software,
improving the process through automatic recognition of the
object’s features. One of the most recent steps involves the
great diffusion of computer vision algorithms, based on the
Structure from Motion (SfM) approach, which provides a gre-
at number of easy-to-use and low-cost software with a high
grade of interoperability to other 3D CAD, BIM, and database
managing systems.

The usage of the SfM algorithm in computer vision allows
estimating the position of 3D points in a group of overlapping
images, reconstructing the object (structure) and the position
of the images acquisition (motion) also without knowing the
precise orientation of them. This methodology work at its best
with wide datasets, made of highly overlapping images to-
ken from near positions one to another (Westoby et al, 2012).
It uses the same principles previously exposed for the stereo-
scopic methodology, but with a higher number of images to
match: the use of a highly redundant, iterative bundle adjust-
ment procedure, on the base of a database created on the
images dataset, allows to speed-up the orientation phases.
This is possible by using the peripolar geometric rules (geome-
try on the base of the stereo imaging) putting in relation the
perspective centre of the images and the points on the 3D
object, in addition to the use of image matching algorithms,
creating a sparse cloud of tie points: fie points represent fea-
tures of the images invariant to changes of perspectives and
ilumination, giving the possibility to be matched trough a big
part of the photoset. For these reasons, it is important to have
good quality in the photo acquisition (higher resolutions cor-
respond to a higher possibility of extracting tie points from ma-
tchable features) and a good quantity of photo overlapping.
Tie points are estimated for all the different photographs.

The main algorithms used are:

- Scale-invariant feature transform (SIFT) (Lowe, 1999): it is
based on the usage of a set of reference images, used
to construct a database of keypoints. The features of the
rest of the images are analysed through the estimation of
Euclidean distance. These features are evaluated, and if
less than three of them are matched to the object and
its position, these features are taken into account by the
proceeding of the process while outliers are discarded.
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The probability of these feature distributions is calculated,
along with the accuracy and the probability of false ma-
tches during the process.

- Speeded up robust features (SURF): it is based on the SIFT
algorithm (Oyallon et al, 2015). It is considered a fast ap-
proximatfion of the SIFT method with the same robustness
and invariance while being faster to compute.

The main aims of these algorithms are to filter the photo-
set by selecting notable features of the object (corners, jun-
ctions, etc.) through the similarity fransform parameters (locao-
tion, scale, and orientation) and to evaluate the radiometric
components in the pixels near to a precise point (correlation
windows) recognizable in the images. The matching between
these points leads to obtain a sparse dense cloud made by
the homologous points. The use of SfM-based methodologies,
in theory, allows avoiding the two principal scene preparation
phases proper to the classical photogrammetry for the cor-
relation of images: the knowing of the camera pose and the
measurement of confrol points on the scene. This information
is estimated directly by the algorithm, through the non-linear
least-squares minimisation for refining iteratively the camera
positions and the object coordinates. In the practice, the lack
of information about external references corresponds, in an
StM-based sparse cloud, to the absence of precise scale and
orientation of the model itself. So, the selection and the use of
significant points on the scene, named Ground Control Points
(GPs), is necessary for the scaling and the roto-translation of
the model into the desired reference system. The design of a
GPs network with a high redundancy of data is helpful to cre-
ate a strong estimation system and to avoid issues depending
on the accidental scarcity of acquisition coverage on object
portions.

The acquisition and processing phases linked to the expo-
sed range-based and image based techniques will be trea-
ted in detail in Ch. 7.

6.2 Digital Image Correlation

The Digital Image Correlation (DIC) is part of the ima-
ge-based techniques, as described for the photogrammetry.
In particular, it is finalized to the measurements of deforma-
tions starting from an image dataset and it found its bigger
appliance in the field of experimental mechanics: in the last



years, its use increases especially in civil engineering, biome-
dical engineering, aerospace engineering, material science,
and in industrial monitoring. Nowadays both 2D and 3D DIC
are employed and in constant updating, both in scientific
and engineering disciplines, in accordance with the techno-
logical development in the field of data acquisition and ima-
ge sensing. The use of a confinuum technique of acquisition
provides good coverage in the evaluation of any changes in
the structures, especially for unexpected ones.

The principle at the base of the DIC is the stereoscopic vision
for the image reconstruction, already treated in the previous
pages. The two cameras are calibrated to know the relation
between raw and world space: once the two cameras’ pa-
rameters are calibrated (definition of a stereoscopic model),
the three-dimensional shape of the object is reconstructed
from the data coming from the left and right camera by mao-
tching the pattern on the object. The reconstruction works in
the same way, with the addition of the temporal component:
after the lens distortion correction, the images are compared
and matched on the basis of the acquisition time, subtracting
the coordinates of a single point from the sequence of data
concerning the same point. Basically, DIC involves the com-
parison between a pair of stereoscopic images, taken as re-
ference, with other pairs of images of the deformed object
(Pierré et al, 2017) (Fig. 6.9) Cross-correlation is used to estima-
te strain and deformation of the object tested by the evaluo-
tion of the greyscale variation in the subset’s patterns betwe-
en areference image (typical the undeformed state) and the
deformed state images (Niezrecki et al, 2018). In recent years,
this technique is investigated, with a particular focus, in the
application for real-fime 3D acquisition in the fields of rota-
tion and large displacements (Shao and He, 2021). With these
premises, the DIC appears as a robust monitoring method in
the field of small object deformations, and it is selected to be
tested in the present research.

triangulation '
A ' F i
\ L X

U=X"-X
triangulation

stereo
matching d
L

Fig. 6.9

Main steps of a 3D Displacement
field measurement of a surface with
classical Stereo-Digital Image Cor-
relation

From: Pierre et al, 2017.

85



Fig. 6.10

Determination of the three-dimen-
sional displacement vector.

Fig. 6.11

Schematic principle of Digital Ima-
ge Correlation.

From: Correlated Solutions Inc.w
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DIC works by tracking groups of pixels (usually facets with
square base, with 10-50 pixels for each side), in the compared
images, and measuring the surface displacement in building
up 3D full field deformation vectors (Fig. 6.10) and strain maps.
These groups of pixels must have unique features in terms of
infensity level and contrast, to be recognised by the algorithm
and matched in the time steps comparison. With these aims,
in conditions of scarce light or with complex and not texturi-
zed objects, a new custom texture is needed for the device
to work properly The most common way to characterize the
surface to be analysed Is to realize a black and with pattern
(black dots on a white background or the reverse): in this way
each image is considered as a matrix of integers with pixels in
greyscale values, 0 for the white pixels and 100 for the black
one (Niezrecki et al., 2018). In present days, a great number of

X

Reference Deformed Deformed
image imc:ge image

Reference Target Target
subset subset subset



software techniques are developed to improve the practical
appliance of algorithms in DIC elaboration, in order to obtain
sub-pixel resolutions (McCormic and Lord, 2010).As for the
present work, the correlation algorithm adopted (integrated
into the DIC System Q-400 system, Dantec Dynamics A/S, de-
scribed in the following Ch.) is based on the tracking of grey
value patterns in small local neighbourhoods.

The correlation algorithm:

Z (Gi(xe.ye) - G(x,y))? (4)

Where:

- G(x,y) is the grey value of a pixel pattern with the coordi-
nate x and y inside of the subset or facet.

- Gt (xtyt) = g0 + g1G(xt,yt);

- x1=a0 + alx +a2y + a3xy;

- yl=04 + adx +aé vy +ar’xy;

- g0, g1 are the illumination parameters;

- a0, al, ...a7 are the parameters of the similarity transfor-
mation.

Once the correlation algorithm minimizes the sum (4), by
the variation of the illumination parameters (g0, g1) and the
parameters of the similarity fransformation (a0...a7) accuracy
for the matching of better than 0.01 pixel can be achieved.
The correlation algorithm which is actually applied is a two-di-
mensional generalization of the case just described. It implies,
in particular, a two-dimensional geometric tfransformation that
is to rectify perspective distortion and relief displacement. In
view of the small size of the image areas, it is sufficient to ap-
ply affine linear fransformation (six a type parameters) (Acker-
mann, 1984). Once the 3D contour has been determined, the
second step in digital 3D correlation is the measurement and
the determination of the three-dimensional deformation of
the object surface (deformed pattern). This process is carried
out by correlation of the images, taken by both cameras with
respect to their original reference images.

The acquisition phase linked to the DIC technique will be
treated in detail in Ch. 7.
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7. Experimental tests
7.1 Test description
7.1.1 Arch - Opening tests

The opening displacement is selected to test the arch mo-
dels. This test involves the movement of one of the abutmen-
ts apart from the other, which is fixed to the testing device
(Fig 7.1). It simulates common phenomena of abutment sett-
lements in historical buildings: these displacements can be
generated by many factors such as soil movements or local
abutment failures. Actually, arches and vaults are thrusting
structures that commonly lead to spreads of their supports.
This kind of fest is one of the most adopted in masonry spatial
structure modelling: as reported in Ch 3.3, a great number of
contemporary research on the topic performs this kind of test
on in-scale masonry models (Van Mele et al, 2012; Shapiro,
2012; Rossi et al, 2015).

Fig. 7.1

Schematic description of the ope-
ning displacement imposed to the
arch models.
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In the first part of the experimental campaign, during the
tests on the arch models, the imposed displacements are
constantly monitored with a digital calliper, so the ultimate di-
splacement (6u) is recorded for each test. The photographic
acquisition provides images of the model during the deforma-
tion, helping to monitor the hinge opening during each step
of imposed displacement. Moreover, the video acquisition
allowed to capture the failure mechanisms of the models. In
virtue of the bidimensional typology of the structures, all the
data are extracted from the main vertical plane of the ar-
ches.
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Tab. 7.1

List of the tests performed on the
arch models. tt
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Tab. 7.1 reports a list of the tests performed on the arch
models, tfogether with the main information about each mo-
del: it shows the frials on the AR tests about the model features
(different number of the blocks and material) and the diffe-
rent acquisition procedures (in the AV tests phase). All the
other features concerning the methodology of the research
All the features are settled to provide the best overlapping in
the boundary condition of the different tests. As reported in
the table, three of the tests have failed during the centering
lowering because of the low stability of the timber material to
the environmental conditions and errors of the research team
during the procedures. All the remaining tests are performed
by imposing the displacement (6x) to the abutment by twi-
sting the activating rod at a low rate, to avoid failures by ac-
cidental movements of the set-up. The structural behaviour
of the model is monitored in real-time by video acquisition.
Images of the models are acquired by steps of 1 mm (Fig. 7.2),
temporary stopping the displacement imposition. It is worth
noticing the different behaviour of the AV_3 model, tested
with opening displacement but not failed until the end of the
experimental set-up range (further hypotheses and conside-

rations about this phenomenon will be discussed in Ch. 8).

DATE TEST MATERIAL NUMBER ULTIMATE PHOTOGRAPHIC VIDEO
of blocks  of blocks DISPLACEMENT acquisitions acquisitions
[mm]
. ANE-LXT HUAWEI camera Asus Zenfone Laser 2 camera
25/05/2020  AR_1 Timber 69 10,56 Res. 4608x3456 [px] Res. 1920x1080 [px]
ANE-LXT HUAWEI camera Asus Zenfone Laser 2 camera
10/06/2020 AR _2 Cement 62 13.2 Res. 4608x3456 [px] Res. 1920x1080 [px]
ANE-LXT HUAWEI camera Asus Zenfone Laser 2 camera
14/06/2020  AR3  Cement 69 1553 Res. 4608x3456 [pX] Res. 1920x1080 [px]
ANE-LXT HUAWEI camera Asus Zenfone Laser 2 camera
20/06/2020  AR_4 Cement 65 16:1:4 Res. 4608x3456 [px] Res. 1920x1080 [px]
03/07/2020 AR 5 Timber 65 :
. ANE-LXT HUAWEI camera Asus Zenfone Laser 2 camera
08/07/2020  AR_é ey 65 7.96 Res. 4608x3456 [pX] Res. 19201080 [pX]
09/07/2020 AR 7 Timber 65 -
ANE-LXT HUAWEI camera Asus Zenfone Laser 2 camera
16/07/2020 AR 8 Cement 65 1521 Res. 4608x3456 [px] Res. 1920x1080 [px]
ANE-LXT HUAWEI camera Asus Zenfone Laser 2 camera
17/07/2020 AR_9 ement 63 1545 Res. 4608x3456 [px] Res. 1920x1080 [px]
ANE-LXT HUAWEI camera Asus Zenfone Laser 2 camera
25/09/2020 AV_1 Coment 74 10,62 Res. 4608x3456 [px] Res. 1920x1080 [px]
ANE-LXT HUAWEI camera Asus Zenfone Laser 2 camera
27/09/2020  AV_2 Cement 74 16,70 Res. 4608x3456 [px] Res. 1920x1080 [px]
12/10/2021  AV_3 Cement 74 -
Structure not Canon EOS 60D camera 4 GoPro Hero 5 Session cameras
02/11/2020 AV 4 Cement 74 failed - end of the Res. 5184x3456 [px] Res 2704x1520 [px]
set-up range DIC cameras 50 fps
Canon EOS 40D camera 3 GoPro Hero 5 Session cameras
05/11/2020 AV_5 Cement 74 29,32 Res 2704x1520 [px]

Res. 5184x3456 [px]

50 fps




§=10mm §,=13mm

The failure mechanism is captured by slowing down the
video acquisitions: several frames are isolated to have a more
complete description of the hinge evolution during the test.
As an example, Fig. 7.3, reports the collapse of the AR_9? mo-
del, where four frames are used to highlight the progressive
opening of the hinges: in frame 1 and 3 the first three hinges
are visible (green marks), while in frame 5 the fourth hinge that
leads to the failure of the structure appears.

The failure mechanism is captured then in a single frame
to highlight the position of the four hinges (Fig. 7.4) in the dif-
ferent tested models, making them comparable. In this repre-
sentation the hinges are also classified by their position on the
intrados or on the extrados of the arch.

Frame 1 Frame 3

.......

Frame 5 Frame 7

Fig. 7.2

Image sequence of the arch model
deforming during the opening test.

Fig. 7.3

Sequence of frames extracted from
the video of the arch model collap-
se.
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Fig. 7.4

Description of the hinges position
during the collapse of the AR_9 mo-
del.
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Fig. 7.5

Schematic description of the simple
shear displacement.
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7.1.2 Vault - Shear tests

The vault models are tested under in-plane shear displa-
cemThe vault models are tested under in-plane shear displo-
cement imposed to one of the abutments: this typology of
tests is selected because of the scarce presence of data, in
the scientific literature, about in-scale segmental barrel vault
models, subjected to shear settlement. Similar tests are per-
formed in Lagomarsino (2016), investigating the behaviour of
an in-scale cross vault model, under simple and pure shear
distortions. In the present work, the displacement setting is de-
signed to simulate a simple shear mechanism (Fig 7.5) obtai-
ned by sliding one abutment in the direction of the central
axis of the vault: in this way, the two abutments remain always
parallel (Fig. 7.6).

The tests on the vault models are performed differently
from the ones related to the arches. This difference is due to
the more complex three-dimensional behaviour of the vaul-
ted structures compared to the arched structures. In virtue of
this complexity, the acquisition process is optimized with the
use of new devices and techniques (deeply described in Ch.
5 6). The test is performed by manual activation of the displo-
cement device and the imposed displacement is constant-
ly monitored by a digital caliper. The test is stopped at fixed
imposed displacements to allow the acquisition processes.
Moreover, the test is also stopped when notable and visible
phenomena occur to the model such as cracks, rotations, lo-
cal failure, etc.

The need to describe these complex mechanisms leads
to the realization of a schematic procedure to organize the
description of the phenomena that occurred during the te-
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sts. This procedure involves, in the first phase, the collection
of all the visible phenomena that take place, captured by
the constant video monitoring or by the photographs of the
specific events: these visible phenomena, like the position of
cracks, hinges, or collapse, are referred to the scheme of the
structure exposed in Fig. 7.7. The collection and organization
of these phenomena are used as a base for the comparison
of the digital acquisition products obtained from the models.

This topic is discussed deeply in Ch. 5 6 and Ch. 6 8.

U

Upper portion
1 I

Left side Right side

L R

i

Lower portion__|

L W Direction

W of the imposed
VW displacement

Fig. 7.6

Schematic description of the simple
shear displacement imposed fo the
vault models.

Fig. 7.7

Nomenclature of the vault models
portion and subdivision legend.
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DATE TEST MATERIAL NUMBER ULTIMATE

PHOTOGRAPHIC VIDEO GEOMATICS DIC acquisition

of blocks of blocks  DISPLACEMENT acquisitions acquisitions acquisition frequency [mm]
steps [mm]
Canon EOS 60D camera 4 GoPro Hero 5 Session cameras
10/12/2020 VR_1 Cement 450 Res. 5184x3456 [px] Res 2704x1520 [px] 0-5-10-20-50 0,1
DIC cameras 50 fps
Canon EOS 60D camera 3 GoPro Hero 5 Session cameras
18/01/2021 VR_2  Cement 450 Res. 5184x3456 [px] Res 2704x1520 [px] 0-5-10-20-50 0,1
DIC cameras 50 fps
. Canon EOS 60D camera .
03/02/2021 VV_1  Cement 450 S"Ufjmrfer: iy f?”ed ‘ Res. 5184x3456 [px] ! Goprgeie;oixsf ;g? i]omems 0-6-15-25-46- 1
_ emen end of the set-up DIC cameras p 50-85- 130
50 fps
Stonex Fé scanner
Canon EOS 60D camera .
4 GoPro Hero 5 Session cameras
03/02/2021 VV_2  Cement 450 Res. 21843456 104 Res 2704x1520 [px] 0-6-15-25-46 1
cameras 75
50 fps
Stonex Fé scanner
Tab. 7.2 In Table 7.2 the tests performed on the vault models are list,

List of the tests performed on the
vault models.

Fig. 7.8

Image sequence of the VR model
deforming during the shear test.
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along with the main information about the composition, the
ultimate displacement, and the acquisition techniques featu-
res.

6,= 50 mm

As described for the arch tests, the imposed displacement
is used as a basis to organize the proceeding of the work. The
evolution of the model state, in terms of deformation, is con-
stantly monitored and it is represented in Fig. 7.8 referred to
the VR_1 model.

The tests on the different brick arrangements show the re-
currency of specific phenomena. In order to map these phe-
nomena and to compare the different tests, a schematic re-
presentation, like the one depicted in Fig. 7.9, is proposed. In
the Figure the main phenomena collected by direct obser-
vation of the model behaviour and by comparing the simul-
taneous video and photo acquisition of the VR_1 model are
highlighted along the "“time line” of imposed displacements,.
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The collapse mechanism is captured in the video acqui- Fig. 7.9

sifion: the synchronization between the cameras allows to
extract the correspondent frame from different perspectives

(Fig. 7.10).

Cam 2

Cam 3

gistered during the AR_1 test.

Fig. 7.10

o 03Q-Tm - 03Q-mm

© 03Q-Tm

Main phenomena occurred and re-

Image sequence of the VR model
collapse during the shear test, ac-
quired from different perspectives.
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Fig. 7.11

GoPro Hero 5 Session, cameras used
for video acquisitions.
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7.2 Acquisition and postprocessing
7.2 Image and video acquisition and processing

The photo and video acquisitions during the tests have
been of fundamental importance in the documentation and
understanding of the mechanisms developed by the structu-
res. As for the research on the materials explained in Ch 3,
also the research on the best solution for the acquisition has
occupied a significant part of the work, starting from the first
tests on the in-scale arch model with a radial arrangement of
the bricks until the tests on the vault models.

In the first phase of the research the photographic acquisi-
tion is carried out with the use of an ANE-LX1T HUAWEI camera,
integrated intfo a smartphone, with animage size of 4608x3456
pX. This device, fixed on a photographic tripod, is used for ta-
king pictures of the structure by steps of Tmm of imposed di-
splacement. For the video acquisition the camera of an Asus
Zenfone Laser 2 is used, with an image size of 1920x1080, whi-
ch video output is cut to extract the frame of the failure of the
structures. The use of these low cost easily available devices
has helped, in the first phase of the experimental campaign,
when it was not possible to access to laboratories, to have a
chronology of the deformation from the beginning of the test
to the failure. Recently, the use of these devices has been
investigated also in the field of 3D digitization techniques for
Heritage Objects, showing good results in the processing of
datasets acquired with a smartphone (Adamopoulos et al.,
2021).

While the tests proceeded, the acquisition process is modi-
fied reaching the final configuration used for the tests on the
arch models with the vertical arrangement and on the vault
models: the use of professional monitoring systems (such as
DIC, photogrammetry and structured light scanners, exposed
later in this Ch.) is infroduced, while the video acquisition is
improved with the usage of 4 GoPro Hero 5 Session came-
ras, used to film the whole tests from different perspectives
(fig 7.11, 7.12). This is particularly useful in the arch models with
radial arrangement, which have a significant out-ot-plane
behaviour. For this reason, as reported in the scheme in Fig.
7.12,b, one camera is positioned in front of the model, in a
central position, while the other two cameras filmed the test
with an angle from the centre. The last camera is positioned
to film the failure from one side of the structure, to capture the
opening of the hinges at haunches and between each row
of bricks.
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The experience achieved during the arch'’s tests led to the
selection of the camera positions in the vault’s models tests.
As shown in Fig. 7.13, due to the obstruction made by the DIC
cameras, the position of each camera for the video acqui-
sition is selected to take information on different parts of the
model, in a compatible way with the other instrumentation:
Cam 2 is used to film the behaviour of the vault’s head, Cam
3 films from the left side the head and the haunches, while
the Cam 1 is used to film the right side of the vault. Another
camera (Cam Caliper) is used exclusively to film the calliper’s
display during the test, to correlate the images with the impo-
sed displacement. The use of the app “Multi Camera Con-
trol for GoPro® Hero Cameras” allows synchronizing the four
cameras, with a smartphone as a remote controller, making
simpler the frame extraction at the same time steps from the
videos. During all the tests the use of several smartphones and
full frame digital cameras helps to take photographs of little
portions of the model, collecting particular details of the ma-
sonry behaviour.

All the acquired materialis analysed, helping to reconstruct
the tests procedure and results: starting from the video acqui-
sifion it is possible to relate the visible phenomena that occur-
red to the models with the imposed displacement, visible on
the calliper screen, and to relate these phenomena with the
other detail photographs acquired. This type of control allows
us to relate the macroscopic phenomena not acquired with
range-based and image-based acquisition (freated in the
next sections) with the models obtained from the processing
of these geomatics’ techniques. The results of these compari-
sons are reported in Ch. 8.

Fig. 7.12

Arch model tests —Image and video
acquisitions scheme:

a- Acquisition with smartpho-
nes:

b - Acquisition with GoPro ca-
meras.
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Fig. 7.13

Position of the fixed acquisition de-
vices.
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The use of video also provides interesting information about
the behaviour of the models: using the open-source Meltyte-
ch Shotcut software the videos are examined in slow-motion
and high-resolution frames are extracted to highlight intere-
sting moments of the tests. These acquisitions are visible in Ch.
7, Ch.8, and Appendix in which the collapse mechanisms and
the hinges evolution are reported. The video segmentation in
single frames allows to reconstruct the entire development of
the test .
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Fig. 7.14

Schemes of the acquisition program

during the various tests
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Fig. 7.15

Schematic functioning of the Sto-
nex F6 SR scanner.
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7.2.2 Geomatics’ Techniques
7.2.2.1 Range-based acquisition: Stonex Fé SR
7.2.2.1.1 Data acquisitions

The Stonex F6 SR structured light scanner (Fig. 7.15, 7.17)
is used for the acquisitions of the in-scale model on two tests
(VV_1, VV_2). It belongs to the Non-Contact Active Scanning
category and works on the reflection of light for the measu-
rement of objects. This hand-held scanner, as reported in the
technical specification, is valid to survey small object, like the
intferested vault models. It has a certified accuracy of 90 um
acquiring 640,000 points per second, at a minimum distance
of 250 mm (Tab. 7.3). The device is composed of a projec-
tor, using a Mantis Vision's proprietary pattern in near infra-red
(NIR, wavelength from 780 nm to 2500 nm) light and two cao-
meras: one with NIR and one with Red, Green and Blue (RGB).
The cameras and projector direction converge, for using
triangulation methodologies distance calculation. The devi-
ce projects NIR light (invisible to the naked eye, wavelength
— 850 nm) on the object, through a mask with a proprietary
pattern, while the NIR camera (2D device) catch its reflection.
The principle is close to the subtractive Moiré exposed in Ch.
6.1.1 (based on the deformation of a known pattern), using
a particular triangulation algorithm able to calculate the
third-dimension coordinate through the stereoscopic parallax
effect. In this way the RAW data acquired are online registe-
red together and processed by the Echo software’s Decoder
Algorithm, creating the depth maps. The NIR light projected
is captivated, together with environment light, also by the
RGB camera that acquires information about the radiometric
components of the points.

RGB camera
NIR camera

NIR projector

NIR pattern



The components from the two cameras are linked to-
gether by the online registration algorithm in the software,
with the colour images meshed with the 3D models. The use
of this software allows the registration of the coloured point
cloud, by frames, in real-time, giving the possibility to evaluate
the results during the process. One of the biggest issues, nofi-
ceable after the acquisition, is the excessive fragmentation of
the point cloud: when the software detects a problem in the
registration on the could portions, it automatically stops the
acquisition of the current group, creating a new one. These is-
sues are commonly solvable in post-processing, but it is impor-
tant to be sure of the completeness of the material acquired
for each step of displacement while working on an ongoing
deformation test.

The acquisition is planned in respect of the boundary con-
ditions of the laboratory’s tests: the hand-held nature of the
Stonex F6 gives the possibility to acquire the object surface
by turning around the model, considering the impossibility of
moving the model during the test. The presence of other fixed
acquisition devices (DIC cameras and GoPro cameras) near
the model, and the conformation of the experimental set-up,
put limits on the accessibility of the object, giving the neces-
sity of planning the acquisition in virtue of the possible results
usages. For this reason, only the extrados and the upper head
(see Ch.4, ...) of the vault models are chosen to be acquired,
considering the single bricks as rigid bodies and their opposi-
te faces as always parallel. These assumptions, according to
the classical masonry theory, allow us to relate the detected
extrados behaviour with the undetected intrados one. The
acquisitions involve also fixed elements of the experimental
set-up and the surrounding table; then the scene is prepared
with the positioning of black tape markers: in the acquisition
planning phase, it is decided to use the dataset from structu-
red light scanning as reference for the data processing of the
close-range photogrammetry and these markers are useful to
relate the information from two methodologies.

Stonex Fé SR

Speed 640,000 [pts/s]
Range distance 250-500 [mm]
Accuracy 20 um @ 250 mm
Resolution 0.4 mm @ 250 mm
RGB camera resolution 1.3 [MPx]

Video frame rate 8 [frame/s]

Fig. 7.17

Sonex F6 SR hand-held scanner
plugged in a laptop.

Tab. 7.3

Stonex Fé SR main specifications.
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Fig. 7.18

Stonex Fé acquisition process during
the experimental fest.
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The acquisitions with the Fé scanner are taken in different
and selected moments of the test, along with the close-range
photogrammetric procedures (Tab 7.4): the first one is done
after the lowering of the centring, capturing the undefor-
med configuration of the model (reported as TO in all the po-
stprocessing phases and restitution). The enforcement of the
abutment displacement stops at the reaching of these fixed
values to allow the acquisition procedures: the other three
acquisitions are taken respectively at 6 mm (T1), 15 mm (T2),
25 mm (T3) and 46 mm (T4) of imposed displacement. Some
other spare acquisitions are taken in different moments of the
two tests: for the VV_1 model other three steps have been
acquired respectively at 0 mm, 85 mm, and 130 mm, while for
the VV_2 model at 75 mm. In Tab. 7.4 are reported the acqui-
sitions for each test.

The workflow of acquisition followed the descriptions pre-
sentin the literature (Patrucco et al, 2019). The scanner is con-
nected by cable to alaptop, to improve the movability of the
device around the model, and to connect it to Mantis Vision
Echo software (version 2.0.0) for data management. The scan-
ner is now used with slow and fluid movements, without inter-
ruptions, starting from a side of the experimental set-up and
covering it all, from different perspectives, holding the device
to a distance of about 1T m from the object (Fig. 7.18). The
best results are obtained in the acquisition with no interruption
or hesitations in the scanner passages. A single acquisition of
the model with the Stonex Fé SR takes about two minutes. The
use of the corresponding software gives real-time feedback
of the ongoing data acquisition, and it allows to notice issues
in the process: on some occasion during the experimental
campaign the check of the data soon after the acquisition,
with this device, helps the research team to notice problems
in the acquired dataset, such as excessive segmentation of
the point clouds and visible misalignment of the segments.
The possibility of a real-time check of the data is a great deal
for this kind of research: due to the destructive nature of the
experimental tests carried on, it is important to be sure of the
data quality before continuing the imposition of the displace-
ment that leads to modifications in the involved structures. It
is interesting to notice that the data from polished aluminium
elements, like abutment rails, present some flaws in the acqui-
sitfion by the scanner because of the high reflection of the NIR
pattern on the surfaces. Nevertheless, this lack of information
does not compromise the acquisition integrity, because of the
marginality of the element involved.



DISPLACEMENT TEST NAME
VV_1 VV_2

0 mm X X TO
6 mm X X T1
15 mm X X 12
26 mm X X T3
46 mm X X T4
50 mm X To1
75 mm X 152
85 mm X Té
130 mm X 17

At the end of the experimental campaign, a total of 16
data acquisitions performed with the Stonex Fé SR are proces-
sed: 12 of them contain data from a single step of the tests
while the other 4 are the result of partial acquisitions of two
different steps, depending on the issue detecting system of
the software, previously mentioned.

7.2.2.1. 2 Data processing

The data acquired with the Stonex Fé scanner are directly
imported in Mantis Vision Echo software (version 2.0.0) during
the scans and are processed in the same ambient following
the User Guide (Document Review 3.0.3).

The first data processing is carried out in real-time and
automatically by the software during the scans. All the ima-
ge frame acquired from the NIR camera are converted into
point-cloud frames and then registered together creating a
three-dimensional model. This process, named Online Regi-
stration, is based on the redundancy of data extracted from
overlapping geometries of the images. Each frame is ma-
tched (aligned and registered) with its direct neighbouring
frame, coming from the acquisition stream process. The good
overlapping between the frames, due to the dynamic acqui-
sitfion process, provides enough data for merging together the
point-cloud portions through the use of the Iterative Closest
Points (IPC) algorithm: IPC algorithm is selected for the co-re-
gistration of the clouds due to its consolidated use in literatu-
re (Guidi et al, 2010, x). It works on the redundancy of data,
involving the global shapes of the objects and the overlap
between the portions of the segmented clouds. It works with
the minimization of the distance error calculating the diffe-

Tab. 7.4

List of the structured light acquisition

performed during VV tfests.
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Fig. 7.19

Top - Raw cloud with
misaligned and
segmented frames;

Boftom - Processed cloud with re-
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gistered and aligned fra-
mes.

rence between the overlapped scans and choosing the clo-
sest points evaluating the Root Mean Square (RMS): this value
expresses the average error in the combining of the two dao-
tasets.

The Raws files obtained from the scans need a preliminary
check before an ulterior registration. As reported, issues in
the acquiring generate excessive segmentation in the point
clouds due to the impossibility of the software to match the
close frames: a manual check of the magnitudes of the seg-
ments can help to eliminate the groups with a low number
of frames (e.g., in the same file can exist groups of 200 frame
with groups of only one frame) (Fig. 7.19). This procedure helps
to reduce problems linked to the registration, illustrated in the
following. As a first step in the registration of the groups (seg-
mented or merged) a High-Quality Registration (HQ) is perfor-
med: this is a general image quality registration improvement
process that tries to merge all the segments. Differently from
the Online registration performed during the acquisition, the
HQ registration work on the totality of the frames and not fra-
me-by-frame. In this way all the portions are matched and
aligned together. The last build of Mantis Vision Echo software
is implemented with photogrammetric features: is possible to
use the texture acquired from the RGB camera to help the

Man
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registration of the frames on the depth map acquired by the
NIR camera. This feature is used in the HQ registration for the
clouds of the VV_2 test, where the opfimal light conditions hel-
ped the acquisition of the textures, demonstrating good results
and fewer issues in frames aligning compared to the proces-
sing of the VV_1 test, conducted with worse light conditions.
After all the frames are registered, a Global Registration (G)
is performed. This algorithm tries to link every 3D frame, once
coregistered together, in a single coordinates system estima-
ted on the relative position of the frames. In this way is possible
to rectify issues like cumulative errors in the registration. Once
the frames of the cloud are registered, another manual check
can help to optimize the work: some micro-misalignment of
the groups (repetition or micro-tilting of the portions) can oc-
cur without the software noticing them. Using the Frame Bar
allows investigating the acquisition process frame-by-frame
(highlighting, by steps, the position of the currently visible fra-
me), making it possible to individuate and discard the misali-
gned frames.

The obtained clouds, still noisy, can be filtered by the bu-
il-in denoise filters of Mantis Vision Echo: the Statistical Out-
liers Removal (SOR) cleaning algorithm and the Moving Least
Squares (MLS) smoothing algorithm. Both are typically used in
point cloud management and are well documented in the
scientific literature. The SOR filter can reduce the errors, typi-
calin laser scanning, due to the presence of sparse points far
from the major cloud. It is based on the computation of the
statistical distribution of points in a neighbourhood, calculo-
ting mean distances. The software, after the input of the filter
intensity (Fig 7.20), trims away from the dataset the point out-
side the Gaussian global distances mean and standard de-
viation. The Mantis Vision Echo's interface allows the selection
between standard intensities of the filters and after empirical
trials, it was used a +1 level of SOR cleaning algorithm. The MLS
provide a solution to denoise the points not so far from the
actual model. It estimates a contfinuous function from a set
of point samples through weighted least squares measure of
the area. This allows obtaining a smooth surface from a noisy
porfion of the point cloud. As for the SOR filter, also for the MLS,
the level of filtering was found out of empirical trials, selecting
a +2 level (Fig. 7.20).

A total of 12 point clouds are obtained from a single step of
the tests while the other 4 are the result of partial acquisitions
of two different steps. These partial point clouds are exported

Noise Filter

Large Models Presets

Delete points and preserve details
Small Models Presets

reserve details

Fig. 7.20

Mantis Vision Echo Filtering options.
Seftings used in the cloud proces-
sing.
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Fig. 7.21

Planes used for the local coordinate
system.

Top - Horizontal plane from
the vtbase panel;

Bottom -  Vertical plane from
head arch’s plane.

Fig. 7.22

Origin and directions of the arbitrary
coordinate systems
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for being merged with a consolidated workflow, exposed in
the next section.

7.2.2.1.3 Coordinate system setting

Once obtained, the filtered dense clouds (Fig. 5 .9) are
exported to other software for managing the information.

The 4 segmented point clouds, coming from partial acqui-
sition steps, are merged by importing the concerned portions
in Cloud Compare software, pre-aligning them manually and
then performing an ICP registration. ICP is a semi-automatic
algorithm because the processing needs a pre-alignment
phase, depending on the operator’s work and it is used as a
base for most of the co-registration operations during the pre-
sent work. In this way other two point clouds corresponding to
single steps of the tests are obtained, for a total of 14 three-di-
mensional models.

Once obtained all coherent point clouds of the various
steps of the displacement, the first task, necessary to compa-
re them, is to co-register all the models in a unique reference
system. The VV_1_T0 model is selected as the base for the re-
gistration of the other steps: this cloud is selected because
representing the undeformed in-scale model, giving the possi-
bility to manage all the measures regarding the experimental
set-up, collectable also after the tests, in case of accidental
errors during the tests. The VV_1_T0 cloud is imported in 3Dre-
shaper software where is possible to extract an approximating
vertical plane laying on the bottom head (Fig. 7.21) of the
vault model and a second horizontal plane out of the base
panel of the experimental set-up (Fig 7.21). These planes are
used to create an arbitrary reference system orthogonal to
the principal axes of the model: the imposed displacement
of the abutment lay on the Y-axis, derived by the base panel,




while the X-axis lay on the approximated plane of the vault’s
head. The obtained Z-axis is oriented with the positive values
following the rise of the vault. The origin of the system is settled
in the corner of the base plane (Fig. 5.13); this allows to have
only positive values in the coordinates on the vault clouds
(working with only positive coordinates is useful for the mana-
ging of the data in the software).

Because of the great differences between the obtained
clouds, depending on the vault deformation and on the dif-
ferent acquisition of the marginal portions of the scene, this
preliminary phase of the pre-alignment before the use of the
ICP algorithm is articulated in 3 different steps:

- Pre-alignment: through the extraction of a plane from the
base panel (described previously) is possible to pre-align
the clouds before the use of the ICP. A provisory plane is
extracted from every model and it is used for aligning the
various point cloud through the orientation of the main
axes (X, Y).

- Segmentation: the fixed part of the experimental set-up is
segmented from the moveable part (Fig. 7.23) allowing to
obtain similar portions among the various steps of registra-
tion. The vault and abutment portion are separated from
the main device. Once the clouds are pre-aligned, they
are cleaned from the undesired portions of the scene, not
needed for the work.

- Adding reference points: due to the impossibility of using
the ICP algorithm with the pre-mentioned moveable por-
tions because of the will of not altering the segment con-
taining the vault, five reference points are added around
the clouds, in random coordinates, without contacting
them. The use of these point allows to re-locate the move-

|Ql r=20000 2] |rms <10% ‘=
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Fig. 7.23

Inifial segmentation of the clouds.

Fig. 7.24

Using of fixed point for clouds co-re-
gistration.
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Fig. 7.25

Final segmentation of the clouds.

Fig. 7.26

Images of the ohotogrammetric ac-
quisition process during the experi-
mental tests.
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able portion on the corresponding fixed portion (Fig. 7.15)
after the co-registration of the latter.

Once obtained the segmented clouds of the fixed por-
tions, they are exported in Cloud Compare software because
it offers the possibility to set a percentage of overlap during
the ICP fine registration: the possibility of not requiring a com-
plete overlapping of the clouds is important to reduce the er-
rors depending on the little differences between the clouds
(fallen bricks on the panel during the tests, little issues in the
acquisition of the zone covered by the vaults, etc.). Several
empirical trials on the overlapping percentage are made to
obtain a good result, fixing it finally to 80%. The co-registra-
tion obtained has the final RMS with variations between 1,5
mm and 2 mm, considered acceptable for the percentage of
overlap and the purposes of the work. Now, after the co-regi-
stration the fixed parts, the moveable ones (composed by the
vault and abutment portions) are matched with the corre-
sponding bases using alignment by the previously mentioned
points. The dense clouds are now segmented one more time,
separating the abutments from the vault, and merging them
with the fixed parts, obtaining two resultant clouds (Fig. 7.25):
the experimental set-up, maintained for hypothetical further
checking of the models, and the stand-alone vault, now com-
parable for the structural analysis work.

7222 Image-based acquisition: close-range photo-
grammetry

7.2.2.2.1 Data acquisitions

The close-range photogrammetry is used for the tests on
the vault models (VR_1, VR_2, VV_1, VV_2). As it will be expo-
sed in the following paragraphs, the photogrammetry proces-
ses used can be divided into two different workflows with slight
differences: the first two tests (VR_1 and VR_2) were planned
with the use of only the close-range photogrammetry, while
for the remaining tests it is integrated with the usage of the
structured-light scanner. This improvement in the acquisition
process, with many others, corresponds with the joining of the
Geomatics for Cultural Heritage Lab (G4CH) researchers into
the research team.

The photogrammetric acquisition of the models had to
deal with the same issues exposed for the range-based acqui-
sition: the impossibility of moving the experimental set-up du-



ring the tests and the presence of fixed devices, such as DIC
cameras and GoPro cameras. For speeding up the acquisi-
tion the image takes are planned without the use of a photo-
graphic tfripod, with the operator turning around the set-up.
The acquisitions are taken from a distance of about 600 mm
from the models with multiple rows of convergent and nadir
images (Fig. 7.27) to collect a good overlapping of the pho-
tographs. With these parameters of acquisition is possible to
estimate the Ground Sample Distance (GSD) of the images as
0,01 cm/px (Tab. 7.5).

Fig. 7.27
' ’ Schemes of the acquisition process,

with rows of convergent and nadir
images.
Tab. 7.

Camera Canon EOS 60D ab.7.5

Sensor CMOS APS-C - 18 [Mpx] Ground Sample Distance parame-

Image size 3456 x 5184 [px] fers.

Focal lenght 24 [mm]

Sensor size 25,1 x 16,7 [mm]

Distance of mean 600 [mm]

acgqisition

GSD 0,01 [em/px]
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Tab. 7.6

List of photogrammetric acquisitions
performed during VV and VR fests.

Tab. 7.7

Main specification of the Canon
EOQS 60D and the lens used in the
acquisitions.
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As for the range-based acquisition, the use of photogram-
metry is focused on the extrados and the head of the vau-
It models. The acquisitions are taken in different moments of
the test (Tab. 7.6): a first one is done after the lowering of the
centring, with an undeformed configuration of the model, the
other three acquisitions are taken respectively at 10 mm, 20
mm and 50 mm of imposed displacement. The tests are stop-
ped at the reach of these fixed values to allow the acquisition
procedures.

TEST
DISPLACEMENT NAME
VR_1 VV_2
0 mm X X TO
10 mm X X T1
20 mm X X 12
50 mm X X T3
TEST
DISPLACEMENT NAME
VV_1 VV_2
0 mm X X TO
6 mm X X T1
15 mm X X 12
26 mm X T3
46 mm X T4
50 mm X T51

For all the acquisition is used the Canon EOS 60D camera (Fig.
7.28, a), equipped with two different macro lenses. In Tab 7.7
are reported the main characteristics of the devices.

Canon EOS 60 D

Sensor CMOS APS-C 18 [Mpx]

Sensor size 25,1x16,7 [mm]

Image size 3456 x 5184 [px]

Lens [. Canon ef 24-105mm f/4l is ii usm

[I. Canon ef 24-105mm /4l isii usm
with focal lenght block

Focal length [. Variable
Il. 24 [mm] Fixed

The image acquisitions of the VR models are carried out
with a Canon ef 24-105mm f/4l is ii usm macro zoom lens (Fig.
7.28, b) mounted on the camera, illuminating the scene with
two fixed, high intensity, LED lights and the LED light integrated
into the DIC cameras set-up. The images are acquired in cir-
cular paths around the model, with two different inclinations,



capturing sequential portions of the object. In addition, four
photographs of the top part of the model are taken. With this
set-up are acquired 467 images, subdivided into 8 steps, four
for each test VR_1 and VR_2.The acquisitions for the VV mo-
dels are improved with the use of portable LED light, moving
around the model with the camera (Fig. 7.26), heavily redu-
cing shadows and blur effects compared with the images of
VR tests. The Canon EQOS 60D camera is equipped with a Ca-
non EF 24-105mm f/4L IS Il USM (Fig. 7.27,c) with a focal length
lock. The use of a macro lens with a fixed focal length for the
image acquisition results to be more efficient in the processing
of the data compared to the use of a zoom lens as will be
exposed in the following paragraph. The images are acqui-
red in circular paths around the model, with three different
inclinations, capturing sequential portions of the object with a
wider perspective on the object than the previous test. With
this set-up the images are acquired, subdivided into 9 steps,
three for the VV_1 test and five for the VR_2 test. The scene is
prepared before the starting of the test applying eight mar-
kers made of black tape. These markers help to extract con-
trol points from the clouds acquired with the range-based
method, selected as ground truth, as exposed before in this
Ch.

7.2.2.2.2 Data processing

The data processing of the close-range photogrammetry
images is carried out with the SfM-based Agisoft Metasha-
pe software, to obtain dense clouds comparable with the
structured-light ones. All the acquired images are imported
in the software and, through the Camera calibration tools,
is possible to check their data: this way it is possible to con-
trol the focal length of each image, discarding the minority
of photographs with different focal length from the dataset,
because of the difficulty for the software to correctly calibra-
te the images with this different feature. As exposed before,
this variation is solvable with the use of a fixed focal length
lens instead of a zoom lens. All the images uploaded in the
software are manually masked (Fig. 7.29) to reduce the noise
of the background: those masks reduce the portion analysed
by the algorithm to only the experimental set-up and the vault
model; the presence of the fixed parts of the set-up allows to
reference the object and later to control alignment and re-
gistration with other clouds. After the masking, all the photos
are aligned, generating the sparse clouds of tie points (Fig.

Fig. 7.28

Equip used for photographic  ac-
quisitions:

a. Canon EQS 60D camera

b. Canon ef 24-105mm f/4l is ii
usm

C. Canon ef 24-105mm /4l is

Fig. 7.29

Masking of the acquired images
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Fig. 7.30

Sparse cloud of tie points with ca-
meras’ position reconstruction.

Fig. 7.31

Reference point exiracted from
structured light scanner cloud:

Top -

Bottom -

VV set-up models;

left VV vault model, right
VR set-up model.

7.30). The VV_2_T0 cloud, from structured-light scanner ac-
quisition, are used fo extract reference points to use for the
scaling and aligning of the photogrammetry models: a mix of
marked point (black tape markers) and natural points (reco-
gnizable features like edges, screw, etc.), from the set-up (Fig.
7.31), are used for the VV models while for the VR models only
natural points, extracted from the set-up, have been used.
All the models used a minimum of 12 Ground control points
(GCPs) and 4 Control points (CPs) selected by the operator,
depending on the number of projections of the points in the
image dataset.

The software uses GCPs with the double aim of refining the
calculation of the internal camera orientation and perform the
rototranslation of the model into the coordinate system impor-
ted from the structured light acquisition. The use of CPs allows
estimating the accuracy of the camera alignment through
the evaluation of the RMS error as the difference between the
coordinates of the markers and their position on the images
calculated over all photos where markers are visible.

In all the cloud processed the magnitude of the estima-
ted error is around 1 mm for the CPs and submillimetre for the
GCPs. Once obtained these values, considered acceptable,




the models are processed to generate high quality dense
coloured point clouds. The dense clouds obtained (Fig. 7.32)
this way, are already registered with the structured-light ones
processed previously, due to the use of the same arbitrary lo-
cal coordinate system settled during the co-registration of the
VV tests clouds (Fig 7.22) This allows to compare every single
cloud with other clouds from every step of the acquisition of
every test and to double-check the model, comparing the

Fig. 7.32

clouds of the same steps obtained with the two technologies, .
. . . Photogrammetric dense cloud of
revealing submillimetre difference. VR 2 T3.

The dense clouds are now imported in Cloud Compare
where they are segmented, separating the vault from the
set-up; the obtained models of the structures are also filtered
with the SOR algorithm o be denoised. After these steps, the
clouds are all similar and it is possible o compare them. For this
works, Cloud to Cloud (C2C) comparison and the Multiscale
Model to Model cloud comparison (M3C2) algorithms (Fig.
7.34) are used, both documented in the literature for the de-
formation analyses (Wunderlich et al, 2016; Holst et al, 2017).
These algorithms work with the subdivision of the three-dimen-

sional clouds in octrees (free data structures) used to compu- Fig.7.33

te the distance vectors between the reference and the com-
. . . . . List of all the clouds obtained with
pared objects. The three-dimensional point cloud obtained, both acquisition methods.
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Fig. 7.34

Example of C2C comparison betwe-
en different clouds of the same test.

Reference: VV_2_T0,

Compared: VV_2 12

Fig. 7.35

Preparation of the models to the
DIC procedure.

Fig. 7.36

Random black dotted pattern.
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allows the extraction of orthophotos from the main planes of
the in-scale models: because of the limits in the acquisition
possibilities, previously exposed, these metric representations
are extracted only from top and frontal views of the models,
representing respectively the extrados and the head arch of
the vault. The orthophotos obtained are now manageable in
Computer-Aided Design (CAD) ambient to evaluate geome-
frical and metrical information such as the crack pattern and
the magnitude of the structure’s rotations. The interpretation
of the information provided by the three-dimensional acqui-
sition products, along with other methodologies evidence is
exposed in Ch. é.

C2C absolute distances
15798551
15.366843

14935136
14.503428
14071721
13632019
13.192317
12752615
12312913
11.873211

11433509
10.993807
10.554105
10.114403
9.674701
9.234999
8795297
8.355595
7.915893
7.476191
7.036489
6.596786
6.157084
5717382

5.277680
4.837978
4.398276
3.958574
3.518872
3.079170
2639468
2199766

1760064
1.320362
0.880660

0.440958
0.001256

7.2.3 Digital Image Correlation
7.2.3.1 Data acquisitions

A first use of the Digital Image Correlation monitoring is
performed on the AV_4 model, during the test, to develop a
suitable methodology in data acquisition for in-scale mason-
ry models. After this first experience, the DIC is performed on
the four tests involving the vault in-scale models (VR_1, VR_2,
VV_1,and VV_2).

The cement-based bricks used in the in-scale vault model
construction present a surface that appears foo smooth and
uniform to be acquired by the DIC system: as reported in Ch.
6, the process needs a group of pixels with recognizable and
unigue features to evaluate the deformation in each time
step. With this aim, the model is first covered by a thin layer
of acrylic paint (Fig. 7.35), which also covers the irregular join-



ts, and later by spraying of black acrylic paint reproducing
a cloud of points with the target function in the DIC subset
evluation. The final result is an irregular and dense pattern of
black dofts (Fig. 7.36).

The device used in the procedure is the DIC System Q-400
from Dantec Dynamics A/S, equipped with two convergent t
(Fig. 7.37). The tool is composed of an adjustable tripod and
a spacer bar to hold the cameras in position. Following the
empirical rule suggested by the developer, the distance from
the camera to the object is assumed as equal to the distan-
ce between the cameras. For this reason, the DIC device is
placed in the proximity of the vault models, near to the lower
portion (Fig. 7. 15), on elevated support, to reach the best
possible field of view. Due to this limit in term of distance, only
a section of the model is acquired (7.35), approximately cor-
responding to the key voussoirs zone of the L portion (Fig. 7.7).
A cold LED light panel is added to the device to improve the
light condition of the test.

Camera Dantec USB3 x 2
Resolution from 1,5 to 12 [Mpx]
Frame rate from 30 to 220 [Hz]
Configuration from 2 to 16 cameras
14—
1 uss
12—
10—
1 us3
.
g Us3
g | frtr
4 F—
| us3
o us3
’ ' ™ 1 " 1 [ "]

0 25 50 100 200 300 400 600

Frame Rate (fps)

The intrinsic (focal length, principal point, distortion para-
meter) and exirinsic parameters (translation vector and ro-
tation matrix) of the system are directly estimated and fixed
during the calibration through the connected software. This

Fig. 7.36

DIC system set-up configuration.

Tab 7.7

Dantec Dynamics USB 3 vision ca-
mera main specification.

Fig. 7.37

Dantec Dynamics USB 3 vision ca-
meras resolution and the frame rate
ratio.
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Fig. 7.38

Resolution/Frame rate ratfio of the
Dantec Dynamics USB 3 vision ca-
mera.
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procedure takes several minutes before the test starts, to
obtain the best fitting in the evaluation. It is performed by
capturing a target, made of custom patterns and QR codes,
in different positions to estimate the required parameters.

The acquisition steps are fixed before the test starts: during
AR tests, images are acquired by steps of 0,1 mm of imposed
displacement. This discretization leads to a great amount of
data, involving difficulties in the postprocessing. For this rea-
son, during VV test, the acquisition ratio is reduced to steps of
1 mm of imposed displacement.



8. Results

This chapter offers an overview of the results of the tests
performed on the structural models and the consequent data
processing on the acquired information. A critical interpreta-
tion of the tests, the models, the methodologies and the resul-
ts are presented in order to evaluate the strategies and the
tools used during the research.

8.1 Arch models

The methodologies of data acquisition and monitoring in-
volving the opening tests on the arch model are exposed in
the previous chapter: in light of these data, it is possible to
describe the bi-dimensional behaviour of the. The models te-
sted and discussed in this chapter are reported in Tab. 7.1: for
the arch model with the radial arrangement, the considered
tests are the AR_3, AR_4, AR_8, and AR_9, while for the vertical
arrangement are taken into account the models AV_1, AV_2
and AV_S.

The opening displacement imposed during the tests leads
to the failure of the arch models, with the formation of cracks
along the joints, assumable as hinges: as previously described,
the arch deformation during the fest allows the shape ac-
commodation through a maximum of three hinges, while the
structure remains stable. The theoretical failure mechanism
must appear with the formation of the other two hinges simul-
taneously, for a total of five, to transform the stable structure
into a symmetric mechanism. Despite this theoretical assump-
fion, in reality little asymmetricity in the arch construction can
lead to imperfect asymmetrical mechanisms, tfriggered by the
opening of just a fourth hinge (Heyman, 1995; Ferrero, 2021).
Therefore the obtained four-hinges mechanisms are conside-
red acceptable, as the reflection of the real behaviour of the
arches.

The collapse mechanism is recorded, along with the hin-
ges position and the ultimate displacement. The results are
compared by putting together the position of the hinges on
the ideal undeformed state of the structure (Fig. 8.1).

The ultimate displacements recorded in the AR models
are in a close range, while more variations are recorded in
the AV models. The hinge positions, and the related collapse
mechanisms, show the same tendencies. It is worth nofticing
that, despite the different discretization of the arch geometry
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AR_3 AR_4

Ultimate Ultimate

displacement displacement

13,95 mm 16,14 mm
@ exirados extrados

intrados intrados

AR_8 AR_9

Ultimate Ultimate
displacement displacement
13.91 mm 13,15 mm
® extrados extrados s

infrados infrados .

e

AV_]1 AV_2

Ultimate Ultimate
displacement displacement
10,62 mm 16,70 mm
-- . @ exirados extrados
intrados infrados

AV_S

Ultimate
displacement

29,32 mm

® exirados

intrados

deriving from the two different brick arrangements, the hinges

Hinges position and ultimate displa- positions in both typologies vary within a close range of an-
cements recorded during the arch :
model tests. gles (Fig. 8.2).
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AR_ Models i)
Hinge opening A0 /7
angle

17°< a,< 32°
51°< q,< 67°
92° < @,< 106°

AV_ Models °o—|—¢

Hinge opening
angle

13° < a,< 30°
53° < @,< 70°
101°< @,< 112°

W =000

The good overlapping in the AR models’ results can be at-
tributed to the high accuracy in the reproduction of the model
along with the several frials. On the other hand, the different
behaviours recorded in the AV models appear quite different
in tferms of ultimate displacement and hinge opening. This va-
riation can most likely be linked to the construction procedu-
re of the model: after the first trials with the vertical arrange-
ment (AV_1 and AV_2), it was noticed the separation of the
arches at an early stage of imposed displacement, leading
to differential collapse mechanisms between the arches (Fig.
8.3), whose out-of-plane collapse probably compromised the
global stability of the structure. This kind of failure is very diffi-
cult to elaborate because of the formation of different hin-
ges in the head arch both r during the displacement and the
local collapses in the various arches. To avoid this problem,
the construction process of the successive models is modified
by imposing a small amount of pre-compression between the
longitudinal mortar joints that bond the different arches to-
gether. As aresult, the ultimate displacement has meaningful-
ly increased in the two models tested after this variation (Av_4,
not failed until reaching the end of the displacement range,
and AV_5). The collapse mechanism also shows a variation
after the change in the construction techniques, with the ab-
sence of differential failures of the successive arches and the
formation of hinges at both the abutments (Fig. 8.3).

Fig. 8.2

Range of angles in whic are con-
cenfrated the hinges in both the

model tested.
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Fig. 8.3

Different modalities of collapse
between the arches in presence of
pre.compression in the joints.

It is worth noticing that all the recorded collapse mecha-
nisms present an alternation in the hinge location between
the infrados () and extrados (E) interfaces, in accordance
with the other experimental and analytical investigations on
this fopic (Ferrero et al., 2021). In particular, the tests on AR_3,
AR_8, AR_9, AV_2, and AV_5 models present a E-I-E-l hinge
pattern, starting from the moving abutment, while the AR_4
and AV_1 models present |-E-I-E patterns.
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8.2 Vault models

Chapter 7 has infroduced the need for more complex mo-
nitoring and description in the evaluation of the three-dimen-
sional structural behaviour of a spatial structure compared to
the simpler procedure suitable to evaluate the bi-dimensional
behaviour of an arch inside his plane. For this reason, the fol-
lowing section is organized on the basis of a schematic recol-
lection of the experimental results on vault models and their
post-processing through dense point cloud acquisition and
DIC monitoring. The work has to be intended as an organic
and planned procedure (exposed in the previous chapter),
while in following are only the most notable results and remar-
ks are reported. The complete list of the results is available in
the Appendix, at the end of the present Thesis.

8.2.1 Crack patterns, rotations and collapse mechanisms

The crack patterns (Fig. 8.4, 8.5, 8.6, 8.7) patterns obtained
during the various tests on the vault models are recollected
by the integration of the visible phenomena observed during
the tests development, by the comparison between the syn-
chronized video acquisitions from different perspectives, and
by the evaluation made on the basis of the three-dimensional
data managing through the dense point-clouds. To ease vi-
sualization of the cracking evolution, the crack pattern is de-
picted on the orthophotos of the vault models extrados. At
each step acquired in the point clouds, each crack is highli-
ghted by a single colour, to represent its evolution during the
test. The legend reported beneath the image of the undefor-
med state (TO) reports the symbols used to highlight the ope-
ning or sliding nature of the crack in a particular position of the
brickwork, and to evidence lowering phenomena, not clearly
detectable in a top vision of the extrados. The collapsed por-
tions, subject to local failure, are reported in the various steps
of acquisition (T1, T2, etc..) through a lighter colour to highlight
the missing portions of the models between the fixed steps
of displacement, and therefore must be not intended as the
actual positions of the collapsed bricks. The legends beneath
the images of the deformed states report the hinges typolo-
gies and their development during the test.
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CRACK PATTERN - VR_1
TO g {1 T

5

Y
0mm

A\y siiding

A
\

Inclined longitudianl hinge started from 2,50 mm of displacement
Opening Minor longitudianl hinge started from 2,50 mm of displacement

Inclined longitudianl hinge started from 2,50 mm of displacement
Minor longitudianl hinge started from 2,50 mm of displacement Minor longitudianl hinge started from 2,50 mm of displacement

Inclined longitudianl hinge started from 2,50 mm of displacement

Inlined longitudianl hinge started from 16,60 mm of displacement Inlined longitudianl hinge started from 16,60 mm of displacement

Fig. 8.4

VR_1 model: crack pattern.
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Ay siding

A
v

Opening

3 Lowering

Inclined longitudianl hinge started from 1,40 mm of displacement

Minor longitudianl hinge started from 6,10 mm of displacement

| e |

Inclined longitudianl hinge started from 1,40 mm of displacement
Minor longitudianl hinge started from 6,10 mm of displacement

Inclined longitudianl hinge started from 1,40 mm of displacement

Minor longitudianl hinge started from 6,10 mm of displacement
Minor longitudianl hinge started from 22,30 mm of displacement
Collapsed portions after 20,13 mm of displacement

Collapsed portion after 21, 56 mm of displacement

Lowered portions after 22, 30 mm of displacement

Fig. 8.5

VR_2 model: crack pattern.

123



CRACK PATTERN - VV_]1
10 ‘

6V
0mm
yl -
Iy siding Radial craks started from 2 mm of displacement
é Opening Inclined craks started from 2 mm of displacement

Radial craks started from 2 mm of displacement ——= Collapsed portion at 22 mm of displacement
Inclined craks started from 2 mm of displacement
=3 Collapsed portion at 14,50 mm of displacement

Radial inclined crak started from 25,20 mm of displacement == Partially collapsed portion at 48,70 mm of diplacement
1 Collapsed portion at 44,20 mm of displacement ~ Partially collapsed portion at 44,20 mm of displacement

~ Partially collapsed portion at 44,20 mm of displacement

Fig. 8.6

VV_1 model: crack pattern.
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CRACK PATTERN - VV_2

Ay siding
$ Opening

Radial craks startied from 4,20 mm of displacement

15 mm

Radial craks started from 4,20 mm of displacement Radial craks started from 4,20 mm of displacement
Radial craks started from 9 mm of displacement Radial craks started from 9 mm of displacement

Radial craks started from 4,20 mm of displacement == Collapsed portions at 42 mm of displacement

Radial craks started from 9 mm of displacement
=== Collapsed portion at 42 mm of displacement

Inclined crack opened with the partial collapses at 42 mm

Fig. 8.7

VV_2 model: crack pattern.
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The critical analyses of the crack patterns experienced
in the models reveal slight differences between the models
with the same brick arrangements and substantial differences
between the two bricks patterns. It is worth noticing that in the
VR_1 and VR_2 models most of the cracks are represented
by fractures occurring along the longitudinal joints, with an
excursion more or less coinciding with the whole depth of the
vault model. These major cracks appear to be quite straight
along a single longitudinal joint or inclined involving multiple
rows of bricks. The difference about the major crack position
is reasonably assumed to depend on construction issues: the
major crack experienced in the VR_2 model (in the key vous-
soir proximity) appears at the very beginning of the displace-
ment imposition, starting from a compromised head joint. The
progress of the VR tests shows also differences in the global
behaviour of the two models (see the Appendix for further de-
tails on the main phenomena recorded during the tests): in
the VR_1 vault the two major cracks lead to the separation of
the central portion, that starts rotating upon the sliding hau-
nches; in the VR_2 model, the major crack along the top of
the vaults extrados leads to a major sliding between the two
portions, which cause small local failures near the heads and
the rigid rotation of the two haunches upon the abutment,
while the contact surface between them is reducing. On the
other hand, the VV models show a different behaviour in ter-
ms of crack pattern: in both models, the major cracks occurin
the radial joints, leading to the formation of separate portions
of the structure. These portions behave differently in relation
to the imposed displacement, involving the opening of wide
cracks (asin VR_2) or the total separation of a series of arches
(as experienced in VR_1). Both phenomena have led to the
local collapse of the involved portions. Also in VV models, the
major cracks can assume either straight or inclined directions,
reasonably depending on construction issues.

The results of this brief analysis evidence the presence of
two characteristic crack typologies into the structural behao-
viour of barrel vaults under shear displacement of the abut-
ment, which depends on the brick arrangement. These two
typologies are reported in Fig. 8.8, where the opening or sli-
ding nature of the fractures is highlighted.



CHARACTERISTIC Crack pattern

Radial Arangement - VR_1

13

Y
50 mm

TS5

6V
50 mm

The clouds compared in Fig. 8.8 are referred to the same

step of imposed displacement (= 50 mm) for the two brick
patterns, and further evidence the two completely different
behaviour discussed before. In particular, the following cha-
racteristic crack typologies are detected:

longitudinal cracks (Fig. 8.9): experienced in the models
with the radial arrangement of the bricks. This kind of crack
runs along the longitudinal joints, creating sliding surfaces
between the separated portions. This crack typology is cle-
arly recognizable by its direction that goes along the dep-
th of the vault, both in straight and inclined configurations.

radial cracks (Fig. 8.10): noticed in the models with the

vertical arrangement of the bricks. This kind of crack de-
velops along the radial joints of the vault, creating wide
fissures and separation between the arches, that can lead
to local collapses of various entities. They are recognizable
by the direction of the hinges, running across the vault.
Both straight and inclined radial cracks are experienced in
the presents work. The difference between the two typo-
logies of inclined hinges is recognizable by the profile of
the cracks. In both model typologies, the inclined cracks
noticed follows the brick pattern, with major portions along
the longitudinal (in VR) and fransversal (in VV) joints, and
minor racks excursion in the tfransversal (in VR) and longitu-
dinal (in VV) ones.

Vertical Arangement - VV_]1

Fig. 8.8

Characteristic crack typologies into
the structural behaviour of the bar-
rel vaults

Fig. 8.9

Longitudinal inclined crack.

Radial cracks.
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Fig. 8.11

VR_1 and VR_2 models: rotaion of

the main axis
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VR_1 - ROTATION
of the central axis from TO

TO » T1 =0,9°

0mm 10 mm

T0 » T2 =1,6°

0 mm 20 mm

T0 » T3 =2°

0mm 50 mm

L.,

VR_2 - ROTATION
of the central axis from TO

T0 » T1 =0.4°

0mm 10 mm

T0 » T2 =0.4°

0mm 20 mm

T0 » T3 =0,7°

0mm 50 mm

During the tests it was observed that, besides the visible
cracks and collapses occurring to the vault models, these are
rotating on the x-y plane. During the postprocessing phase,
these rotations are evaluated (Fig. 8.11, 8.12) through the ge-
ometric measurement of the angle between the main axis of
the vaults (virtually passing in the middle of the joint bonding
the key bricks rows) in the undeformed state and the same
axis reported on the deformed states. From this comparison,
it appears that the vault models with the radial arrangement
of the bricks have smaller rotations, focused in specific areas
(the central portion in VR_1, visible in the crack pattern re-
presentation, and along the haunches in the VR_2), due to
the sliding surfaces between brick rows after cracking. On the



Fig. 8.12

VV_1 and VV_2 models: rotaion of
the main axis

VV_1 - ROTATION
of the central axis from TO

TO » T1 =0,7°

0mm 6 mm

T0 » T2 =0,8°

0 mm 15 mm

TO » T3 =0,9°

0 mm 25 mm

TO » T4 =3,1°

0mm 46 mm

T0 » T6 =95°

0 mm 85 mm

TO0 »T7 =13,6°

0 mm 130 mm

L.,

VV_2 - ROTATION
of the central axis from TO

TO »T1=0,3°

0 mm 6 mm

T0 » T2 =0,7°

0 mm 15 mm

T0 » T3 =0,9°

0mm 25 mm

T0 » T4 =3,2°

0 mm 46 mm

TO » T5 =4,4°

0 mm 75 mm

[

other hand, the VV models a rigid rotation mechanism invol-
ves the entire structure and influences, in the VV_2 model, the
progress of the test.

The described rotations occurring on both vault typologies
can be ascribed to the fact that the abutments are not able
to prevent the sliding between the vault and the supports and
to lack of boundary structures to contain the head of the vault
models. This is a shortcoming of the built experimental set-up,
which should be improved for future experimental tests, since
it causes a non-realistic behaviour of the structure, with the
adding of shear transmitting devices to help the fransmission
of the imposed displacement directly to the brick rows and

reduce the sliding
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Fig. 8.13

Images of the vault models failure
with hinge positions and ultimate di-
splacements.
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The high-speed and high-resolution cameras provide ima-
ges of the collapse mechanisms of the tested models. In Fig. 8.x
a selection of images of the failure, from the most represento-
tive perspective, is reported. As stated in the infroduction, dif-
ferently from the arches, the vaults involve complex three-di-
mensional failure mechanisms. The tested specimen on vault
models demonstrates such different behaviour also in the fai-
lure modes between the ones with the two different brick ar-
rangement. The VR models reach the collapse at quite diffe-
rent ultimate displacements (60,67 mm in VR_1 and 91,42 mm
in VR_2) and both shown a four hinges mechanism, not so far
from the ones occurred in the arch models (Fig. 8.1), despite
the visible rotation of the two main portions visible in VR_2.
These hinges run across the whole depth of the model, corre-
sponding to as many longitudinal joints, with two of them plo-
ced at the abutment interface and one in the proximity of the
key bricks. On the contrary, the VV models show a different
behaviour, characterized by an apparent higher global stiff-
ness that leads to the rigid rotation of the separated portions
after the local collapse of some arches and by the difficulty to
perform the manual activation of the displacement mecha-
nism. It is worth noticing that the VV_1 model reaches the end
of displacement range (fixed at 150 mm) without a global fai-
lure, but with a great rotation on the abutments (visible in Fig.
8.13). The VV_2 reaches the global collapse at 93, 77 mm of
imposed displacement, triggered by a three-hinges mechani-
sm, developed among the arches stillin compression, with the
slipping of the structure from one of the abutments.

VR_1 VR_2
Ultimate Ultimate
displacement displacement
60,67 mm 91,42 mm
VV_I VV_2
No global Ultimate
FAILURE displacement

93,77 mm




8.2.2 Point cloud comparison

In the last decade, the use of point cloud in the deforma-
tion analyses has largely increased in the engineering field
(Neuer et al, 2016): most of the employments involve geome-
try-based or surface-based model types in the comparison
of different time steps of a structure. This method is current-
ly applied in bridges, dams, towers, and tunnel monitoring in
the civil engineering field. Despite such remarkable progress,
this is still an open field of research due to the high number
of variables involved in the deformation analyses. The nature
of the deformation and the nature of the acquired objects
need specific investigation in relation to other features such
as the direction of the deformation and its magnitude. Misin-
terpretation of these aspects in performing structural analy-
ses through point cloud comparison can lead to misleading
information (Holst et al., 2017). However, as mentioned, the
use of point clouds comparison in the deformation analyses
of superstructures is quite a common and robust process in
the contemporary professional practice and research, while
their use in the field of experimental in-scale modelling still ne-
eds deep investigation in order to assess robust and functional
procedures.

The research of Holst et al. (2017) indicates the importan-
ce of the knowledge about the ongoing deformation pheno-
mena while evaluating an object through point clouds com-
parison: in-plane and rigid movement (Fig 8.x, b) with little
magnitudes are hardly detected by the computing software
because of the overlapping between portions with the same
features. On the conftrary, out-of-plane and shape deforma-
tion movement result more clearly visible during the compao-
risons, in virtue of the scarce overlapping between the point
cloud portion characterised by similar feature (Fig 8.x, a).

1% |

Fig. 8.14

Types of deformation:
a. out-of-plane shape deformation;
b. in-plane rigid movement.

From: Holst et al, 2017.
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With the abovementioned theoretical premises, the
methodology of cloud comparison appears to be suitable in
the deformation analyses of the models in the present work:
despite the in-plane nature of the imposed displacement
and the regular shape of the vault models, it allows recording
the local and global changes in the geometry of the object,
due to rotations, local failure, ongoing cracks, etc. In the pre-
sent work, the testing methodology offers the advantage of
knowing for each time step acquired the magnitude of the
imposed displacement. This knowledge in the phenomena
makes it possible to reasonably evaluate the response of the
computed distance between the point clouds.

The distance evaluation is performed using CloudCompao-
re software, through the Cloud to cloud distance (C2C).

8.2.2.1 Absolute displacements

8.2.2.1 Absolute displacements

The dense point clouds obtained for each step of displace-
ment in each model (described in the previous chapter) are
compared to obtain an evaluation of the global deformation
of the structure during the tests: the undeformed state of the
vault (TO) is set as reference and the distance is computed in
relation of the other acquired steps (T1, T2, etc.) by plotting
the results upon the compared cloud (e.g. the plot contour of
the distance evaluation between T0 as a reference and T2 as
the compared element, are plotted upon the T2 surface) (Fig.
8.15). The display ranges and the parameters of the absolute
distance contour plot are set to highlight the different portions
of the point clouds as follows: in the image it is possible to ap-
preciate the maximum distance plotted in the proximity of the
vault model head arches (in red), while the green zones of the
graphs indicate the portion of the vaults where a deforma-
tion is recognized, depending on both cracks and the con-
sequent lack of surface data or in actual deformations of the
extrados. The blue zones represent the portion of the clouds
where the deformations are not detected, accountable to
an actual lacking of deformation or to the presence of rigid
translation along the Y-axis.

This kind of comparison highlights the changes in the shape
experienced along the boundaries of the models, where the
lack in the cloud surfaces overlapping shows the magnitude
of the global displacement, according to Holst (2017). It wor-
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VV_2 model: C2C distance, global
absolute displacement.
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th noticing that a good agreement is achieved between the
known imposed displacements and the computed distance
values, with slight differences reasonably accountable to the
overall error of the three-dimensional models (submillimetre
magnitude) and the effective quantity of displacement fran-
smitted between the abutment and the masonry structure.

All the distance computations performed with this methodo-
logy, on the various models, are reported in the Appendix.

8.2.2.2 Relative displacements

After the computing of the absolute distances between
the dense clouds of the various time steps of a single model,
another deformation analysis is performed to evaluate the
ongoing deformation of the vaults: in this second analysis the
reference cloud is selected each time to obtain the compu-
ting of the distance from its direct successive fime steps: e.g.
in a first analysis, TO is used as a reference and T1 as compao-
red and the results are plotted upon the T1 model (in a similar
way than the absolute distance analysis), then the reference
model is shiffed to T1 and it is compared tfo its direct successi-
ve step of acquisition, T2, and the distances are plotted upon
the T2 surface. This iterative process shows good results in the
highlighting of the deformations between the models. In Fig.
8.16 it is possible to see the relative cloud distance computed
between the T2 and the T3 steps of the VV_1 model test. The
display ranges and the parameters of the relative distance
contour plot are set to highlight the different portions of the
point clouds as follows: the red/yellow colour scale is stressed
by strongly reducing the display range in order to highlight
the portions of the model surface where a deformation, even
small, is detected. The red area displays the zones where the
deformation is not present or detected while the yellow zones
highlight the portion in which the surface is changed betwe-
en the two consecutive acquisitions. As reported for the pre-
vious analysis method, the relative distance computing shows
good results in the global shape changes, in accordance with
the literature, and it evidences the distances at the edges of
the vaults models. Good results are obtained also in showing
the surface deformation in specific portions of the vaults.

It is worth noticing that the distance analysis illustrated in
Fig. 8.16 represents one of the best results obtained in the
data processing phase of the present research. In fact, the
distance computing between the T2 and T3 steps of the VV_1
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model clearly shows a deformation in the central portion not
visible by the naked eye in the T2 cloud. The profile of this de-
formation coincides well with the actual radial inclined crack
that occurred to the model at 25,20 mm of imposed displa-
cement and captured in the T4 dense cloud. The prediction
of this crack appears as a good result in the use of the cloud
distances: the deep knowledge on the ongoing phenomena
deriving by imposing displacement in laboratory tests together
with the presence of complete data about the different de-
formed states of the structures lead to a good awareness in
the evaluation of the results. It is to remark that inside the small

Fig. 8.16

VV_2 model: C2C distance, global
absolute displacement.
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number of considered specimen only this relative distance
comparison has shown this kind of results in cracks prediction.
The other comparisons show local deformation without strai-
ght relation to the visible cracking phenomena that occurred
to the model. As a matter of fact, this kind of evaluation is
strongly influenced by the time steps acquisition magnitude:
the more the acquisitions are performed close to each other,
the more the comparisons between the successive deformed
state can reveal interesting information about the deformao-
tion analysis.

In virtue of the reduced magnitude of the specimen trea-
ted, the use of global relative displacement evaluation with
direct dense point cloud comparison in deformation analysis
needs to be more investigated in the development of auto-
mated solutions. Despite the large use of three-dimensional
acquisition technigues in building health monitoring, it is pro-
ven that a simple representation, even high-quality texturized,
is not always enough to detect the issues of the construction,
especially in the subsurface field (Sabato et al., 2020). Very
recently, the use of conventional methods in damage asses-
sment, expensive and time-consuming, starts to be reduced
in favour of Non-Destructive Evaluation (NDE) such as infrared
thermography, acoustic emissions, and computer-vision-ba-
sed crack analysis. The use of these techniques can provide
robust methodologies in structural health monitoring with less
economical and time expense and without service interrup-
tion for in-use construction. In particular, the last commitmen-
ts in this field involve the introduction of algorithms based on
computer vision and machine learning in automated dama-
ge detection (Montaggioli et al, 2021), applied on great infro-
structures, and the use of thermographic images in the creo-
tion of Sfm models to evaluate the damages (Sabato et al.,
2020) in an automated way. In light of these examples repor-
ted, along with other methodologies, the research in this field
needs to be investigated deeply, representing an interesting
and open fopic.

All the distance computation performed with this methodolo-
gy. on the various models, are reported in the Appendix.

8.2.2.3 Sample points distance

Along with the use of the C2C distance algorithm, the pos-
sibility of manually tracking a singular point on the structure
is investigated, in order to assess the reliability of the process
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Fig. 8.17

VV_2 model: evaluation of the di-
splacement vector of a sample
point.
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Fig. 8.18

DIC: facquisition area.
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and the possibility to match the results with the DIC monito-
ring measures. The aim is to evaluate the consistency of the
results in the measure of the vector of displacement between
the same point in the two deformed states. For the procedure
a point on the VV_2 model is selected to be monitored: this
specific model is selected in virtue of the high quality of the
textured extrados surface, helpful to individuate the point on
the various dense cloud. The selected point, (point A) is loco-
ted on the geometric edge of a brick placed on one of the
radial cracks developed during the tests: this is infended so as
to evaluate the development of ongoing cracks. The dense
point clouds are managed in CloudCompare software where
the points are picked manually, and their distance is calcu-
lated in an iterative way. Point A_TO is fixed as a reference,
on the undeformed state of the model. The modules of the
obtained displacement vectors are 2,54 mmin T1, 6,26 mm in
T2, and 15, 41 mm in T3. These vectors are evaluable through
their AY component because the imposed displacement in
that direction is known. Considering the global errors of the
clouds (around 1 mm), the uncertainty linked to the operator
selection of the point, and the magnitude of the object, the
obtained measures seem reasonable according to the global
displacement of the model.

In the next section, a similar evaluation is produced for the
AR_1 model in order to compare the results with the DIC ela-
boration of the same test.

8.2.3 DIC monitoring

In the present section the Digital Image Correlation (DIC)
analyses for the VR_1 model are reported. The DIC analysis
performed in this work estimates the masonry specimen re-
sponse during the simple shear test. In particular, the model
deformations are individuated by the DIC device with a series
of frames that involve the tracing of every texture of the spe-
cimens.

As reported in the previous chapter, due to the dimension
of the models and of the DIC support, the field of view of the
stereographic acquisitions is limited to a triangular-shaped
portion in the proximity of the lower head arch (Fig. 8.18). Du-
ring the test execution, a total of 610 steps of acquisition are
performed, one each 0,1 mm of imposed displacement. Each
acquisition involves a picture captured from both the calibro-
ted cameras.
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maximum displacement noticed in the specimen. These two
data are evaluated and plotted on a temporal scale (Fig.
8.19). The obtained curves are compared to the temporal
disposition of the macroscopic visible phenomena, recon-
structed by the direct observation, the video acquisition and
the three-dimensional data managing of the range-based
and image-based acquisition techniques. This comparison
shows how the maximum displacement curve has a sudden
variation in correspondence of the reduction in the axial di-
splacement (Y) of the central portion of the vault and the de-
velopment of the inclined longitudinal crack that separates
the right haunch portion. This behaviour is totally in agreement
with the boundaries on the tests: the DIC acquired portion is
quite coincident with the central portion of the vault, which
stopped the main Y displacement and began to rotate (as
reported in the previous sections). The flat portion of the ma-
ximum displacements’ graph (Fig. 8.19, blue curve) shows this
stop in the Y translation, with very little variations, until the rea-
ching of the collapse (at step 610).

Relation between the visible pheno-
mena occurred to the model and
the mean maximum and minimum
displacements.

Fig. 8.20

Position of Point B in the monitored
portion.
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Another evaluation is conducted on the displacement

of a single point located on the extrados. Point B (Fig. 8.20)is
selected by the operator on a geometrical edge of a head
arch’s brick and its displacement on the Y-axis (Fig. 8.21) and
Z-axis (Fig. 8.22) are plotted.

Fig. 8.x reflect the same situation evaluated in the mean
displacement contour: the location of Point B is in the central
portion that drastically reduces the Y displacement after 16,60
mm of imposed shear displacement. The Z-axis displacement
reported in Fig. 8.22 appear to be more variable during all the
tests, with a sudden drop near the collapse of the structure.

As reported in the previous section, an evaluation of the
displacement vectors is performed for the same point loco-
tion on the dense clouds of the VR_1 model, representing re-
spectively: TO (6y=0mm), T1 (6y= 10 mm), T2 (6y= 20 mm), and
T3 (6y= 50 mm). The clouds correspond to the step 0, 100, 200,
and 500 of the DIC acquisition process. In Fig. 8.23 the perfor-
med analysis is reported, with the same procedure exposed



before, and the AY and AZ components are highlighted in
order to be compared with the DIC results.
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Y components of the displacement
vectors of point B franslation plotted
on the Y displacement DIC graph.

141



Fig. 8.24

VR_1 model: evaluation of the di-
splacement vector of point B.
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A7 components of the displacement vectors appear to be
very far from the ones obtained with the DIC, while the AY
component seems to fit in a better way. In Fig. 8.24, the AY
data are plotted upon the DIC Y displacement curve, showing
quite a systematically shift of the two data sets, with a magni-
tude of about 1 mm. These shifts appear to be acceptable in
virtue of the three-dimensional models’ error and the manual
practice of the point selection in both cloud comparison and
DIC.
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In conclusion, the results obtained in the deformation
analysis through the point cloud comparison appear reliable:
the use of close-range photogrammetry and structured li-
ght scanner shown good results in the acquisition process for
in-scale masonry structures. The comparison of the data obtai-
ned, also through the use of open-source software, demon-
strates a good overlap with the DIC analyses, performed with
structural aims designed tools. Nevertheless, the possibilities of
the point cloud distance computation must be investigated
deeply, in order to assess a robust procedure in the automatic
deformation detection.



9. Conclusions

The present thesis dealt with the use of physical modelling
in The present thesis dealt with the use of physical modelling in
the structural analyses of masonry arches and vaults, which is
investigated through an experimental campaign on in-scale
models of arches and barrel vaults. This last chapter summa-
rises the main findings of the work along with some remarks
about their possible implications in terms of scientific contri-
bution.

The main objectives of the work are exposed in Chapter
1, while a brief excursus about the arch and vault evolution
through the history is reported in Chapter 2. The evolution in
the design principles is also defined, along with the main con-
struction techniques involving bricks and mortar joints. A critic
literature review revealed the scarce presence of information
and research about the brick arrangement contribution in the
structural behaviour of arched and vaulted structure.

Chapter 3 reports a series of example of the physical mo-
delling in architecture through the centuries, with a focus on
their uses in the structural analysis and design. A review of the
scientific literature about the topic is performed, leading to a
wide overview about the state of the art in the experimental
tests on masonry arched and vault structures. This review hi-
ghlighted the scarce availability of scientific investigation on
the brick pattern theme, both from the numerical and experi-
mental point of view. Moreover, despite the increasing interest
of the scientific community about the topic of experimental
testing on masonry structures under support displacements,
the behaviour of barrel vault under shear settlement of the
abutments has been so far disregarded. These factors contri-
buted to define the main focus of the experimental campai-
gn, conceived to investigate the behaviour of in-scale barrel
vault models with different brick arrangements under simple
shear displacements. Two of the most used arrangements, ra-
dial and vertical, are identified and selected to be tested.

The design phase of the models is explained in Chapter 4,
where the historical and scientific sources adopted to select
the case studies of the in-scale models, both in terms of global
geometry and brick arrangement, are reported.

Chapter 5 exposes the procedure adopted for the con-
struction of the models. During the first phase of the experi-
mental campaign, different materials are tested to simulate
the masonry behaviour: two lime mortar mixes present in the
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literature are tested without showing substantial differences
in terms of structural behaviour. The mix reported by D'Altri et
al. (2019) is selected due to the ease in the construction pro-
cess. Wooden-based and cement-based bricks are tested,
and the latter are selected because of their more performant
behaviour in terms of stability to the environmental conditions
and reusability. Various methodologies in the bricks fabrica-
tion are tested, individuating a procedure, with a silicone rub-
ber mould, to produce a great number of unities with good
results in terms of global shape. A new experimental set-up is
designed and constructed in the ModLab Arch of the Politec-
nico di Torino with the usage of CNC machine to achieve the
best performances in terms of geometry. The experimental
set-up is designed with modular elements to allows the testing
of different structures, in future works, by only changing speci-
fic elements.

Chapter 6 is devoted to the adopted techniques of data
acquisition and processing in the testing of in-scale models.
The selected techniques are the close-range photogram-
metry and the structured light scanning to acquire three-di-
mensional point clouds of the models during specific steps of
imposed displacement. The Digital Image Correlation is se-
lected as methodology to perform a confinuous monitoring
of a portion of the structures. High-frames and high-resolution
cameras are adopted to capture the collapse mechanisms
of the vault models from different perspectives.

The experimental campaign is exposed in detailin Chapter
7. while the results are detailed in Chapter 8. The first phase of
the campaign involves the evaluation of the structural behao-
viour of the in-scale arch model with both radial and verti-
cal arrangement of the bricks under opening displacement.
A total of 14 models are tested and 7 of them are selected
to be compared. The opening tests in the arch models with
the radial arrangements of the bricks show results in terms of
ultimate displacement and failure mechanisms On the con-
trary, the first tests on the model with the vertical arrangement
highlighted the need to exert a small amount of pre-compres-
sion between the bricks is infroduced during the construction
process to avoid detachment between successive courses. In
general, these preliminary tests evidenced the great influen-
ce of the construction procedures and techniques in the final
behaviour of the structures, experienced during the tests. The
hinge patterns obtained for both the model typologies are in
accordance with the literature evidence. During the second



phase of the experimental campaign, four in-scale vault
models are tested under simple shear displacement, two for
each brick arrangement. The tests are performed according
to the planned acquisition strategies, involving the use of fixed
cameras, DIC cameras, high resolution camera for photo ac-
quisition, and a hand-held structured light scanner. The pho-
togrammetric and structured light-based data are proces-
sed with an integrate process. This process involves the use of
the range-based data to obtain dense point clouds used to
set an arbitrary coordinate system on which the photogram-
meftric process can be referenced. The obtained clouds are
co-registered together by separating the fixed set-up portion,
on which are performed the best fit registration, from the vau-
It portions. This separation prevents issues in the co-registra-
tion of the various steps and prevent accidental modification
of the clouds. Once the data are processed and the dense
point clouds are obtained for every step of displacement ac-
quired, these are compared to the data provided by the di-
rect phenomena observation and by the video monitoring: as
a result, the crack patterns are plotted upon the orthophotos
extracted from the dense clouds, and rigid rotations of the
structures are evaluated. The analysis of recorded data highli-
ghts two different characteristic crack patterns for the two te-
sted brick arrangements: longitudinal cracks, noficed on the
in-scale models with radial arrangement, which goes along
the longitudinal bed joints, and the radial cracks, noticed in
the models with vertical arrangements, which goes along
the radial joints between the arches that compose the vau-
Its. Both can have a straight direction, by the laying in single
longitudinal or radial joints, or an inclined direction, involving
several adjacent joints. Moreover, the four models show dif-
ferent behaviour both in terms of ultimate displacement and
collapse mechanisms. The structures show different responses
to the imposed displacement depending on the crack deve-
loping, with visible rigid rotations of the models on their abut-
ments. In the models with radial arrangement the failure is
triggered by the development of a four-hinges mechanism.
In the models with vertical arrangement, local collapses are
triggered by the sliding of the vault apart from the abutments.
This represents one of the main limits of the work: the absen-
ce of shear transmitting devices allows the sliding between
the longitudinal joint, especially at the interfaces between the
model and the abutments.

Cloud to cloud distance algorithm is used to evaluate the
deformation of the models in the acquired steps of displace-
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ment. Two typologies of analyses are performed. The global
absolute analysis is obtained by fixing the undeformed state
of a model as reference and iteratively comparing it with the
various correspondent deformed states. The results are able
to show changes in the global shape, especially along the
edges of the clouds, and a good precision in the numerical
evaluation of the distances is achieved, in virtue of the awa-
reness concerning the imposed displacement. A second de-
formation analysis is performed by the iterative step-by-step
comparisons of all the deformed state recorded in a single
test. The stressing of the colour plot contour highlights the de-
formed portion rather than the zones with no changes. This
analysis allows to clearly detect the shape and position of a
crack not yet totally formed and invisible to the naked eye.
This result represents one of the most significant contributions
of the present work in the field of data acquisition and pro-
cessing for in-scale model testing. Along with the use of algori-
thms in distance evaluation, some trials are performed about
sample point distance evaluation. The obtained data are also
compared with the displacement evaluation performed with
the Digital Image Correlation methodology in a single model
test. The results show sufficiently good agreement in the evao-
luation of the main axial displacements. Nevertheless, in vir-
tue of the small specimen considered in terms of experimen-
tal tests and data acquisition, more investigations need to be
performed in order to assess a robust correspondence betwe-
en the different methodologies.

The main contributions of the work can be summarised as:

- The suggestion of different procedures in the organization
of an experimental campaign involving the in -scale physi-
cal modelling of masonry structures.

- The evaluation of different solutions, both original and pre-
sent in literature, about the construction of the in-scale
masonry models.

- The design and construction of a modular experimental
set-up to test different in-scale masonry vault models.

- Theinvestigation about the different behaviour of masonry
arches with the same global geometry and under the same
imposed displacement in relation to the construction pro-
cess. In particular, it worth noticing the substantial changes
in terms of ultimate displacements and behaviour during
the collapse obtained during the tests of arches with verti-



cal brick arrangement when a small amount of pre-com-
pression between adjacent brick courses is exerted.

The assessment of two different typology of characteristic
cracks in barrel vault, with radial and vertical arrange-
ments, under shear settlement. The definition of these two
crack phenomena can help practitioners and scholars in
the evaluation of masonry vault behaviour, both in terms
of understanding the ongoing shear displacement of the
abutment or by monitoring the direction and the shape of
the cracks when the bricks arrangement of the structure is
not visible.

The proposal of a methodology in the data acquisition for
in-scale modelling that involves various techniques present
in the scientific literature, with a specific workflow tested to
overcome the issues of the present work.

The suggestion of a methodology in the deformation analy-
ses through iterative cloud distances computations, to be
deeply investigated. It is worth noticing the result obtained
in the VV_1 global relative displacement analysis, in which
the ongoing invisible fracture is predicted by the distance
computation between two deformed states of the vault
model.

The suggestion of an interaction between the consoli-
dated techniques of the close-range photogrammetry
and the structured light scanning, in the field of the little
objects, with the DIC methodology, less used, but in con-
stant growing in the engineering field.

The production of experimental data about arches with
different patterns under opening displacement and barrel
vault with different arrangements under shear displace-
ment, both scarce in the present literature. The data could
be used to validate numerical tools used in the analysis of
masonry structures.

Future work could include:

The use of the tested case studies as benchmarks to vali-
date numerical models.

New experimental campaigns on barrel vault models, to
evaluate the influence of the bricks pattern on the global
behaviour of the structure under opening displacement.
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New experimental campaigns on vaults with different
typologies (e.g. cross, pavilion, etc.) to evaluate the in-
fluence of the bricks pattern on the global behaviour of
the structure under opening or shear settlements.

The evaluation of the role of mortar joints in the structural
behaviour of arched and vaulted structures by the com-
parison of experimental and numerical results.

The application of the cloud distance computation betwe-
en different deformed state of real structures, e.g., periodi-
cally acquiring point clouds of structural elements in histo-
rical masonry building.

The deeper investigation about the iterative and compao-
rative uses of the new acquisition techniques in the field
of in-scale model testing, in virtue if the growing interest
about the topic in the scientific community.
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