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Co - Tutor
Giacomo Navarra

International Tutor
Paulo B. Lourenço

1



i





International Faculty Board

PhD Coordinator

Massimo Cuomo

Faculty Board members

Assante Dario Uninettuno University
Barabino Benedetto University of Brescia
Benassai Guido ”Parthenope” University of Naples
Biondi Daniela University of Calabria
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• Professor Luca Pelà, Polytechnic University of Catalonia (Spain).

Submitted for review: September 2025
Defense of the thesis: January 2026.

Funding: This research received no external funding and was fully supported
by the University of Perugia through the XXXVIII Cycle funds allocated to the
National Doctoral Program in Defense Against Natural Risks and Ecological
Transition of the Built Environment.

Data Availability Statement: Data will be made available on request.

Design/research activity in national or international programs: The exper-
imental tests from the first and second experimental campaigns were supported
by Regione Umbria, Italy (Project Code: P.S.R. Umbria 2014/2020, Misura
16.2.2–84250132283; Scientific coordinator: Professor Gioffrè) and by Regione
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vii



viii



Acknowledgments:
Approaching the end of this long research journey, I feel the need to express my
deepest gratitude to all those who have supported and guided me throughout
this period. My first and heartfelt thanks go to my supervisors. Professor Mas-
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Abstract
Masonry is one of the oldest and most widespread construction materials,
adopted across civilizations worldwide. Despite its historical relevance, research
on the seismic behaviour of masonry structures remains limited, with most in-
vestigations focusing on static capacity rather than dynamic response. Among
masonry typologies, vaults are particularly underrepresented in literature stud-
ies, even though many are located in seismic-prone regions, making their as-
sessment an open research challenge. The aim of this thesis is to investigate
the dynamic seismic response of masonry barrel vaults subjected to increasing
levels of seismic excitation, combining experimental and numerical approaches.
The research follows three complementary directions. On the experimental
side, the work builds upon a previous campaign in which two full-scale vault
specimens with identical geometry were tested on shaking tables: (i) the Unrein-
forced Vault (UV), representative of existing structures, and (ii) the Reinforced
Vault (RV), built ex-novo and strengthened with an innovative hemp-rope-
based bio-composite reinforcement. A new campaign was then performed on
(iii) the Repaired-Damaged Unreinforced Vault (R-DUV), corresponding to the
UV specimen after damage and subsequently repaired using the same reinforce-
ment system. Comparative analyses are carried out to systematically evaluate
the seismic performance of unreinforced, reinforced, and repaired specimens.
Special attention is given to the onset of damage, failure mechanisms, and
both qualitative and quantitative indicators, thus addressing several aspects on
masonry vault behaviour. On the numerical side, finite element-based simula-
tions are developed, calibrated, and validated against the experimental results.
Particular focus is placed on modelling rocking mechanisms as damage-induced
phenomena and capturing their evolution under dynamic input, providing a
benchmark for future applications.
This dual experimental–numerical investigation contributes to a deeper under-
standing of the seismic behaviour of masonry vaults and evaluates the effec-
tiveness of innovative bio-composite reinforcement techniques for structural risk
mitigation.
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Chapter 1. Introduction

1. Introduction

This chapter begins by discussing the motivations underlying the research, with
particular emphasis on the gaps in the existing literature that form the foun-
dation of the present study. The second part introduces the objectives and the
innovative aspects of the work. Finally, the chapter concludes with an outline
of the thesis, highlighting its main contributions to the scientific discussion on
masonry structures through both experimental and numerical investigations.

1.1.Motivations
Masonry is one of the most widely used construction materials worldwide, owing
to its versatility in both geometry and constituent materials. It is a heteroge-
neous composite formed by the assemblage of units, such as stone, brick, or
adobe, typically bonded with mortar layers. Mortar itself can vary significantly
in composition, ranging from lime-based to cement-based mixtures and beyond.
In addition, the arrangement of the units, the presence or absence of mortar
joints, and the shape and size of the blocks contribute to a wide variety of
possible configurations [Foraboschi, 2019; Galano and Betti, 2024; Lourenço,
2021]. This variability represents one of the main challenges in developing com-
prehensive and universally valid conclusions about the structural behaviour of
masonry systems.

It is also important to note that, despite the growing interest in masonry-based
construction, research on this topic remains relatively limited. In particular,
an analysis of the SCOPUS database1, summarised in Figure 1.1, highlights
a marked gap in the number of publications: 210,596 results are available for
steel structures, 477,752 for concrete structures, and only 16,208 for masonry

1Data retrieved on 31 July 2025
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Fig. 1.1: Number of publications since 2000 on concrete structure, steel structure and
masonry structure detected from SCOPUS

structures. This discrepancy is particularly striking, especially considering that
masonry structures are estimated to represent approximately 50–70% of the
global building stock [Marthys and Noland, 1989], with significant differences
across countries.

Among masonry structures, arches and vaults represent one of the most his-
torically significant typologies. These elements optimized the use of available
materials to achieve large spans, relying primarily on geometry to resist vertical
loads through compression. Masonry vaults are key components of built cultural
heritage, commonly found in churches, monasteries, and residential buildings.
Their widespread presence reflects both cultural identity and socio-economic
conditions, as their development was closely tied to material constraints and
availability.

Structurally, an arch is a curved, thrust-bearing element that enables wide spans
with minimal material consumption, as it primarily carries compressive forces.
Notable examples of masonry vaults and arches are found across Europe, in-
cluding the Pantheon and Domus Aurea in Rome (Italy), the Etruscan Arch
in Perugia (Italy), Sainte-Chapelle in Paris (France), Jerónimos Monastery in
Lisbon (Portugal), and Hagia Sophia in Istanbul (Turkey).

Although masonry vaults hold significant historical and cultural value, the num-
ber of publications dedicated to this structural typology remains limited com-
pared to the broader body of research on masonry structures. This dispar-
ity is clearly illustrated by a literature review conducted using the SCOPUS
database, which quantified the number of publications on these topics2 (Fig-
ure 1.2). Both trends show a growing interest over the past twenty-five years;
however, a substantial discrepancy persists. For instance, in 2024, more than
1,200 papers addressed masonry structures in general, whereas fewer than 100

2Data accessed on 31 July 2025
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Fig. 1.2: Number of publications since 2000

focused specifically on masonry vaults. This pronounced gap in research output
highlights that masonry vaults remain an underexplored topic within the current
scientific discourse.
The discrepancy becomes even more pronounced when the focus is narrowed
to publications specifically addressing masonry vaults in the seismic field. Fig-
ure 1.3 presents the results of a refined search, restricted to studies explicitly
focused on masonry vaults, based on the presence of relevant terms in the title,
keywords, or introduction. The figure shows these publications as a percentage
of the total number of papers on masonry vaults. As previously noted, masonry
vaults, like most masonry components, are primarily designed to carry vertical
loads, which makes their vulnerability to lateral actions, such as earthquakes,
particularly critical. However, only 27% of the publications on masonry vaults
include the term seismic, despite the well-recognized vulnerability of these ele-
ments to such loading conditions [Alforno et al., 2022; Bianchini et al., 2023;
Gaetani et al., 2017; Scacco et al., 2021; Yuan and Milani, 2023]. The per-
centage decreases further when considering only studies that focus on seismic
dynamic response: just seventy contributions were published between 2000 and
2025. When restricted to barrel vaults, the number of studies addressing both
seismic and dynamic aspects falls to only twelve over the same period.

1.2.Research objectives
In light of the presented background, this thesis aims to explore and address
several research gaps and emerging topics. The seismic dynamic response of
masonry vaults remains an open field of investigation, particularly in the case of
barrel vaults. In recent years, research has increasingly focused on cross vaults
(e.g., Alforno et al. [2022]; Bianchini [2023]; Gaetani et al. [2017]; Milani et al.
[2016]; Rossi et al. [2016]), while studies on barrel vaults remain limited, and
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Masonry Vault

Masonry Vault - Seismic

Masonry Vault - Seismic  
- Dynamic Response

  Masonry Barrel Vault  
- Seismic - Dynamic 

Response

Fig. 1.3: Number of publications on masonry vaults since 2000

even fewer have examined reinforced configurations. Given the intrinsic vulnera-
bility of historic masonry structures to extreme events, the scientific community
has shown strong interest in improving their load-bearing capacity, not only to
ensure public safety, but also to preserve the cultural and historical value of
heritage buildings. Since the establishment of the first international council on
architecture in the 20th century, various reinforcement techniques have been
proposed and applied. More recently, attention has shifted toward bio-based
solutions, which exhibit mechanical properties compatible with masonry, thereby
avoiding compatibility issues and offering a wide range of potential applications.
This thesis therefore aims to examine this underaddressed topic, which has not
been exhaustively investigated through either experimental or numerical ap-
proaches. The main focus of the work is to study the seismic behaviour of
full-scale specimens subjected to shaking table tests, while simultaneously eval-
uating the effectiveness of novel strengthening solutions, and to provide signif-
icant insights and modelling approaches for the seismic dynamic behaviour of
unreinforced masonry barrel vaults.
This thesis builds upon the initial experimental investigation of two full-scale
masonry barrel vaults carried out by Gioffré et al. [2023] through shaking ta-
ble tests. That study examined damage patterns, ultimate load capacity, and
variations in vibration frequencies and modes to identify the onset of damage
in two twin barrel vaults, one unreinforced and the other reinforced, under pro-
gressively increasing seismic excitations. The reinforcement consisted of a novel
bio-based strengthening system made of a hemp-rope net embedded in a coc-
ciopesto matrix, the latter composed of an organic binder mixed with finely
ground clay bricks. Although this study provided significant insights, the re-
sults cannot be considered exhaustive, as several aspects remain unexplored.
This work continues the cited contribution by addressing the seismic dynamic
behaviour of masonry barrel vaults through a three-directional approach, with
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interconnected aims:

� Experimental campaign: Building on the unreinforced specimen tested
in Gioffré et al. [2023], which sustained damage during seismic tests, a
new campaign was designed to assess the effectiveness of the proposed re-
inforcement system in repairing the previously damaged vault. The spec-
imen was repaired with the same bio-composite system and subjected to
a new sequence of shaking table tests following the same loading proto-
col. Given the novelty of the reinforcement, the campaign investigates its
ability to recover dynamic properties, delay the onset of damage, and en-
hance ultimate load-bearing capacity, while also assessing its effectiveness
in a more realistic structural scenario.

� Comparative analysis: The datasets from both campaigns enable a com-
prehensive evaluation of the seismic behaviour of masonry barrel vaults in
unreinforced, reinforced, and repaired conditions. This analysis combines
qualitative and quantitative approaches. Special attention is given to
identifying the onset of damage, describing failure mechanisms, and as-
sessing the vaults’ response through the extensive dataset acquired. This
discussion aims to clarify critical aspects and contribute to filling current
research gaps.

� Numerical modelling: Numerical investigations are carried out to de-
velop and validate modelling strategies capable of reproducing the seis-
mic dynamic response of unreinforced masonry structures. The proposed
strategy is calibrated and validated against the shaking table test re-
sults, thus providing a reliable benchmark case study for the modelling
approach.

1.3.Thesis outline and main contributions
The present work is structured into seven chapters, including the introduction
and the conclusions. The introductory chapter outlines the motivation for this
research, identifies the main open research questions, defines the objectives,
and describes both the framework and the principal contributions of this thesis.
Chapters 2 and 3 provide an extensive literature review, addressing experimen-
tal and numerical investigations on the seismic dynamic behaviour of masonry
barrel vaults. Chapter 4 describes the setup of the two experimental campaigns
addressed in this work. Chapters 5 and 6 present the results of the experimental
and numerical investigations, respectively. Finally, Chapter 7 summarises the
conclusions of the study and outlines future research perspectives and potential
developments. In detail:

� Introduction (Chapter 1) presents the motivations of this work, with
particular emphasis on existing gaps in the literature concerning masonry
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barrel vaults. The research objectives are defined, highlighting their sig-
nificance and novelty. The chapter concludes with an outline of the thesis
and a summary of the main contributions of each chapter.

� Chapter 2 provides a literature review of the current state of the art,
focusing first on the historical evolution and use of masonry barrel vaults.
It highlights the most relevant developments from the Roman to the
Renaissance era and introduces the constitutive elements of arches. The
second part reviews contributions addressing reinforcement methods and
the seismic dynamic behaviour of masonry barrel vaults, particularly those
investigated by shaking table tests. The chapter concludes with remarks
that set the basis for the experimental campaign presented in this thesis.

� Chapter 3 reviews the main analysis methods applied to masonry barrel
vaults. The first section discusses analytical approaches, starting from
purely geometric formulations and progressively incorporating simplified
material assumptions, culminating in the three theorems of limit analysis.
The second section reviews widely adopted numerical methods; namely
the Finite Element Method (FEM), the Discrete Element Method (DEM),
and the Discrete Macro-Element Method (DMEM). For each, the basic
modelling formulations are outlined, and selected applications from the
literature are discussed. The chapter concludes with a synthesis of the
main findings.

� Chapter 4 presents the two experimental campaigns, describing the spec-
imens in detail, their construction phases, and their main differences.
The novel hemp-rope-based bio-composite material is also introduced,
together with its mechanical properties. Three vault specimens are con-
sidered under three conditions: an Unreinforced Vault (UV), a Reinforced
Vault (RV), and a Repaired-Damaged Unreinforced Vault (R-DUV), all
tested under the same excitation levels.
An in-depth description of the shaking table facilities is provided, along
with the selection criteria for the input ground motions. The instrumen-
tation layout used to record the dynamic response is presented, and the
main objectives of the two campaigns are outlined.

� Chapter 5 presents a comparative analysis of the shaking table tests per-
formed on the three vault specimens, examining their seismic performance
from different perspectives. The chapter begins by outlining the method-
ology adopted to assess seismic behaviour, which combines qualitative
and quantitative approaches and relies on the extensive dataset collected
during the campaigns. A qualitative description of the observed damage
evolution is first provided for each specimen, followed by a comparative
overview highlighting the main similarities among the three configura-
tions. The quantitative assessment focuses on the variation of modal pa-
rameters obtained from Ambient Vibration Tests (AVTs) after significant
seismic inputs. This analysis enables tracking the evolution of damage
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through changes in vibration frequencies and modes, while also comparing
the compatibility of modal properties across the unreinforced, reinforced,
and repaired configurations. The seismic response is further investigated
through the analysis of deformed shapes, relative displacement patterns,
and a proposed angular variation indicator. Together, they allow the
identification of critical locations, working as a base for numerical model
comparison. Finally, the effectiveness of the bio-composite strengthening
system is evaluated in terms of enhanced seismic performance, delayed
damage onset, and recovery of dynamic properties, thus providing a com-
prehensive overview of the strengths and limitations of the different vault
configurations.

� Chapter 6 introduces a modelling strategy to capture the rocking mech-
anism of unreinforced structures within a FEM framework. In this thesis,
a formulation for unreinforced masonry structures subjected to pure rock-
ing, i.e., without sliding or crushing, is proposed. The failure phenomenon
is modelled through a simplified two-dimensional micro-modelling ap-
proach, where units remain elastic and all inelastic properties are concen-
trated at zero-thickness interfaces. An implicit time step solution scheme
is adopted, as it controls numerical damping and updates the stiffness ma-
trix at each increment. The non-linear interface behaviour, described by a
discrete cracking law, governs the response through tensile strength, linear
softening, and fracture energy in tension. The formulation is applied to a
representative case study: the Unreinforced Vault, which failed predom-
inantly through rocking. A numerical model is developed and calibrated
in two stages: (i) validation of the elastic response against experimental
vibration modes and frequencies, and (ii) an extensive parametric analysis
investigating the role of tensile strength and fracture energy in tension.
In this second phase, the model performance is assessed by comparing
displacement time histories at two key locations, and by examining hinge
formation and global displacements at representative time instants.
The results confirm the key role of fracture energy in governing the rocking
mechanism, as it controls the rate of strength degradation beyond the ten-
sile threshold and the progression to a zero-strength, zero-stiffness state,
enabling hinge formation and crack opening. Tensile strength mainly in-
fluences the activation time of rocking. Overall, the findings demonstrate
that structural capacity depends not solely on tensile strength, but on the
combined contribution of non-linear parameters.

� Conclusions (Chapter 7) synthesise the main outcomes of the research,
reviewing the key contributions and limitations. The chapter concludes
with perspectives for future research, building on the insights gained from
both the experimental and numerical investigations.

7



Chapter 1. Introduction

8



Chapter 2. A literature review on masonry barrel vaults: historical
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2. A literature review on masonry
barrel vaults: historical evolu-
tion and experimental investi-
gations

Barrel vaults represent the simplest evolution of masonry arches, as they can
be seen as side-by-side arches [Como, 2016]. In this configuration, the arch is
referred to as the directrix, while the generatrix lines are parallel to the spring-
ing lines. This straightforward geometry was already known to the Sumerians
and Babylonians (5th-4th millennium BCE), and can be found across many
civilizations worldwide, as highlighted by numerous scientific contributions. For
instance, Mart́ınez et al. [2025] investigated the linear and non-linear behaviour
of a church in Mexico, identifying the barrel vaults as the most vulnerable struc-
tural component. Similarly, Hejazi and Sadeghi [2022] analysed Persian brick
masonry vaults, while Acikgoz et al. [2017] studied the response of masonry bar-
rel vaults under settlement-induced movements, validating the observed crack
patterns in the viaduct at London Bridge Station. These recent studies confirm
the ongoing global interest in masonry barrel vaults.

This chapter will begin with a brief geometrical and historical overview, proceed
with an outline of the main strengthening techniques, and conclude with an in-
depth review of the seismic behaviour of masonry barrel vaults, as documented
in dynamic studies reported in the literature. It is worth noting that masonry
arches and vaults have fascinated generations of researchers. Although the
body of work on this topic is extensive, this chapter focuses only on a limited
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selection of contributions, emphasizing those most relevant to the scope of this
thesis and primarily produced in the last thirty years.

2.1.Masonry arches and barrel vaults
The origin of arched forms can be traced back to natural structures shaped
over time by erosion and similar processes (Figure 2.1(a–b)). A comparable
principle is observed in damaged masonry structures, which tend to develop
arch-shaped failure mechanisms as they seek an equilibrium form capable of
self-support. Primitive examples of arches and vaults date back to the third
millennium BCE in Egypt and Mesopotamia [Alforno, 2021], where the forms
more closely resembled corbel arches rather than true arches. Figure 2.1(c)
illustrates the difference between a corbel (false) arch and a true arch. In a
corbel arch, stones are arranged in horizontal courses forming small cantilevers
that span spaces while reducing material use. For similar reasons, corbel arches
and vaults were among the first to be adopted, as they do not require centering
and are self-supporting structures. According to Roca et al. [2019], one of the
earliest known examples of a corbel vault is found in the Treasury of Atreus (also
known as the Tomb of Agamemnon), built in the 13th century BCE in Mycenae,
Greece. Examples of this technique are found worldwide, with similar structures
documented in Iran (3rd century CE) and in Mexico (6th–7th centuries CE).
Before moving on to the historical evolution of these structures, it is necessary
to introduce the main components pertaining to arches and vaults, as illustrated
in Figure 2.2:

� Intrados: The inner curve or surface of the arch.
� Extrados: The outer curve or surface of the arch, opposite the intrados.
� Span: The horizontal distance between the two supports (abutments) of

the arch.
� Springing line: The horizontal surface at the top of the abutments where

the arch begins to curve.
� Rise: The vertical distance from the springing line to the highest point of

the arch.
� Abutments (Buttresses): Supporting structures on which the arch rests.
� Voussoirs: The individual wedge-shaped stones or blocks forming the

arch, each contributing to its shape and structural integrity.
� Keystone: The central, topmost stone of the arch that locks the other

voussoirs in place.
� Joint: The separation between consecutive voussoirs.
� Infill: The material placed on the sides or upper parts of the arch.

The Romans significantly advanced arch and vault construction techniques by
adopting pozzolanic-concrete, wedge-shaped stones and bricks, sometimes even
pre-shaped in curved forms [Lancaster, 2015]. One of the most remarkable
examples of the use of the opus caementicium is the Pantheon, where the
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(a)

(b)

(c)

Fig. 2.1: Arch formation: (a) Landscape Arch in Utah (USA) [CNHA, 2025], (b)
natural formation process [Great Runs, 2025] and (c) comparison between a corbel and
a “true” arch [Standage, 2025]

dome was built using pozzolanic-concrete with a thickness that varies from
the oculus to the base to reduce weight and optimise structural efficiency. In
the external parts of the dome, several relieving arches are visible, i.e., bricks
arranged in circular patterns embedded in the concrete, which help reduce radial
thrust, the force exerted by the arch as a result of the applied loads. In other
cases, particularly in barrel vault configurations, the low tensile strength of the
materials often led to cracking at the keystone, resulting in the formation of a
three-hinged mechanism [Alforno, 2021]. To address this, the Romans began
incorporating ribbed arches into the structural system, as shown in Figure 2.3(a)
[De Matteis et al., 2019; Lancaster, 2015]. Lancaster [2015] dedicated an entire
volume to the vaulting systems of the Roman era. While this topic is beyond the
scope of the present work, the interested reader is referred to this comprehensive
resource.

After the division of the Roman Empire, vault constructions in the Eastern
Roman Empire were significantly influenced by Egyptian and Persian traditions
[Alforno, 2021]. One innovative solution developed in this context involved
counteracting the thrust of an arch or vault by introducing consecutive curved
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Fig. 2.2: Arch components

structures. A prominent example is the Hagia Sophia (Figure 2.3(b)), where
this structural approach was implemented. However, due to the complexity and
the scale of the design, the building experienced multiple partial collapses over
time.

During the medieval period, particularly between the 10th and 12th centuries,
construction primarily employed monolithic barrel vaults and massive load-
bearing walls, a choice influenced by the economic downturn of the era. These
structures, inspired by Roman architecture, required large quantities of mate-
rial to span relatively short distances. However, their robust and continuous
form provided sufficient ductility to withstand considerable deformations, such
as those caused by soil settlements, without leading to collapse [Roca et al.,
2019]. A significant architectural shift occurred between the 13th and 14th
centuries, moving away from monolithic barrel vaults towards more efficient ge-
ometries such as ribbed and cross vaults. These new vault systems relied mainly
on support from columns or piers positioned at the four corners and were often
combined with flying buttresses. Additionally, increasing the rise and adopting
more pointed arches allowed for a reduction in material usage and led to a more
balanced distribution of structural forces. During the Renaissance era, there was
a revival of classical architectural forms; builders drew inspiration from ancient
Roman and Greek traditions, while incorporating lessons learned from Gothic
builders. Among these forms, domes gained particular significance in Christian
religious architecture. Notable examples include the dome of Santa Maria del
Fiore in Florence, Italy, and the later dome of St. Peter’s Basilica in Rome.
Additionally, during this period, increasing attention was paid to the arrange-
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(a)

(b)

Fig. 2.3: Vault system evolution: (a) introduction of ribbed arches in pozzolanic-
concrete vaults [Lancaster, 2015]; (b) structural system description in Hagia Sophia
[Mainstone, 1997].

ment of masonry units. This subject was thoroughly examined in the doctoral
thesis by Alforno [2021], whose principal findings are briefly summarised in the
following section.

Masonry barrel vaults were commonly built using one of four primary brick
arrangements, whose static response was studied by Boni et al. [2022]:

� Radial or longitudinal: bed joints are aligned parallel to the springing lines
(Figure 2.4(a)).

� Transversal: bed joints are perpendicular to the springing lines (Fig-
ure 2.4(b)).

� Oblique or diagonal: bed joints are oriented towards the center of the
vault (Figure 2.4(c)).

� Herringbone: bed joints are arranged diagonally in alternating directions
(Figure 2.4(d)).

The radial arrangement was the most widely adopted construction technique
[Alforno, 2021], following the same principles as arch construction. Typically,
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4. Analysis of barrel vaults 4. Analysis of barrel vaults 

4. Analysis of barrel vaults 4. Analysis of barrel vaults 

(a) (b)

(c) (d)

Fig. 2.4: Brick arrangements (adapted from Boni et al. [2022]): (a) radial, (b)
transversal, (c) diagonal and (d) herringbone.

a wooden centering was used to support the vault during construction, while
bricks or wedge-shaped stones were symmetrically placed relative to the key-
stone’s location. The keystone was the final element to be placed, locking the
entire structure into its final form. In certain cases, to avoid the need for cen-
tering, bricks were laid at an inclined angle instead of vertically. This technique
allowed the vault to be self-supporting during construction, relying on mortar
bonding until the ring was completed. Such configurations are often referred
to as pitched transversal vaults [Roca et al., 2019; Lancaster, 2015]. Figure 2.5
illustrates vaults featuring different brick arrangements.

This section thus highlights the widespread use and adoption of masonry barrel
vaults across various historical periods, passed down as architectural heritage
to the present day. Although this section has mainly presented well-known
examples, it is worth mentioning that these structures were also widely adopted
in common construction. Indeed, a survey conducted by Galli et al. [2017]
following the Umbria-Marche seismic events revealed that a significant number
of buildings featured masonry barrel vaults on their first floors.

2.2.Experimental investigation on masonry arches and barrel vaults
Masonry barrel vaults are frequently encountered in built heritage constructions,
prompting numerous investigations into their static and dynamic behaviour.
Among these, several studies have focused on the effects of differential settle-
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(a) (b)

Fig. 2.5: Different brick arrangements in vaults [Lancaster, 2015]: (a) vertical and
radial bricks, and (b) inclined bricks.

ments, both vertical [Bove et al., 2019; Castellano et al., 2021; Hudson and
Theodossopoulos, 2017] and horizontal [Cardinali et al., 2022; Roselli et al.,
2023], which are commonly simulated by introducing movable supports at the
edges or corners of the structure. Barrel vaults are particularly sensitive to such
displacements, as their stability primarily relies on their geometric configura-
tion. Additionally, other studies have explored the influence of backfill on the
structural performance and capacity of barrel vaults. Notably, Krajewski and
Hojdys [2015; 2024] investigated how different types of backfill affect the load-
bearing capacity of masonry barrel vaults, while Sarhosis et al. [2019] examined
an existing structure incorporating backfill.

Since additional numerical investigations will be discussed in Chapter 3, this
section focuses specifically on experimental studies aimed at improving the re-
sponse of masonry arches and barrel vaults, as reported in the literature. The
first part addresses the main reinforcement techniques and experimental inves-
tigations under static conditions, while the second part concentrates exclusively
on experimental campaigns conducted on masonry barrel vaults to assess their
seismic dynamic response.

2.2.1.Main reinforcement systems and experimental static investigations
Historical masonry structures are intrinsically vulnerable to extreme events due
to the properties of the materials, such as low tensile strength, high density,
and a lack of effective connection details. The scientific community has demon-
strated significant interest in improving the load-bearing capacity of these struc-
tures to ensure public safety while preserving the cultural and historical value
and authenticity of heritage buildings.

Over the years, a variety of reinforcement strategies have been investigated,
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encompassing both traditional and composite-based methods. The most com-
monly employed include Fiber Reinforced Polymers (FRP),Textile Reinforced
Mortars (TRM) and Fiber Reinforced Cementitious Matrix (FRCM). Concur-
rently, international organizations dedicated to the protection of built heritage
have increasingly been established. For instance, the International Scientific
Committee on the Analysis and Restoration of Structures of Architectural Her-
itage (ISCARSAH), a technical committee of the International Council on Mon-
uments and Sites (ICOMOS), has issued several principles and guidelines for
interventions on built heritage. Among these guidelines, though not exhaustive,
key principles are that interventions should remain reversible and compatible
with the original materials, design principles, construction techniques, and cul-
tural values of the structure [ICOMOS/ISCARSAH, 2024]. These guidelines
aim to limit the invasiveness of reinforcement and strengthening applications.
As a result, more intrusive approaches, such as reinforced concrete jacketing
or the insertion of steel bars, should be carefully considered. However, these
traditional conservation approaches were also implicitly promoted by founda-
tional documents such as the Athens Charter (1931) and the Venice Charter
[ICOMOS, 1964], which continue to shape conservation philosophy. This legacy
has posed significant challenges in shifting the general mindset towards more
compatible strengthening solutions.

The following section presents a concise overview of the most common tradi-
tional reinforcement methods in masonry arches and vaults, emphasising their
limitations.

� Increase of buttress sections: This method typically involves enlarging
the buttresses from top to bottom to maintain the thrust line within the
masonry geometry. A prominent example of this technique is Stern’s
intervention at the Colosseum, which effectively “froze” several arches
in time. However, this approach significantly alters the original design
principles and has a substantial visual impact.

� Addition of steel ties: Steel ties are typically inserted at the level of
the springing line to counteract the horizontal component of the thrust.
While effective, this intervention can have a significant visual impact and
may obstruct the view, particularly when the springing line is at a lower
height. Moreover, steel is known to be incompatible with masonry in
terms of mechanical, thermal, and long-term behaviour, which introduces
additional challenges.

� Reinforced concrete jacketing: This technique involves creating a sec-
ondary reinforced concrete layer at the extrados of the vault. However, it
presents several drawbacks that severely affect the structural behaviour
of heritage masonry.
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Collectively, these strengthening methods substantially alter the structural iden-
tity of curved structures by increasing mass and stiffness, which in turn modifies
the overall system behaviour. Furthermore, differences in thermal, mechanical,
and rheological properties between original and new materials frequently give
rise to compatibility issues.

Consequently, several innovative reinforcement systems have been investigated.
For example, numerous arch and vault structures have been studied applying
FRP (e.g. Di Primio et al. [2021]; Tarhan and Uysal [2023]; Witzany et al.
[2020]) or TRM/FRCM techniques (e.g., Boem and Gattesco [2021]; Bove et
al. [2019]; Gattesco and Boem [2019]; Sadeghi et al. [2021]). Below, a brief
review is provided of notable case studies identified by Zampieri et al. [2018]
for each of these reinforcement approaches.

FRP applications have been actively studied for their properties, including low
weight, high strength, minimal thickness, and easy adaptation to different sur-
faces [Babatunde, 2017; Bertolesi et al., 2021; Reboul et al., 2023; Scacco
et al., 2021]. These materials are composed of fibers embedded in an epoxy
matrix, where the fiber is the main load-carrying component and the matrix
helps transfer stress among the elements. Fibers are usually made of Glass,
Carbon, or Aramid, thus referred to as GFRP, CFRP, and AFRP, respectively.
Significant improvements have been achieved by applying FRP to curved ma-
sonry structures, which can withstand peak loads several times higher than
their unreinforced counterparts and reach higher ultimate displacements prior
to failure.

Valluzzi et al. [2001] investigated the response of masonry barrel vaults sub-
jected to a point load applied at one-quarter of the span and reinforced with
either CFRP or GFRP strips. The specimens reinforced discontinuously at the
extrados with CFRP strips exhibited significant deformation, failing due to the
sliding of bricks along the mortar joints. Similar behaviour was observed for
specimens reinforced with discontinuous GFRP strips at the extrados. Con-
versely, reinforcement with continuous GFRP strips applied at the intrados
effectively prevented collapse. This study highlights the critical influence of
reinforcement location, extrados versus intrados, on the structural performance
of masonry vaults. Building upon these findings, Oliveira et al. [2010a] experi-
mentally evaluated the load capacity and displacement response up to failure of
twelve masonry segmental arches scaled at 1:2. Two specimens were tested in
unreinforced condition as baseline references. The tests employed displacement-
controlled loading applied at one-quarter of the arch span. The unreinforced
arches failed without developing a full collapse mechanism, exhibiting a four-
hinge failure pattern. Using these results as benchmarks, several reinforcement
techniques were investigated and compared in terms of load capacity enhance-
ment. Arches reinforced with continuous GFRP strips at the intrados exhibited
a damage pattern characterised by the formation of three hinges and partial
debonding of the strips, including the detachment of a thin brick layer. Al-
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though the initial stiffness remained largely unaffected, the load capacity signif-
icantly increased by approximately 165% compared to unreinforced specimens,
alongside notable changes in displacement response. In contrast, specimens re-
inforced with continuous GFRP strips at the extrados failed by forming one hinge
beneath the applied load and two additional hinges at the supports, achieving an
89% increase in load capacity relative to unreinforced arches. Finally, the origi-
nally unreinforced specimens, after experiencing damage, were locally reinforced
at the hinge locations and subsequently retested. These specimens developed a
new four-hinge failure mechanism in different locations than before, while also
demonstrating a further increase in peak load capacity.

Although these materials have demonstrated high performance, their use in her-
itage structures is often limited due to the presence of epoxy resins, which com-
promise the reversibility of the intervention. At the same time, there is growing
interest in more compatible reinforcement systems, such as Fiber-Reinforced
Mortars (FRM) or Fiber-Reinforced Cementitious Matrices (FRCM), which con-
sist of a fiber grid embedded between two layers of mortar. In the composite,
the matrix protects the fibers and is responsible for transferring stress from
the reinforcement to the substrate [D’Antino et al., 2020; Garcia-Ramonda et
al., 2022]. Gattesco and Boem [2019] investigated the effectiveness of FRM
with glass fiber mesh applied either at the intrados or extrados of masonry
barrel vaults. The experimental study was conducted on a full-scale masonry
vault with reduced depth, tested under quasi-static conditions. Loads were
applied in eight different positions to simulate the inertial forces generated dur-
ing earthquakes. The unreinforced specimen developed the expected four-hinge
mechanism. In contrast, in the reinforced specimen, the formation of the fourth
hinge was inhibited by the tensile strength provided by the reinforcement. The
study specifically focused on the connection between the reinforcement and the
substrate, particularly in the springer area, which could lead to premature failure
due to sliding or uplift of the cracked zone, thereby highlighting the need for
further investigation in this area. Carozzi et al. [2018] compared the response
of in-situ masonry arches and vaults reinforced with Steel Reinforced Grout
(SRG), TRM, and FRP systems. The SRG system consisted of two mortar lay-
ers separated by a steel textile, the TRM used a glass fiber mesh, and the FRP
consisted of a carbon fiber textile applied using epoxy resin. The specimens
were tested using a concentrated load applied at one-quarter of their spans.
The load was introduced through a series of loading and unloading cycles. The
unreinforced specimens consistently exhibited the formation of four alternating
hinges. The FRP reinforced vault showed a crack distribution similar to that
observed by Oliveira et al. [2010a], with the first hinge forming directly beneath
the load application and detachment of the reinforcement occurring near the
springing line, reaching a peak load four times higher than that of the unrein-
forced counterpart. The TRM reinforced specimen exhibited its first crack at
the load application point, a second near three-quarters of the span, and two
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additional cracks at the abutments. These led to detachment of the reinforce-
ment and rupture of the fibers, although the vault reached a maximum load
5.5 times higher than the unreinforced specimen. The SRG reinforcement was
applied to a tested arch, which achieved a peak load four times higher than that
of the unreinforced specimen. However, it also resulted in a significant increase
in the stiffness of the system.
More recently, as a result of growing global awareness regarding environmen-
tal preservation, the use of bio-based fiber applications has gained increasing
attention, owing to their low cost and favorable mechanical properties [Barb-
huiya et al., 2025; Elfaleh et al., 2023; Pipistrelli et al., 2025]. In particular,
Barbhuiya et al. [2025] provides a comparative analysis of various properties of
bio-based materials relative to conventional construction materials such as steel
and concrete. The density of these materials ranges from very high for steel, to
moderate for concrete, and significantly lower for natural fibers. Steel is well
known for its high tensile strength, which makes it suitable for reinforcement
applications, whereas concrete exhibits low tensile resistance. Natural fibers,
on the other hand, exhibit moderate to high tensile strength depending on
the species. Among the various types investigated, applications tend to favor
plant-based fibers, which offer several opportunities: fibers can be added to the
mortar mix to improve the flexural capacity, textile elements can be used in
FRM or FRCM and lastly, it is also possible to embed ropes in several matrices
[Abbass et al., 2024; de Carvalho Bello et al., 2019; Greco et al., 2024; Illampas
et al., 2023; Majumder et al., 2025; Pipistrelli et al., 2025]. It is worth pointing
out that such natural fibers may exhibit ageing and long-term effect issues,
which several authors have attempted to address (e.g., Azwa et al. [2013]; Bui
et al. [2021]; Gioffrè and Pepi [2024]; Zuccarello et al. [2023]), although these
aspects remain an active topic of investigation.
Bio-based reinforcement systems have been tested on masonry elements in sev-
eral studies [Davino et al., 2025; Menna et al., 2015; de Carvalho Bello et
al., 2021]. However, their application to curved masonry structures remains
extremely limited. In this regard, Gioffré et al. [2021] reported preliminary ex-
perimental tests on masonry arches, both unreinforced and reinforced with a
novel hemp-rope-based biocomposite. In this system, the hemp rope was fully
embedded in a cocciopesto matrix, i.e., a mix of finely ground clay bricks and
an organic resin. The load-bearing capacity was investigated by means of a ver-
tical point load applied at the keystone using a hydraulic jack, while the seismic
response was assessed through tilt tests, where the base was incrementally in-
clined to simulate an equivalent monotonically increasing horizontal static force,
replicating the effects of ground motion acceleration. The reinforced specimens
exhibited a significant improvement, achieving up to a tenfold increase in load
capacity compared to their unreinforced counterparts under vertically increasing
loading, and reaching significantly higher displacement levels. Tilt test results
further confirmed the effectiveness of the reinforcement, as the strengthened
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structures did not reach collapse when subjected to the same collapse multiplier
as the unreinforced specimens.

2.2.2.Experimental investigation of the seismic response in the dynamic
field

While the contributions cited in the previous section have significantly advanced
the understanding of barrel vault behaviour under various conditions, they pro-
vide limited insight into the seismic dynamic performance of these systems. No-
tably, most of the referenced studies have employed simplified loading schemes,
with only a few addressing the full dynamic response of masonry structures.
The following section reviews the available studies that specifically focus on
this topic.

Baratta et al. [2008] investigated the seismic response of a barrel vault based
on tuff masonry. The vault had a depth of 100 cm, an inner span of 200 cm,
and a radius of 100 cm, forming a segmental arch resting on two masonry walls
measuring 50 cm by 70 cm in height (see Figure 2.6(a)). The specimen was
provided with an overload and was tested on a 6 Degrees of Freedom (DoFs)
shaking table, with dimensions of 4 m by 4 m, and frequency range varying from
0 to 50 Hz. The first specimen, with a constant overload configuration, was
tested in two phases. In the first phase, the input was based on a ground motion
recorded during the Campania–Lucania earthquake (23 November 1980), scaled
by increasing factors ranging the Peak Ground Acceleration (PGA) from 0.3 g
to 1.5 g to simulate progressively increasing seismic excitations. Thereafter, a
vertical input with a PGA of 1.5 g was added to the unidirectional horizontal
motion, until a horizontal PGA of 1.8 g was reached, at which point collapse
occurred. Since failure was reached only at exceptionally high PGA levels,
which is uncommon for unreinforced masonry structures, the authors suggest
that filtering applied to the seismic input prior to testing may have significantly
influenced its effective frequency range. The second masonry specimen was in-
stead subjected to an increasing level of seismic excitation sequence, added to
a significant variation of the overload configuration. This investigation was car-
ried out in three phases: a first phase with an overload of approximately 8 kN,
and the specimen was subjected to two levels of excitation reaching PGAs of
0.1 g and 0.2 g. In the second phase, the overload was increased to 14 kN,
matching that of the first specimen, and the same levels of excitation (0.1 g and
0.2 g) were applied. This phase was interrupted due to the detachment of vous-
soirs from the intrados. After this occurrence and subsequent to the restoration
of the structure, the third phase began, with seismic excitation increased up to
0.7 g, which led to collapse. This study emphasized the uncertainties inherent
in the dynamic behaviour of masonry barrel vaults and highlighted the influence
of varying overloads, which, in real applications, may result from the collapse
of adjacent structural elements. It is noteworthy that although both specimens
were identically constructed and made of the same materials, they failed at dif-
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ferent PGA levels. The authors attributed this discrepancy to variations in crack
development between the specimens, underscoring the inherent unpredictability
of such structures under seismic dynamic loading.
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3. TESTS OF MASONRY ARCHES ON THE SHAKING TABLE 
Near the Laboratory of the ENEA Research Center some tests on some simulacra are performed. The testing 
structure is represented by an arch built in tufa bricks rests on two piers, which continue over the imposts in order 
to contain the overload imposed on the top of the arch with the help of a tie-rod. The structure has a circular 
round-headed axis and the geometry shown in Fig. 3. 

 
Figure 3. Specimen (in cm) of the masonry arch for the laboratory tests. 

 
3.1. The tested structure: the masonry arch 
The structure is made by local yellow tufa bricks tied by a poor mortar, which is a most common masonry
encountered in South Italy. The intrados profile of the arcade is semicircular with a radius of 100 cm. The
arcade is composed by two rows of bricks determining a masonry thickness of 20 cm; the two pillars which
support the arcade have a rectangular base 50 cm and an height 70 cm; the depth of the whole is 100 cm. The
wing walls, continuing in height the pillars, which have to contain the overload, are characterized by thickness 
35 cm and an height 110 cm. 
Moreover, some steel tie-beams fixed by means of flexible elastic ties are placed between the structure and the 
wing walls used for containing the overload, in order to guarantee the stability during the tests. The total weight
of the masonry structure is 5,1 tons. On the top of the portal arch an overload of material composed by crushed 
tufa and lime and having a weight of 1,4 ton is applied, in order to simulate the structural context where the real
arcade is included. Sliding is prevented through steel profiles attached to the shaking table. 
The total weight of the structure plus the overload and the steel bars is 7,0 tons. 
 
3.2. The soliciting and recording instruments 
During the tests the seismic input is transmitted to the structure by means of a shaking table having: dimension of 
4 x 4m, maximum supported weight of 10 ton, six degrees of freedom, frequency range of 0-50Hz, maximum 
peak acceleration of 3g, maximum velocity of 5m/sec and maximum span of 25cm. 
In order to evaluate the time histories of the acceleration and displacement some recording instruments are 
located at some supposed �critical� positions on the arch, for the determination of the structure� response. 
The recording instruments consist of two different typologies of accelerometers: 20 piezoelectric accelerometers 
with feed-through band of 2-15000 Hz (± 10%), and nominal sensitivity of 10 pC/g, 8 transducers of 
displacement (LVDT) � which are subdivided in some transducers with nominal sensitivity of 0,1 Vmm-1 (± 
3%), maximum displacement of ± 2 inch, and feed-through band of 50 Hz, and other transducers with nominal 
sensitivity of 0,2 V/mm (± 3%), maximum displacement of ± 1 inch, and feed-through band of 50Hz. The 
accelerometers are directly applied on the masonry arch, while the transducers are located in correspondence of 
the external sides of the two piers, and are fixed to some steel trestles integral with the shaking table. 
 
3.3. The laboratory tests 
At first the tuning of the shaking table is performed in order to check the response of the table and realize the 
test profile (1997; Clemente et al., 1999). Then the arches are tested. 
The first arch having an overload on the top of the arcade fixed to 14,1 kN is tested in two phases up to the
collapse. In the first phase (Phase A) an excitation corresponding to the time history recorded in Sturno during 
the earthquake occurred in Campania-Lucania on the 23rd November 1980 with direction W-E, and increasing 
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amplitude from 0,3g up to 1,5g is used as horizontal input. Thereafter, in order to approach the collapse 
condition of the structure, in the second phase (Phase B), an increasing vertical input with amplitude of 1,5g is 
added to the horizontal input up to the collapse condition encountered at 1,8g. In both the two phases the 
applied excitation acts in the plane of the structure, orthogonally to its side at the bottom of the portal arch. The 
first cycle of laboratory tests was stopped at the peak acceleration 1.5g and caused some damages on the
structure never leading to its collapse. This unexpected result may be due to two major reasons: the first is
because for any increment of the damaging a reduction of the own frequencies of the total apparent modes of
the structure occurs, and the second reason is due to a-priori filtering applied on the lower-frequencies of the 
Sturno accelerogram (Fig. 4). 

Figure 4. Sample of the recorded diagrams in the laboratory tests for different parameters. 
 
 Table 3.1. Laboratory tests on the second arch pre-consolidation. 

 TEST SOLICITATION NOTE 
Cl   white noise Overload 8.5 kN. Tests start (cycle 1) 
  Pl pink noise_01  
 TI  test 01  
C2   white noise  
  P2 pink noise_02  
 T2  test 02  
C3   white noise  
ClA   white noise Overload 14.1 kN. New start of tests (cycle 2) 
  PIA pink noise_0l  
 T1A  test 01  
C2A   white noise  
  P2A pink noise_02  
 T2A  test 02  
C3A   white noise  
  P3A pink noise_03 Test stop for breaking off of some stones 

C1R   white noise 
Restoration of the broken bricks and new start 
of the test (cycle 3) 

 T1R  test 01  
C2R   white noise  
 T2R  test 02  
C3R   white noise  
 T3R  test 03  
C4R   white noise  
 T4R  test 04  
C5R   white noise  
 T5R  test 05  
C6R   white noise  
 T6R  test 06  
C7R   white noise  
 T7R  test 07 Test stop for breaking off of some stones. 
C8R   white noise Characterization following to the previous test 
C8RB   white noise Characterization before the testing start 
C8RATT   white noise Characterization with a scale spectrum 1/2 
 T7RB  test 07 Final test 
C9R   white noise   

Figure 5. Tests of the second arch till to the collapse. 
(a) (b)

Fig. 2.6: Seismic tests on masonry barrel vaults (adapted from Baratta et al. [2008]):
(a) geometrical configuration, (b) collapse of the second specimen

Taranu et al. [2010] conducted an experimental investigation on a 1:3 scaled
masonry vault built atop supporting walls. The specimen had an inner span of
approximately 140 cm, wall height of 80 cm, and a vault rise of 37 cm. The
vault was constructed using clay bricks and mortar joints. It was strengthened
with GFRP strips, each 20 cm wide and spaced at 25 cm intervals. The speci-
men was tested on a shaking table facility operating within a frequency range of
0.5–50 Hz. It was subjected to tri-axial input, simulating real earthquake con-
ditions by including all seismic components. Three seismic inputs were applied:
the El Centro earthquake (USA, 1940), with accelerations ranging from 0.2 g
to 0.5 g, and the Vrancea earthquake (Romania, 1986), with accelerations from
0.1 g to 0.4 g. After these two seismic tests, the structure exhibited minimal
damage. A sine-sweep excitation was subsequently applied, maintaining the
PGA at 0.5 g while varying the frequency content to induce resonance phe-
nomena. This test led to the formation of five cracks, with the most prominent
ones characterised by sliding along the mortar bed joints at the impost level (see
Figure 2.7). This study highlights how the modal properties of the structure,
such as vibration frequencies and mode shapes, can significantly influence the
response when the seismic input contains frequency components close to those
of the investigated structure.

Giamundo et al. [2015] tested a full-scale unreinforced masonry barrel vault
with dimensions of 298 cm, 114 cm and 220 cm for span, rise and depth of
the vault respectively. The in-plane geometry was based on a segmental arch
profile. The vault was constructed using solid clay bricks and a pozzolanic-based
mortar. The unreinforced specimen underwent a sequence of shaking table tests
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(a) (b)

Fig. 2.7: Seismic tests on GFRP reinforced masonry vault (adaped from Taranu et al.
[2010]): (a) testing setup conditions, (b) collapse phases

using an artificial seismic input with a frequency content of 0–30 Hz and a PGA
of 0.46 g, applied in the horizontal direction, as shown in Figure 2.8(a). The
seismic sequence was performed at progressively increasing intensities, starting
with 10% of the selected seismic input and incrementally reaching 100% of its
full intensity. At this stage, the vault exhibited an opening-closing pattern of
multiple cracks, symmetrically distributed around the keystone, indicating the
onset of a hinge mechanism. The specimen was then retrofitted by first sealing
the cracks and applying an Inorganic Matrix composite Grid (IMG) system,
which consisted of a mortar layer, followed by the placement of a basalt fiber
grid, and a second mortar layer. The reinforcement was applied at the extrados,
covering the entire surface of the vault. The strengthened specimen was then
subjected to the same seismic input sequence as the unreinforced counterpart,
up to 100% intensity of the original input, and did not exhibit any visually
detectable damage, confirming the effectiveness of the proposed intervention.
Subsequently, the vault was tested up to 275% of the original seismic intensity.
At this level, an opening-closing hinge mechanism emerged from the intrados
but was effectively restrained by the extrados reinforcement.

Further investigations were carried out by Giamundo et al. [2016] on an unrein-
forced masonry barrel vault with the same geometry as the specimen previously
described. The structure was tested on a shaking table under two different seis-
mic inputs. The first input was derived from a natural ground motion recorded
during the Irpinia earthquake on November 23, 1980, with a PGA of 0.18 g.
The input was scaled from 25% to 150% of the original intensity and had a
dominant frequency content up to 15 Hz. A second seismic input was adopted,
consisting of an artificial accelerograms with frequency content up to 30 Hz and
a PGA of 0.46 g. Additionally, random excitations were employed to extract the
modal properties of the vault following selected seismic tests. The structural
response was evaluated through visual inspection and by analysing the dynamic
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(a) (b)

Fig. 2.8: Seismic investigation on unreinforced and retrofitted vault specimen (adapted
from Giamundo et al. [2015]): (a) testing setup of the unreinforced specimen, (b)
testing setup of the reinforced one.

amplification and peak acceleration values recorded at various locations on the
specimen. Under the Irpinia-based input, the vault exhibited no detectable
damage and showed consistent results between dynamic amplification factors
and peak response accelerations across monitoring points. Subsequent seismic
tests led to the formation of cracks at the extrados, followed by the develop-
ment of additional cracks indicative of the hinge mechanism. However, full
collapse was not reached during this stage. Final failure occurred when the
vault was excited with 100% of the artificial intensity input. The vault was
then retrofitted using the same IMG technique described in Giamundo et al.
[2015], and retested with the artificial seismic input. Testing continued until
a PGA of 1.2 g was reached, at which point the experiment was stopped to
avoid collapse, as the opening–closing crack mechanism was clearly evident.
This study not only confirmed the effectiveness of the proposed reinforcement
technique, but also provided valuable insights into the variation of modal pa-
rameters before and after retrofitting. It highlighted that the modal properties
were only marginally affected, thus demonstrating the compatibility of the in-
tervention in terms of stiffness and mass distribution between the unreinforced
and strengthened configurations.

In the study published by Ramaglia et al. [2016], the response of two masonry
barrel vaults under unidirectional seismic input is compared. The specimens
differed in geometry and structural configuration: the first consisted of a full-
scale, single-brick-layer masonry barrel vault, while the second included a vault
constructed atop two masonry walls, raising the impost line by approximately
1 m from the base (see Figure 2.9(a-b) respectively, for reference). The first
specimen was subjected to increasing seismic input levels based on an artificial
accelerogram, reaching near-collapse at a PGA of 0.48 g. The second specimen
underwent a sequence of tests using incremental scaled natural ground motion,
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with collapse occurring at a PGA of 0.22 g. Both specimens exhibited a typical
hinge-mechanism failure, a collapse mode that is difficult to reproduce in static
tests due to the prevalence of sliding. In the first specimen, which consisted
solely of a masonry vault with reduced abutment dimensions, cracks developed
along the arch-shaped profile (Figure 2.9(b)). In the second specimen, cracks
also extended into the abutments (Figure 2.9(d)).

(a) (b)

(c) (d)

Fig. 2.9: Seismic investigation on two different specimens (adapted from Ramaglia et
al. [2016]): (a) layout of the first specimen, (b) failure mechanism of the first specimen,
(c) layout of the second specimen, (d) failure of the second specimen

Sequentially, Ramaglia et al. [2017] reported tests on the same vault with abut-
ments discussed above, strengthened using a TRM system equivalent to the
previously discussed IMG technique. Additional retrofitting measures included
backfilling, the construction of a masonry rib, and the installation of a stainless
steel tie placed atop the rib. The retrofitted specimen was retested using the
same increasing amplitude sequence applied to the unreinforced configuration,
reaching up to 250% of the Irpinia-based input. Subsequently, another seismic
input was applied, leading to collapse at a PGA of 0.52 g. In addition to com-
paring seismic performance, damage onset was evaluated through the analysis
of frequency variations and the monitoring of acceleration responses at various
instrumented locations, giving significant insights on the masonry unreinforced
and reinforced behaviour.
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2.2.3.Conclusive remarks
All the experimental studies reviewed to date have significantly contributed to
the understanding of the behaviour masonry barrel vaults and arches. They
have also demonstrated the effectiveness of various reinforcement techniques
when applied to curved structural elements.
The key findings from this section can be summarised as follows:

� Most studies focused on full-scale specimens of masonry barrel vaults
and arches, with scaled models used in only a limited number of cases,
predominantly for arches.

� The barrel vaults reviewed are generally built with radial brick arrange-
ments, and the arch profiles are typically segmental.

� The load is typically applied at significant locations along the arch ge-
ometry, e.g., at the keystone, at one-quarter of the span, or at the base
using shaking table tests.

� The behaviour of unreinforced specimens is systematically compared with
that of reinforced counterparts.

� Unreinforced masonry elements consistently develop hinge-based failure
mechanisms, which, in some cases, result in complete collapse.

� The seismic dynamic behaviour of vaults has mainly been studied under
unidirectional input using both natural and artificial ground motions on
shaking table platforms.

� Several reinforcement systems have been investigated, including FRP,
FRCM, and natural FRCM, applied at both the intrados and extrados,
significantly enhancing the peak-load capacity.

� All reinforcement strategies tested on shaking tables were applied exclu-
sively at the extrados of the vaults, demonstrating their effectiveness in
enhancing seismic capacity and delaying the onset of damage.

� The seismic response is typically assessed through visual inspection to
identify damage, as well as by analysing changes in dynamic properties
such as frequency and acceleration during sequential seismic tests of in-
creasing intensity.

Building on current state of the art, both regarding the potential of reinforce-
ment systems and the limited knowledge of seismic dynamic behaviour, several
investigations have been conducted by the research group led by Gioffré et al.
[2023]. In this research, the seismic behaviour of a full-scale vault reinforced
at the extrados with a novel hemp-rope net fully embedded in a cocciopesto
matrix was investigated, highlighting enhanced performance compared to its
unreinforced twin. The two vault specimens were tested simultaneously on
the shaking table facilities of the Laboratory of Earthquake engineering and
Dynamic Analysis (L.E.D.A.) at the University of Enna Kore (Italy), under in-
creasing levels of seismic excitation. The reinforced vault withstood seismic
loads up to six times higher than the unreinforced specimen before collapsing.
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The study also examined damage both qualitatively, through visual inspection
and quantitatively, by introducing damage indicators based on variations in vi-
bration properties, which were monitored through significant seismic tests. The
results provided valuable insights into the behaviour of both unreinforced and
reinforced specimens, confirming the effectiveness of the reinforcement in en-
hancing seismic capacity. Moreover, the intervention was deemed compatible,
as it did not significantly alter the modal properties of the structure in un-
damaged conditions. This work forms the foundation of the present thesis; for
this reason, a more detailed description of the experimental campaign will be
provided in the Chapter 4.
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3. A literature review on masonry
barrel vaults: analysis meth-
ods and numerical investiga-
tions

The form of arches and vaults has fascinated engineers and builders through-
out all epochs. The optimal way of building, developed through accumulated
experience and learning from past failures, was traditionally transmitted across
generations, often in oral form.

The need to assess the structural capacity and performance of vulnerable ma-
sonry structures, particularly barrel vaults and arches, has become increasingly
relevant in the current era. This growing interest arises from multiple factors.
On one hand, there is a continuing effort to safeguard historical constructions,
motivated not only by their cultural and historical significance but also by their
economic value. On the other hand, the safety of people who visit or work in
such structures must be ensured under both normal service conditions and ex-
treme loading scenarios. This chapter provides a concise review of the analytical
methods developed for masonry arches, starting from the earliest approaches
based solely on geometry and progressing to plastic theory applied to arches and
vaults. In the second part, numerical methods are presented, with emphasis on
fundamental formulations and selected contributions from the literature that
are most relevant to the scope of this work. Finally, the conclusive remarks
summarise the key findings of this chapter, leading to the choice of the most
suitable method to be adopted for the purposes of this thesis, which will be
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further discussed in Chapter 6.

3.1.From historical approaches to limit analysis
Until the end of the 18th century, building rules for the construction of arches
and vaults were based on simple geometrical definitions, likely developed through
a process of trial and error, without a defined quantitative approach for assessing
the stability of arches. These empirical methods gave rise to the so-called “rules
of thumb,” which formed the basis for construction practice before the intro-
duction of analytical and numerical models. It is important to note that these
rules, which ignored material strength and considered only static conditions,
have nonetheless proven to be reliable [Di Pasquale, 1996]. Comprehensive dis-
cussions on the historical development of structural analysis and design methods
for masonry arches and vaults are available in Como [2016]; Heyman [1982];
Huerta [2001; 2008]; Di Pasquale [1996], and a brief overview is provided below.

3.1.1.Historical approaches
In his ten books on architecture, Vitruvius (1st century BCE) acknowledged
the thrusting action of arches, although he still relied on geometric rules to
describe their stability [Buttarazzi, 2013]. No formal written treatises appeared
again until the Renaissance and Baroque periods, as the empirical “rules of
thumb” were primarily transmitted orally during the Gothic period (12th–16th
centuries) [Gaetani, 2020; Roca et al., 2019]. Among the most notable rules
from the Gothic period were those later attributed to Blondel and Fr. Derand
(17th century), which prescribed that the width of the abutment should equal
one-third of the intrados length. Hernán Ruiz the Younger (16th century), in
his notebook, correlated the width of the abutment to the thickness of the arch,
representing a first simplified attempt to account for the weight of the structure
[Gaetani, 2020; Roca et al., 2019].

In his treatise De Re Aedificatoria, Leon Battista Alberti reviewed the construc-
tion principles known up to the 15th century and established proportional rela-
tionships among the height, thickness, and abutment width of arched bridges
[Buttarazzi, 2013; Roca et al., 2019]. An important exception of the period
is represented by the studies of Leonardo da Vinci on arch behavior. He can
be considered the first to approach arch stability and strength as a problem
influenced not solely by geometric dimensions. Notably, he defined the arch as
“nothing but a strength caused by two weaknesses” and stated, “If the arch, in
its attempt to break, exerts a force of 200 libra, provide an opposing force or
weight of 200 libra, and it will hold well”, offering one of the earliest scientific
insights into arch behavior. For more details on da Vinci’s reflections on arch
mechanics, the reader is referred to Buttarazzi [2013].

During the 17th century, new approaches for analyzing the form and stability
of arches emerged: (i) methods based on internal force distribution, and (ii)
kinematic approaches addressing the mechanisms of arch failure.
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Hooke’s catenary principle represented the first scientific contribution to un-
derstanding arch behaviour in terms of internal force distribution, expressed
through an analogy: as hangs the flexible cable, so inverted will stand the arch
[Como, 2016; Huerta, 2008; Roca et al., 2010]. Building on this, Gregory in
1690 refined the concept by stating that an arch, regardless of its shape, can be
considered stable only if an inverted catenary, also known as an anti-funicular
curve, is fully contained within its thickness.
In the same period, Philippe de La Hire investigated arch stability from a kine-
matic perspective, providing a scientific foundation for the empirical rules of
thumb. He validated these traditional rules for the specific case of a semi-
circular arch, macro-modelling the structure as a rigid block system in which
cracks form at a 45◦ angle from the springing line. This crack pattern results
in three rigid segments, assumed to interact through sliding between voussoirs,
thus neglecting friction, and allowing rotation only at the boundaries. Cou-
plet (1729–1730) refined this theory by linking arch stability to the maximum
number of hinges that can form before the structure becomes a mechanism,
with the voussoirs rotating around hinges positioned at either the intrados or
the extrados. His observations were based on three assumptions that remain
the foundation of modern limit analysis [Gaetani, 2020; Roca et al., 2019]: (1)
sliding between voussoirs is possible but not predominant, (2) the material has
zero tensile strength, and (3) the compressive strength is considered infinite.
In 1773, Coulomb introduced the method of maxima and minima, representing
an early application of the lower and upper-bound theorems [Buzzetti et al.,
2024]. According to his approach, collapse in arches is caused by relative ro-
tation between rigid blocks, with cracks potentially forming at any joint, while
sliding between blocks is possible but generally prevented by frictional forces.

3.1.2.Limit analysis of masonry arches
Limit or plastic analysis was first applied to masonry structures, particularly
arches, by Heyman [1982], although earlier applications to masonry were pro-
vided by Kooharian [1952]; Prager [1959] [Huerta, 2008; Como, 2016]. Limit
analysis, as introduced by professor Heyman was carried out under certain as-
sumptions, listed below as initially introduced:

� ”Sliding failure cannot occur”
� ”Masonry has no tensile strength”
� ”Masonry has an infinite compressive strength”

These assumptions are generally conservative, as sliding failures are unlikely to
occur. The hypothesis of infinite friction is more restrictive than reality, since
typical friction coefficients for masonry range from 0.60 to 0.75 [Roca et al.,
2019]. A similar reasoning applies to tensile strength, as masonry typically has
low tensile capacity. Failure generally occurs at unit–mortar interfaces, where
tensile strength ranges from 0 MPa for dry joints to approximately 0.2 MPa in
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historical mortar joints. The third assumption could be considered unsafe; how-
ever, due to the overabundance and redundancy of material, masonry structures
are typically stressed to values two orders of magnitude below their compressive
strength [Huerta, 2008; Roca et al., 2019].
According to these three main assumption, three theorems were formulated
[Roca et al., 2010]:

1. Lower bound theorem (also known as safe or static theorem) : the struc-
ture is considered safe, i.e., collapse will not occur, if a statically admis-
sible state of equilibrium can be found;

2. Upper bound theorem (also known as kinematic theorem): collapse will
occur if a kinematically admissible mechanism can be found for which the
work produced by the external forces is null or positive ;

3. Uniqueness theorem: if both a statically and a kinematically admissible
mechanism can be found, a condition of analysis is reached

A graphical representation of the limit analysis theorems is shown in Fig-
ure 3.1(a). The collapse load for a structure is indicated as Fu, while any
load solution obtained using the lower bound theorem (1), denoted Fsa, is
smaller than the collapse load and is therefore considered safe; conversely, any
load exceeding Fu, denoted Fka, is obtained using the upper bound theorem.

2.2.4 Comparison of results 
Figure 8 presents the load-displacement diagrams 
for the non-linear analyses calculations together with 
the ultimate load factors for kinematic limit analysis 
and Table 1 indicates the safety factors obtained in 
the different analyses. 
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Figure 8. Load-displacements diagrams for the different non-
linear analyses and limit analysis safety factor. 

 
Table 1.  Safety factors for the different analyses considered. 
Approach/Analysis type                                       Safety Factor 
Allowable stresses (fta=0.2 N/mm2) 0.31 
Kinematic limit analysis 1.8 
Geometric safety factor 1.2 
ft = 0, Physically non-linear 1.8 
ft = 0, Physically and geometrically non-linear 1.7 
ft = 0.2 N/mm2, Physically non-linear 2.5 
ft = 0.2 N/mm2, Phys. and geomet. non-linear 2.5 

 
The results obtained allow to conclude that: 

 Linear elastic analysis requires information on the 
elastic properties of the materials and maximum 
allowable stresses, resulting in information on the 
deformational behaviour and stress distribution of 
the structure. Limit analysis requires the strength 
of the materials, resulting in information on the 
failure mechanism of the structure. Non-linear 
analyses require the elastic properties, the 
strength of the materials and additional inelastic 
information (the stress-strain diagrams), resulting 
in information on the deformational behaviour, 
stress distribution and on the failure mechanism 
of the structure. 

 The �safety factors� associated with a linear elas-
tic analysis (and a maximum allowable stress) 
and with a static limit analysis (the so-called ge-
ometric safety factor) cannot be compared with 
the remaining safety factors. When such particu-
lar approaches are used, special care should be 
adopted if structural safety is a relevant issue;  

 For the simple structures presented, physically 
non-linear analysis and kinematic limit analysis 
yield the same failure mechanisms and safety fac-
tors, if a zero tensile strength is assumed. In com-
plex structures, when using simple hand calcula-
tions, it might be difficult to find the correct 
failure mechanism by using limit analysis. Addi-
tionally, if geometrically non-linear behaviour is 

also included in the analysis, the safety factor is 
reduced by around 10%, for the arch studied; 
The consideration of a non-zero, yet low and de-
grading, tensile strength increased the safety fac-
tors considerably. Therefore, when using non-
zero tensile strength, special care might be neces-
sary in real case applications, mainly because: 
(a) tensile strength is difficult to assess and 
(b) tensile strength might be severely reduced at 
critical locations. It is noteworthy to stress that 
different failure mechanisms might be triggered 
in the analyses. In the particular case of the semi-
circular arch, this is a minor difference and the 
non-zero tensile strength solution converges to 
the zero tensile strength solution, upon progres-
sive tensile strength degradation. The non-zero 
tensile strength final solution always exhibits 
higher strength than the zero tensile strength solu-
tion. Finally, when using non-zero tensile 
strength, the consideration of geometrically non-
linear behaviour seems to affect only marginally 
the calculation of the safety factors; 
The post-peak response obtained in a non-linear 
analysis is an important issue, when addressing 
safety factors. Indeed, brittle responses are dan-
gerous and, from a reliability point of view, yield 
lower safety margins. In specific cases, it may be 
sensible to adopt as safety factor the residual 
plateau found in the physically non-linear anal-
yses. Of course, in the case of combined physical-
ly and geometrically non-linear analysis, no plat-
eau will be found; 

 The fact that different methods of analysis lead to 
different safety factors and different completeness 
of results is not a sufficient reason to select one 
method over the other. 

3 SELECTED CASE STUDIES 

Figures 9 and 10 present selected case studies with 
the objective of demonstrating engineering applica-
tions of different analysis tools and approaches. Ta-
ble 2 indicates a summary of the relevant aspects for 
the different case studies. It can be seen that a multi-
plicity of approaches have been adopted including: 
both two-dimensional and three-dimensional mod-
els; both structural details, structural parts and full 
constructions; both static and dynamic loading; both 
using and neglecting soil-structure interaction; both 
combined physical and geometrical non-linear be-
havior, or solely physical non-linear behavior; both 
non-linear analysis, kinematic limit analysis and 
thrust-line analysis. The motto governing the deci-
sion to select one approach over the others was: Pre-
fer simplicity over complexity, using the analysis 
tool believed adequate. Here, it must be stressed 
that, as pointed out above, linear elastic behavior 
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Fig. 3.1: Limit analysis: (a) graphical formulation of the theorems, (b) comparison
of results obtained using limit analysis and other numerical formulations for an arch
subjected to a point load at one-quarter of the span [Lourenço, 2002].

The hypotheses of theorem 1 are implicitly satisfied if the thrust line, i.e.,
the geometrical locus of points where sectional forces act, constituted only by
compressive stresses [Roca et al., 2019], lies entirely within the geometry of
the structure. Since an arch is a three time indeterminate structure, multiple
solutions can be obtained by varying the three unknowns, typically defined
as the direction, point of application, and magnitude of the external force.
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This theorem is mainly solved using the graphical static approach for two-
dimensional structures, but it was later extended to vaulted structures through
the slicing technique, which involves analysing elementary arches within the
geometry of vaults and domes. This approach allowed the analysis of complex
geometries using a simple tool, particularly when studying domes or cross vaults.
A comprehensive discussion can be found in Huerta [2001; 2008], to which the
reader is referred.

Theorem 2 is based on the identification of a collapse mechanism, which in
the case of arches requires a minimum of four hinges. The mechanism is
analysed through the determination of instantaneous centers of rotation and
the calculation of the corresponding displacements. Given the forces and the
associated displacements, the virtual work equation can then be formulated,
allowing the determination of the load.

Finally, Theorem 3 requires that a kinematic mechanism satisfies both the up-
per and lower-bound theorems. If this condition is verified, the resulting load
corresponds exactly to the true collapse load.

The effectiveness of this tool has been demonstrated in several publications.
A clear understanding is provided by Figure 3.1(b), which shows the results of
analyses performed by Lourenço [2002] of an arch under a point load applied
at one-quarter of the span. It is worth noting that when the tensile strength
of the material is neglected, the load capacity obtained from limit analysis
using the kinematic approach coincides with that derived from Finite Element
Method simulations with the same assumptions. However, when geometric non-
linearities are considered, a significant discrepancy arises because limit analysis
cannot account for the load history. Despite this limitation, limit analysis re-
mains the subject of ongoing research, with numerous contributions focusing on
masonry structures, e.g. see the publications by D’Altri et al. [2020]; Galassi et
al. [2018]; Oliveira et al. [2010b]; Portioli et al. [2014]; Schiantella et al. [2024].

Modern approaches are generally formulated on the basis of either the kine-
matic theorem or the static theorem. Methods implementing the upper-bound
theorem incorporate more realistic material properties and were initially devel-
oped using rigid-block formulations to assess both in-plane and out-of-plane
collapse loads. In the latter case, simplified formulations have been proposed
to estimate collapse loads under seismic actions. For more details, the reader
is referred to Gilbert and Melbourne [1994]; Gilbert et al. [2006]; Orduña and
Lourenço [2003; 2005a;b]; Roca et al. [2010]. Furthermore, Milani [2008] pro-
posed a six-node curved element to model masonry vaults within a simplified
Finite Element (FE) environment. The material was represented through a ho-
mogeneous approach, and kinematic limit analysis was subsequently applied.
A subsequent approach was developed by Chiozzi et al. [2017] and Grillanda
et al. [2019], in which the mesh is composed of rigid bodies whose geometry
is defined by a parametric surface. This model reduces computational effort
and increases accuracy by combining homogenization with a limited number of
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mesh elements [Bianchini, 2023].
On the other hand, an optimization of the safe theorem for masonry vaults and
domes in a three-dimensional environment was proposed by O’Dwyer [1999] and
further developed by Block and Ochsendorf [2007] and Block [2009]. This ap-
proach, introduced as the Thrust Network Method (TNM), generates surfaces
defined exclusively by compression forces, thereby determining the correspond-
ing thrust lines. The initial formulation was limited to equilibrium states under
vertical loads but was later extended to account for horizontal actions in the
work of Marmo and Rosati [2017].
As previously mentioned, despite the limitations of the limit analysis method,
plastic analysis offers a reliable framework for assessing the ultimate load ca-
pacity of masonry structures. Moreover, it remains computationally efficient,
making it a valuable tool for both research and practical applications.

3.2.Numerical methods
The following sections aim to present and review the numerical methods most
commonly applied to the analysis of masonry structures, with particular at-
tention to masonry barrel vaults. Specifically, the discussion will address the
Finite Element Method, the Discrete Element Method, and the Discrete Macro-
Element Method, highlighting their potential and limitations. These aspects
will be examined through a review of selected contributions from the literature,
mainly developed over the past 20–30 years. The studies considered in this sec-
tion primarily focus on unreinforced and reinforced specimens, with an emphasis
on seismic capacity assessment and the modelling strategies that are most rele-
vant to the scope of this work. This review does not aim to be exhaustive, but
rather to provide a targeted synthesis aligned with the objectives of the thesis.
Finally, it should be noted that the term barrel vault is sometimes concealed in
the literature under alternative denominations, particularly in studies on arch
bridges, which can essentially be regarded as barrel vaults (e.g., Pelà et al.
[2009]; Reccia et al. [2014]; Tecchio et al. [2023]; Pantò et al. [2024]).

3.2.1.Finite Element Method
The Finite Element Method (FEM) provides a wide range of possibilities for
modelling masonry, ensuring accurate geometrical representation and multiple
levels of detail in describing the material. Unlike limit analysis, FEM not only
evaluates load capacity but also captures the evolution of the damage state by
incorporating constitutive laws that describe the stress–strain response at every
point and throughout the entire analysis process [Bianchini, 2023; Gaetani,
2020; Roca et al., 2010]. Masonry can be represented through several modelling
strategies, each offering different levels of detail and accuracy. A masonry
panel, composed of units and joints, can mainly be described according to two
modelling categories (see Figure 3.2):

� Micro-modelling: In this approach, all the constituent elements of the
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masonry assembly are explicitly represented under more or less realistic
assumptions. This technique allows for detailed monitoring of the struc-
tural response and can be further divided into two variants:

– Detailed micro-modelling
– Simplified micro-modelling

The main difference between these two approaches lies in the representa-
tion of mortar joints and mortar–brick interfaces. In the simplified case,
they are modelled as a single zero-thickness interface, with the units ex-
panded to compensate for the absence of joint thickness. In both variants,
the units and mortar joints are represented as continuum elements, with
elastic properties (and inelastic ones if required) assigned accordingly.
The interfaces, instead, primarily govern cracking and sliding phenom-
ena. This modelling strategy is typically adopted in research applications,
where detailed results are required. Simplified micro-modelling, however,
may also be applied to entire buildings by introducing an elementary
equivalent cell that represents the assemblage of multiple masonry units.

� Macro-modelling: In this approach, the masonry assembly is represented
as a continuum by means of homogenization techniques, and a consti-
tutive law is uniformly assigned to the entire structure. The material is
modelled as anisotropic, and the constitutive law may be derived either
phenomenologically or from micro-mechanical considerations. In the phe-
nomenological case, masonry properties are obtained from tests on suf-
ficiently large specimens subjected to homogeneous stress–strain states.
In the micro-mechanical case, the material parameters are computed as
average stress–strain responses through mathematical formulations that
account for the properties of individual components and their geometry.
This macro-modelling approach is particularly suitable for professional
practice, as it requires less computational effort and fewer input parame-
ters.

For further details on this topic, the reader is referred to Lourenço and Gaetani
[2022].
As expected, each of these approaches entails different levels of accuracy and
computational cost. Their reliability is strongly dependent on the availability of
experimental data, which are required not only to calibrate material properties
but also to identify the failure mechanisms governing the overall structural
response.

3.2.1.1.Micro-modelling
The following section presents a review of recent contributions that adopt a
micro-modelling approach. The discussion first considers unreinforced speci-
mens, with particular focus on their seismic response investigated through non-
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Fig. 3.2: Masonry modelling approached (adapted from Lourenço [1996]): (a) masonry
apparatus, (b) detailed micro-modelling, (c) simplified micro-modelling and (d) macro-
modelling

linear dynamic analysis. Subsequently, studies aimed at improving the under-
standing of masonry barrel vault behaviour are reviewed, addressing aspects
such as different load configurations, the effects of unit arrangement, and other
influencing factors. Finally, contributions that investigate the effectiveness of
reinforcement systems are discussed.

To the author’s knowledge, only two scientific studies have been published
on the seismic dynamic behaviour of masonry vaults using micro-modelling
approaches, which are briefly reviewed below.

In his Ph.D. thesis, Giamundo [2014] modelled a full-scale masonry barrel vault
using a detailed micro–modelling strategy. The modelling was intended to val-
idate the FE model against experimental results obtained from shaking-table
seismic tests, previously reviewed in Section 2.2.2. For the unreinforced spec-
imens, all non-linearities were concentrated at the interfaces, which were gov-
erned by a Mohr–Coulomb plasticity model. The retrofitted specimen was
analysed with a micro–approach where the mortar matrix and reinforcing grid
were represented separately using elastic truss elements. The mortar matrix was
assumed to exhibit ideal plasticity in compression. In contrast, the basalt grid
was modelled with brittle tensile failure and no compressive capacity, described
through a combined Rankine/Von Mises yield criterion. The numerical models
were used to perform various analyses aimed at validating the FE strategy and
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reproducing the experimental shaking-table results. Modal analyses provided
the vault’s fundamental modal properties, including frequencies and participat-
ing masses in both horizontal and vertical directions. Static non-linear analyses
were validated against load–displacement curves, deformed shapes, crack pat-
terns, and stress contour maps (see Figure 3.3(a-b)). For the retrofitted vault,
reinforcement at the extrados effectively prevented crack opening in that region,
confining the damage to the intrados. Dynamic non-linear analyses further val-
idated the numerical models against shaking-table tests. The results produced
force–displacement hysteresis cycles and maximum acceleration profiles, show-
ing good agreement with experiments for undamaged vaults. For damaged
vaults, however, the analyses highlighted the strong influence of damping pa-
rameters. This finding underlined the need to update the models with appropri-
ate damping ratios to capture the progressive damage observed under increasing
seismic input levels.

In a subsequent study, Plavsic et al. [2021] simulated the behaviour of unrein-
forced masonry vaults under cyclic quasi-static and dynamic earthquake load-
ing. Their objective was to model these structures accurately to assess their
non-linear response and ultimate strength, with particular emphasis on seismic
vulnerability. The authors adopted a simplified 3-D micro–modelling approach
in which masonry units were represented as expanded blocks. The interfaces
were defined as zero-thickness elements with non-linear properties governed by
a damage–plasticity constitutive law capable of capturing tensile, compressive,
and shear failure. Cyclic quasi-static tests were simulated by applying an accel-
eration time history at a master node, successfully reproducing the formation
of four hinges and the associated rocking mechanism of three distinct blocks
(see Figure 3.3(c)). The model was then subjected to seismic simulations repli-
cating the 1980 Irpinia earthquake in Italy, with both horizontal components
applied to the 3-D structure. Three seismic scenarios were analysed by scal-
ing the earthquake amplitude. In all cases, a four-hinge mechanism developed,
with crack locations consistent with those observed under quasi-static cyclic
loading. At higher intensity levels, an additional fifth hinge was also detected
(Figure 3.3(d)).

Marini et al. [2008] carried out an experimental and numerical study to investi-
gate the seismic behaviour of barrel-vaulted structures, with particular focus on
their rocking mechanisms under horizontal loading. In the experimental cam-
paign, a horizontal load was applied at the springing level. Different numerical
models were implemented to simulate the structural response. The non-linear
behaviour of the vaults was modelled using interface elements positioned be-
tween units, along the vault–backfill interface, between backfill and abutments,
and at the abutment bases, adopting a simplified micro-modelling approach
(Figure 3.3(e)). The models accounted for dead loads, vertical point loads at
the abutment tops, and horizontal point loads applied at the springing level.
Numerical results showed good agreement with experimental data in terms of
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Figure 5.21 Static nonlinear analysis: unreinforced vault stresses and enlargements of joint 

openings at the interfaces (values expressed in MPa) 

5.4.2 Retrofitted vault 

The load-displacement curve provided in Figure 5.22 shows an almost linear 

trend until a load of about 18 kN. The elastic limit is this case is more or less 

the same as the previous case of unreinforced vault. However, in the case of 

retrofitted vault, the curve is stiffer. After the initial quasi-elastic phase the 

trend of the load-displacement curve becomes clearly nonlinear. Then, the 

curve continues to grow nonlinearly until a load of about 80 kN, after which the 

curve levels off, highlighting a hinge formation. Then, the curve continues to 

grow and then level off again in three points, highlighting the development of 

the classic four hinges mechanism. In particular the formation of the further 

three hinges occurs at a load of about 90 kN, a load of about 110 kN and a load 

of about 120 kN. The analysis has been stopped for a horizontal load of about 

131 kN, which corresponds to an equivalent acceleration of about 5 g. Being 

the shaking table tests performed at lower acceleration, higher accelerations 

were not taken into account. 
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extrados in the locations where the plastic hinges occurred on the unreinforced 

model, stress peak (more than 500 MPa) has been noticed. 

 

 

Figure 5.25 Static nonlinear analysis: retrofitted vault stresses and stresses and enlargements of 

joint openings at the interfaces (values expressed in MPa)  

5.5 Dynamic nonlinear analyses  

Dynamic nonlinear analyses have been performed on both the reinforced and 

the unreinforced vault FE models. The analyses are aimed to the validation of 

both the FE models (i.e. unreinforced and retrofitted vault). Therefore the 

dynamic nonlinear analyses have been performed on the FE models presented 

in the section 5.1 and calibrated in the section 5.2. The Newmark time 

integration scheme, unconditionally stable for the chosen parameters, was 

adopted with a time step equal to 10 ms (earthquake signal sampling 

was 100 Hz) to grant accuracy. In the following sections a brief review of the 

main modelling parameters and outcomes are provided.  

(a) (b)

h h

(c) (d)

(e) (f)

Fig. 3.3: Analysis of seismic dynamic aspects from several contributions: (a-b) de-
formed shapes for the unreinforced and reinforced models (adapted from Giamundo
[2014]), (c-d) deformed shapes under cyclic quasi-static loads and seismic inputs
(adapted from Plavsic et al. [2021]), and (e-f) FE model and corresponding deformed
shape (adapted from Marini et al. [2008])

crack patterns (see Figure 3.3(f)), load–displacement curves, and vertical dis-
placements along the vault crown. This comparison validated the accuracy of
the implemented numerical models.

Other studies have also adopted a micro-modelling approach to examine the
response of masonry barrel vaults under different load configurations and to
investigate the influence of unit arrangement.

In his Ph.D. thesis, Alforno [2021] adopted a simplified micro-modelling ap-
proach to investigate the arrangement of bricks in a masonry barrel vault while
maintaining the same overall geometry. The study highlighted the effectiveness
of different brick arrangements under various load scenarios, including self-
weight, abutment settlements, and both vertical and horizontal shear failure
mechanisms at the boundaries. The analysis primarily consisted of a paramet-
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ric study of brick arrangements, mainly. radial, diagonal, and vertical patterns
(see Figure 3.4(a)). The material parameters for the study were selected based
on previous literature contributions. Overall, the results demonstrated that no
single brick pattern performed best across all load scenarios.

Hejazi and Sadeghi [2022] subsequently carried out a similar investigation on
masonry barrel vaults, comparing Roman and Persian brick arrangements us-
ing a detailed micro-modelling approach. The interfaces between brick units
and mortar were explicitly modelled using contact and target elements, with
mechanical properties drawn from the literature. The Willam–Warnke failure
criterion was adopted to describe the inelastic behaviour of the components.
The geometrical models included three arch profiles prevalent in Persian ar-
chitecture and two primary brick arrangements were considered: Roman, with
bricks laid normal to the arch plane, and Persian, with bricks laid in annular
courses perpendicular to the arch length (see Figure 3.4(b)). The investigation
considered vaults of varying depths and arch profiles. The results highlighted
how different combinations of arch shapes and brick arrangements are better
suited to specific load patterns.

Other studies have focused on the micro-modelling not only of the masonry
apparatus but also of reinforcement systems, which were typically applied at
the extrados.

Castellano et al. [2020] modelled a masonry barrel vault including all constituent
parts and FRCM strengthening at the extrados (see Figure 3.5(a)). The fibers of
the reinforcement system were idealised as equivalent elasto-damaging trusses,

(a)

(b)

Fig. 3.4: Analysis of different units arrangements from several contributions: (a)
deformed shapes under vertical settlements simulations (adapted from Alforno [2021]),
and (b) principal stress distributions (adapted from Hejazi and Sadeghi [2022])
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exhibiting brittle behaviour with negligible compressive strength. A Concrete
Damage Plasticity (CDP) model was assigned to the stones, mortar joints, and
cementitious matrix. This formulation incorporates stiffness degradation gov-
erned by damage variables ranging from 0 (undamaged) to 1 (complete stiffness
loss), with distinct behaviours in tension (exponential softening) and compres-
sion (parabolic softening). To reduce computational effort, only a 100 mm
portion of the vault’s thickness was modelled. A non-linear analysis was per-
formed under an incremental load applied at approximately one-third of the
span. The model successfully reproduced the global stiffness of the system,
although the simulated damage pattern did not fully match the experimental
observations used for validation.

Futhermore, Castellano et al. [2023] proposed a method to model masonry bar-
rel vaults reinforced at the extrados. The masonry apparatus was represented
using a simplified micro-modelling approach, while the reinforcement system
was modelled as a continuum with embedded bars (Figure 3.5(b)). The ma-
sonry units were represented using a Total Strain Rotating Crack model, while
the zero-thickness interfaces followed a discrete cracking law. The reinforce-
ment matrix was also governed by a Total Strain Rotating Crack model, with the
reinforcement–substrate interfaces again described using the discrete cracking
model. The numerical analyses successfully reproduced the global behaviour
of the reinforced vault, accurately capturing the collapse load and displace-
ment at peak load. The model also simulated the formation of hinges and the
subsequent progressive debonding and cracking patterns, demonstrating its ca-
pability to represent stress-transfer mechanisms within the reinforced structure
(see Figure 3.5(c)). Minor discrepancies in the results of the unreinforced vault
were observed. The model was also employed for pushover analyses to assess
seismic capacity, which demonstrated a significantly increased horizontal load
multiplier for the reinforced vault compared to the unreinforced one.

3.2.1.2.Macro-modelling
Similarly to the previous section, the following review focuses on studies inves-
tigating the behaviour of masonry barrel vaults using a homogeneous approach.
Contributions addressing seismic capacity are presented first, followed by stud-
ies examining other load configurations and additional aspects of interest for
the aim of this work.

Alejo et al. [2021] investigated the seismic behaviour of a church in Moreira,
Mexico, focusing on its nave barrel vault and evaluating a proposed strength-
ening technique for this structural element. Several numerical models were
developed to study the vault, ranging from a 2-D sectional model to a com-
prehensive 3-D model of the entire church, each with a different level of detail
(Figure 3.6(a)). Non-linear pushover analyses were performed on all models,
revealing that the lowest load capacity of the church occurred when analysing
the vault. A strengthening technique was then proposed for the nave’s barrel
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(a)

(b) (c)

Fig. 3.5: Reinforced vault models from previous contributions: (a) general FE model
and details (adapted from Castellano et al. [2020]), and (b-c) modelling approach and
deformed shapes with highlighted hinges (adapted from Castellano et al. [2023])

vault, consisting of a masonry stiffening element at the extrados and a carbon-
FRCM layer applied on top, modelled with a perfect bond (Figure 3.6(b)). This
intervention significantly increased the horizontal load capacity of the vault. In
the unstrengthened configuration, hinges formed in four locations, while in the
strengthened vault, hinges appeared at the same locations, but the damage
distribution shifted toward the connection between the lateral stiffener and the
vault.

Mart́ınez et al. [2025] continued the analysis of the previously studied church
to evaluate the expected linear and non-linear dynamic behaviour under three-
component seismic excitations. The complete church model (Figure 3.6(c))
was subdivided into six independent macro elements to facilitate calibration of
dynamic properties and allow more detailed analysis. One of these macro el-
ements corresponded to a barrel vault, selected based on zones typically most
seismically vulnerable in churches of this type (Figure 3.6(d)). The CDP model
was employed to represent the compressive and tensile behaviour of masonry.
Model calibration was performed using vibration frequencies and mode shapes
obtained from an experimental campaign. For seismic loading, four accelero-
grams from the 2017 Mexico City earthquake, two accelerograms from other
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recorded ground motion events, and two synthetic accelerograms were used to
broaden the seismic demand scenarios. The analysis results confirmed exist-
ing crack patterns in the barrel vault, particularly along the keystone and its
connection with the bell tower. A longitudinal crack along the intrados of the
barrel vault was also observed.

(a)

(d)

(b)

(c)

Fig. 3.6: Macro-modelling of barrel vaults from previous contributions: (a-b) models
used and model of the proposed reinforced system (adapted from Alejo et al. [2021]),
and (c-d) mesh and macroelements of the church (adapted from Mart́ınez et al. [2025])

Subsequently, several studies addressed the behaviour of masonry barrel vaults
under self-weight or service loads, also focusing on real-case applications.

Creazza et al. [2000] proposed a numerical model using a homogenization ap-
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proach to describe both the damage patterns and the ultimate load capacity
of a barrel vault subjected to self-weight and a progressively applied load near
one-quarter of the span. The model employed a two-parameter damage for-
mulation, treating the composite material (mortar and brick) as an equivalent
isotropic, homogeneous continuum. This damage formulation accounted dam-
age for both tensile and compressive stresses. Experimental results confirmed
the formation of four hinges, which the 3-D numerical model successfully repli-
cated (Figure 3.7(a)).

Bartoli and Betti [2013] conducted a detailed study to investigate the sudden
collapse of the keystone of a barrel vault in the Cappella dei Principi, Flo-
rence, Italy. The vault, tambour, and main structural elements were modelled
in both 2-D and 3-D using a macro-modelling approach (see Figure 3.7(b-c)),
with material properties derived from in-situ testing. Both linear and non-linear
analyses were carried out to validate the numerical models and identify struc-
tural problems leading to the local collapse. The results showed that vertical
loads and the relative stiffness of structural elements, rather than the dome’s
horizontal thrust, were the primary causes of tensile stresses and subsequent
keystone failure.

Reccia et al. [2014] adopted a homogenization approach based on a Repre-
sentative Elementary Volume (REV) to model the Venice trans-lagoon railway
bridge, which featured a masonry barrel vault (Figure 3.8(a)). The vault was
represented as an orthotropic homogenized material exhibiting softening be-
havior, derived from a 3-D finite element discretization of the REV. The lat-
ter was defined based on the actual arrangement of bricks and governed by
a Mohr–Coulomb failure criterion. Numerical analyses of the railway bridge
provided insight into its non-linear structural response under various loading
conditions, mainly train loads and pier settlements. Additionally, the analyses
investigated the contributions of backfill and cohesion to the overall structural
response through pushover simulations.

Cöısson et al. [2020] investigated a pavilion barrel vault at the Pilotta Palace,
Parma, Italy. The vault geometry was accurately represented through 2-D-
beam finite elements, with dead and variable loads applied as concentrated
forces at centroids. The CDP model was adopted to describe the mechanical
behaviour of the masonry. Analyses were conducted in two main phases: first,
the vault was modelled with constraints at the springings to compare directly
with classical analytical estimates of maximum compressive stress and horizontal
thrust, assuming a three-hinge mechanism; second, the model incorporated
supporting walls and metal tie-rods represented by beam elements. Collapse
mechanisms observed in the FEM analyses were typically driven by compressive
failure of the masonry, while the tie-rods remained within the elastic range
throughout the simulations.

Lastly, Tarhan and Uysal [2023] investigated the effect of optimal reinforce-
ment arrangements on masonry vaults through a FEM-based study. Numerical
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Figure 12 and Figure 13 show respectively the maximum principal strains and the d+ damage
contour for the same four stages of the analysis.

It is worth noting the subsequent formation of the four hinges, in perfect agreement with the
experimental evidence (Figure 9).

(a) (b)

(c) (d)

Figure 12: maximum principal strains at a displacement of
(a) 0.1 mm; (b) 0.157 mm; (c) 0.195 mm; (d) 0.275 mm

As expected, the collapse mechanism of such a cylindrical vault depends only on the tensile
strength of the material, while its compression strength is not influent. In fact the variation of the fc
value does not produce substantial variation on the obtained results.

On the other hand, in the previous example the value of the compression strength provided a
considerable contribution to the global behavior of the hemispherical dome.

Figure 14 shows the deformed configuration of the cylindrical barrel vault in correspondence of
the collapse load.

(a)

(c)(b)

Fig. 3.7: Macro-modelling of barrel vaults from previous contributions: (a) principal
strains (adapted from Creazza et al. [2000]), and (b-c) stress distributions (adapted
from Bartoli and Betti [2013])

specimens were reinforced at the extrados, intrados, or both using FRP mate-
rials under two loading conditions (see Figure 3.8(b)), and a 3-D macro-model
with homogeneous material configurations was developed to simulate their be-
haviour. Mechanical properties were derived from experimental tests and con-
sidered exclusively in the linear range. Contact between the reinforcement layer
and the masonry substrate was assumed to be a perfect bond, and validation
showed good agreement between the numerical model and experimental results
from previous studies available in literature. Reinforcement at the intrados
was found to be the most effective in terms of material efficiency and overall
enhancement of structural performance.

3.2.2.Discrete Element Method
Although the Discrete Element Method (DEM) was originally developed for
analysing slope mechanisms in hard rock, where separation paths are already
known, it has found extensive applications in the field of masonry structures
(e.g., Bianchini [2023]; de Felice et al. [2017]; Giamundo et al. [2014]; Petracca
et al. [2017]; Pulatsu et al. [2016; 2020a]).
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(a)

(b)

Fig. 3.8: Previous studies on barrel vaults adopting a macro-modelling approach: (a)
FE model (adapted from Reccia et al. [2014]), and (b) FE model with different load
application points (adapted from Tarhan and Uysal [2023])

The method relies on a discontinuous approach, in which masonry is modelled
as units, generally assumed as rigid bodies, separated by joints represented by
a set of contact points or edges.

According to its pioneers Cundall and Hart [1971] and subsequent studies [Roca
et al., 2010; Lemos, 2007], DEM differs from the FEM in several ways:

� Blocks are rigid or deformable, but the system’s overall deformability is
primarily controlled by the joints;

� No restrictions are imposed on the shape of the blocks;
� Interactions between blocks are governed by contact points or edges,

and the stress distribution across the contact surface can not be directly
obtained;

� Contacts can be soft, described by normal and tangential stiffness, or
hard.

� Each block can be discretised independently of adjacent blocks, and full
separation between blocks is allowed without restrictions on the magni-
tude of displacements.

� Changes in forces result from changes in displacements, and these incre-
mental forces are added to the pre-existing forces.
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� DEM models typically adopt a time-stepping solution algorithm.
� Displacements and velocities are derived from accelerations, which are

computed from forces and moments acting on each block.

DEM has been widely applied to the dynamic analysis of masonry structures
subjected to seismic actions (e.g., AlShawa et al. [2012]; Baggio and Trovalusci
[1995]; Gobbin [2021a]; Pagnoni [1994]; Schiavoni et al. [2023]). Masonry
arches and vaults, in particular, are key elements for DEM applications [Alexakis
and Makris, 2017; Lemos, 2007; Pulatsu et al., 2018].

A review of notable studies on masonry barrel vaults using DEM is presented
below. Contributions are first grouped according to investigations of seismic
behaviour, followed by studies addressing other structural aspects.

Lemos [1998] employed a 3-D Discrete Element (DE) model to simulate the
seismic behaviour and failure mechanisms of arch structures. The solution was
obtained by numerically integrating the equations of motion over time using
an explicit algorithm. Material properties of the joints were modelled using a
Mohr–Coulomb constitutive law. Loading involved first applying self-weight,
followed by dynamic loading prescribed as motion at the support blocks, with
the same earthquake input applied to both supports and scaled until struc-
tural failure occurred. The DE model successfully captured failure processes,
including the typical four-hinge mechanism observed in circular arches (see Fig-
ure 3.9(a)).

Alexakis and Makris [2017] used a DE model primarily to validate a new formu-
lation methodology to determine the limit states of single-nave masonry barrel
vaults. Blocks were treated as rigid bodies, friction angles along joints were set
to prevent sliding, and the tensile strength of mortar was neglected. Gravita-
tional and horizontal inertial loads were applied at the centroids of each block
as static forces. Two hinging mechanisms were evaluated: hinges developing
only in the arch profile, or hinges extending into the buttresses (Figure 3.9(b)).
The last configuration was found to be more critical, as it activated at a lower
seismic input.

Girardello and Valluzzi [2013] adopted a DEM approach to model and com-
pare numerical and experimental results for both unreinforced and strength-
ened masonry vaults. The vaults were tested under vertical cyclic loads applied
either at one-quarter or at three-quarters of the span. Blocks were assigned
elastic isotropic material properties, while contact areas were governed by a
Coulomb yielding criterion. Reinforcement at the extrados was simulated using
deformable blocks connected by two-node cable elements. The unreinforced
model was analysed through a force-based time-history procedure. Given the
high computational cost, the strengthened vault was instead loaded with the
maximum force recorded during the corresponding experimental test. Numer-
ical results for the unreinforced specimen showed good agreement with the
experimental response, successfully reproducing hinge-opening behaviour. In
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Free-standing arches existing in partially ruined monuments often display some 
lateral constraint at the abutments. This effect was simulated by placing 3 blocks on 
either side of the arch, to a height of 4.1 m. These blocks were not laterally restrained, 
resisting the collapse mechanism only by their weight. However, the results indicate a 

            
 

Fig. 5 - Circular arch. In-plane and out-of-plane failure modes. 
 
 
substantial increase in strength, particularly in the dynamic runs (Table 2).  The 
failure mode is shown in Fig. 6. 
 

 
 

Fig. 6 - Failure mode for partially confined circular arch. 
 
 
5.4 Pointed arch 
 
The results of the pointed arch analyses are summarised in Table 3. This structural 
shape and cross-section lead to a higher strength than the circular arch. One of the in-
plane failure modes obtained is shown in Fig. 7. Several variations on this mode were 
obtained, some with significant slip near the key block, leading to disengagement of 
the blocks. The out-of-plane loading for this arch produced always out-of-plane 
collapses, such as the one in Fig. 8, which involves significant block rotations. 
 
 

Table 3 - Pointed arch model - Failure peak accelerations  
 

 kn 
(MPa/m) 

in plane 
loading 

out of plane 
loading 

static  0.19 g (I) 0.20 g (O) 

(a)

(b)
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sliding between the voussoirs had initiated earlier, the experimental test was stopped when the 
vertical displacement on the control point 3Y was 47 mm. 

 
Figure 6: Control points and major principal stresses for the reinforced vault at failure 

(deformed shape x1). 

Table 8: Displacement of the control points at failure (when displacement 3Y=47mm). 

Control point 1Y 2X 3Y 4X 5Y 6X 7Y 8X 9Y 10X 
Numerical Displacement [mm] -5.9 11.4 -47.0 35.4 13.5 25.2 26.7 30.5 14.2 21.7 

Experimental Displacement [mm] -4.0 11.8 -47.0 29.4 4.1 22.3 30.3 23.1 12.6 24.2 

The failure in the experimental test came due to sliding of the interface between two 
masonry blocks near the load application point. The same failure mechanism was managed to 
be reproduced in the numerical analysis. Another behaviour of the experiment which was 
reproduced well was the detachment of the reinforcement around the force application point. 
It can be seen that, in general terms, the numerical values are close to the experimental results 
giving reliability to the performed numerical analysis. 

4. CONCLUSIONS 
The following conclusions are deduced for experimental and numerical results: 
 SRG composite materials present a more ductile behaviour and reduced installation 

costs compared to SRP and CFRP. 
 The steel spikes on the springings prevent the sliding on the first joints near the 

supports and increase the maximum loads of the specimens. 
 Lime-based mortar is a good alternative to epoxy matrix, bonding the steel fibres at 

the masonry substrate and increasing the ductility of the strengthening system. 
 Basalt net with inorganic matrix present a maximum load lower than SRG with a short 

plastic branch and a brittle behaviour, controlled by a strong bonding of the external 
filaments in the strand and a slip of the inner filaments (Banholzer et al., 2006). 

(c)

Fig. 3.9: Overview of previous studies on barrel vaults and arches using DEM: (a)
Failure of arches [Lemos, 2007], (b) examples of some of the DEM models adopted
(adapted from Alexakis and Makris [2017]), and (c) stress distribution at failure
(adapted from Girardello and Valluzzi [2013])

the strengthened vault, the model replicated the sliding failure mechanism and
detachment of reinforcement around the loading point (Figure 3.9(c)).

Fang et al. [2019] adopted DEM to overcome the limitations of Thrust Line
Analysis (TLA), an application of the lower-bound theorem, by providing a more
detailed stability assessment. A barrel vault was modelled as the extrusion
of a semicircular arch, and the results showed that stability predictions and
hinge locations were consistent with those of the arch. Specifically, the study
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determined the minimum thickness-radius ratio required for stability under self-
weight. This threshold for barrel vaults closely matched that predicted by TLA
(see Figure 3.10(a)).

In their study on the Pilotta Palace vault, Cöısson et al. [2020] employed a DE
model where masonry units were idealized as large macro-blocks to enhance
computational efficiency. The model simplified the structure to a representa-
tive 1-meter section. Non-structural elements were considered as concentrated
forces applied at the centroids of the respective elements. A sensitivity to pa-
rameter calibration was found, especially when dealing with stiffness between
blocks. This issue led to the conclusion that DEM is predominantly a powerful
research tool for research case studies, but its application in standard profes-
sional practice remains challenging.

The effects of brick pattern and infill on the stability of masonry vaults under
support settlements were investigated by Boni et al. [2022]. In the DE model,
the blocks were treated as rigid elements, while the infill was represented by rigid
spheres. The study considered a barrel vault as a reference case and analysed
six different brick arrangements (see Figure 3.10(c)). Vaults were subjected
to three types of quasi-static support settlement, applied either vertically or
horizontally on one or two supports. The results showed a typical three-hinge
failure mechanism, with brick pattern significantly influencing vault stability.
The presence of infill generally enhanced stability by increasing the displacement
capacity at collapse.

3.2.3.Dicrete Macro Element Method
The Discrete Macro-Element Method (DMEM), first introduced by Caliò et al.
[2005] and Caliò and Pantò [2008], approximates the non-linear response of ma-
sonry structures using discrete macro-elements. Each element is conceptualized
as an articulated quadrilateral with rigid edges and hinged vertices, intercon-
nected by two non-linear diagonal springs that capture in-plane shear behavior.
Interactions with adjacent elements are modeled through zero-thickness inter-
faces consisting of discrete non-linear springs, which simulate typical failure
mechanisms such as flexural rocking, diagonal cracking, and sliding. Originally
limited to 2-D in-plane analysis, the method was later extended to 3-D to incor-
porate out-of-plane motions and rigid body movements, maintaining a balance
between accuracy and computational efficiency.

A formulation for masonry curved structures was proposed by Caliò et al. [2010]
and Cannizzaro [2011]. In this extension, the macro-element is represented as an
articulated irregular quadrilateral with rigid edges, where in-plane deformation
is controlled by non-linear diagonal links. Interaction with adjacent elements or
external supports is managed by spatial interfaces, generally inclined relative to
the quadrilateral’s plane. These contain discrete non-linear links calibrated to
reproduce membrane, flexural, torsional, and sliding behaviour, thereby decou-
pling distinct failure mechanisms.
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model, in order to obtain the desired elongation and the deformed configuration of the 
structure. In the second step, a tie-rod with the real spring constant k was added to the 
deformed vault obtained in the first step. When the infill is used, it produces a horizontal 
pressure that modifies the behavior of the model: an overturning mechanism of the upper wall 
is triggered (Figure 7), and the structure loses its bearing capacity even without the addition of 
increasing overloads. Displacement values computed in the various models configurations are 
shown in Table 2. 

 
Figure 7: DEM analysis: vault constrained at the spring and model with tie-rod and supporting walls 

4 RESULTS AND DISCUSSION 
The results obtained with the four different methods are here discussed both in terms of 

forces and in terms of displacements (the latter, obviously, only for the numerical methods). 

4.1 Horizontal thrust and compression stresses  
Table 1 reports the horizontal thrust H and the compression stress obtained with the four 

different methods and with the four different load conditions (dead loads, dead loads plus live 
loads for reading room use, Ultimate Limit State, collapse condition). Their comparison allow 
to make some observations about the compliance of the different methods and about their 
reliability for a static safety assessment of the vaults. 

The maximum values of compressive stresses in the first three load cases obtained with the 
are 0.486 MPa, 0.445 MPa and 0.546 MPa respectively. The value in collapse 

condition is equal to the design compressive strength value. The higher stress value in the 
case of dead loads only shows a positive impact of the variable loads on the vault stability. 
The results obtained with the ARCO software confirm the same trend observed in the 
previous approach; in fact the values for the maximum compressive stresses in the cross 

(b)

4. Analysis of barrel vaults 

(c)

Fig. 3.10: DE models form literature: (a) comparison between TLA and DEM results
(adapted from Fang et al. [2019]), (b) model with and without infill (adapted from
Cöısson et al. [2020]), and (c) different units pattern analysed (adapted from Boni et
al. [2022])

Many contributions have been provided in the last 20 years, especially focusing
on the seismic behaviour of masonry structures (e.g., Caliò et al. [2012]; Can-
nizzaro and Lourenço [2016]; Castellazzi et al. [2022]). Although, as previously
stated, a formulation on curved structures has been provided, to this author’s
knowledge, only two studies address specifically masonry barrel vaults, of which
a brief review will below be provided.

Caddemi et al. [2019] applied DMEM to investigate the non-linear behaviour
of a five-arch masonry railway bridge in northern Italy. The interaction be-
tween adjacent macro-elements was concentrated in zero-thickness cohesive
interfaces, which incorporate the non-linear behaviour of masonry through a
homogenisation technique based on calibration along two principal directions.
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The interfaces were discretised with transversal non-linear links. Additional slid-
ing links, including one aligned with the interface axis and two orthogonal to it,
governed in-plane and out-of-plane sliding as well as torsional behaviour. Diag-
onal shear was represented using a Mohr–Coulomb law with linear softening in
both tension and compression. Validation was carried out by comparing the first
three vibration modes and frequencies, showing excellent agreement with linear-
elastic behaviour. A pushdown analysis, simulating an anti-symmetric loading
condition induced by a train convoy, was also performed (see Figure 3.11(a-
b). The model accurately predicted the deformed shape and collapse damage
pattern, which showed good agreement with observed behaviour.

Pantò et al. [2021] proposed a DMEM-based strategy to simulate masonry
arches strengthened with Steel Reinforced Grout (SRG) composites. Both ma-
sonry and reinforcement were modelled with rigid elements interacting through
one-dimensional non-linear links (see Figure 3.11(c)). Masonry blocks were
represented by hinged panels with rigid edges, where flexural behaviour was
governed by an elasto-plastic law, shear response was elastic, and joint sliding
followed a rigid-plastic Mohr–Coulomb criterion. The reinforcement was de-
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Table 1: The mechanical properties adopted in the numerical simulations 

Elements fm 
[MPa] 

0 
[MPa] 

E 
[MPa] 

G 
[MPa] 

w 
[kN/m3] 

ft 
[MPa] 

Gft 
[N/mm] 

Gfc 
[N/mm] 

Abutment, pier, spandrel wall 5.8 0.4 2060 860 22 0.12 0.02 100 

Masonry arches 2.6 0.3 1200 500 18 0.12 0.02 100 

Backing, fill material, ballast 1.1 0.05 700 290 19 0.05  100 

4. DMEM VERSUS FEM  
The DMEM has been implemented in the HiStrA-
Bridge software that allows to model typical 
masonry arch bridge with the aid of a powerful 
parametric graphical user interface. The 
applications reported in the following aim at 
validating the model both in the linear and 
nonlinear fields through a comparison between 
the results obtained by the DMEM and a nonlinear 
FEM simulation. 

4.1 Validation of the model in the linear 
field 

In Figure 3 a general view of the 3D HiStrA-DME 
model and LUSAS-FEM models are reported. In the 

LUSAS model the HX20K solid element has been 
adopted for linear and nonlinear simulations [26]. 
The nonlinear FEM discretisation is consistent to a 
total number of 12080 solid element 
corresponding to 349362 degrees of freedom. The 
ratio of the DMEM/FEM degrees shows that 
HISTRA-bridge model requires only the 3,5% 
degrees of freedom compared to the LUSAS 
model. In the DMEM, the distribution of mass has 
been considered by assigning the total mass of 
each masonry macro-portion to the centre of mass 
of the corresponding macro-element. The linear 
eigen-properties, provided by the two models, 
assuming homogeneous elastic and isotropic 
material, have been evaluated and compared. 

 
(a) 

 
(b) 

Figure 3: 3D general views of (a) HISTRA and (b) LUSAS models. 

 

Figure 4 reports the first three vibration mode 
shapes and the corresponding frequencies. It can 
be observed how the two models provide very 
close results, although based on different 
approaches characterised by a strongly different 

computational costs. This comparison, performed 
on the linear elastic context, shows an excellent 
linear elastic validation between the two 
approaches. 

IABSE Symposium 2019 Guimarães: Towards a Resilient Built Environment - Risk and Asset Management 
March 27-29, 2019, Guimarães, Portugal 

9 

It is important to specify that the nonlinear 
FEM model does not require the definition of the 
shear strength 0, being the nonlinear behaviour 
related only to the tensile and compressive 
strength and to the corresponding fracture 
energies. In DMEM, the shear diagonal behaviour 
is governed by internal shear deformability of the 
element. For this reason in the simulation 
performed in HiStrA two different analyses have 
been performed. The first one considering a linear 
elastic shear diagonal deformation (reported in 
Figures 6a and 7a) and the second one assuming a 
nonlinear shear-diagonal behaviour characterised 
by a Mohr- 0, as reported in 
table 1, and friction coefficient µ=0.5 (reported in 
Figure 6b and 7b).  

Figures 6 and 7 report the total vertical load as 
a function of the vertical displacement of the 5 
target points identified in Figure 5.  

A very good agreement between the DMEM 
and FEM can be observed. The results obtained by 
the proposed DMEM appear to be more 
conservative in terms of ultimate strength 

although characterised by a more ductile 
behaviour. As can be observed by comparing 
Figures 6a and 7a with Figures 6b and 7b, The 
assumption of shear-diagonal nonlinear behaviour 
leads to a lower strength capacity of the bridge. 
However, the characterization of the shear 
diagonal behaviour with a specific constitutive law 
cannot be performed with the FEM simulation.  

It is worth to emphasize that the correct 
definition of the shear-failure mechanical 
parameters in a DEM approach as well as the 
capability of the concrete-based FEM models to 
correctly predict combined flexural-shear 
response of masonry structures represent a  key 
numerical issue that should be further 
investigated.  

In Figure 8, the results of the nonlinear static 
analyses, expressed in terms of deformed shape 
and damage pattern at collapse, are compared. A 
good agreement between the two approaches can 
be observed also in terms of damage scenario 
prediction. 

   

(a)                                                             (b) 
Figure 8. Push-down comparison. DMEM (a) versus FEM (b), damage scenario, frontal and 3D-view. 

 

5. Conclusions 
In the present work, a recently introduced 

discrete three-dimensional macro-element 
method for curved masonry structure is 
improved and applied to a typical multi-span 
masonry railway arch bridges. The model is 
based on a discrete macro-element approach 
that allows a reliable simulation of the linear 
and nonlinear response of masonry bridges 

with an significant lower computational cost if 
compared to classical nonlinear FEM analyses. 
The equivalence between a masonry portion 
and the corresponding macro-element is 
geometrically consistent and the element 
calibration is based on a simple fibre 
discretisation of the masonry portion leading 
to a modelling strategy that does not require 
an expert judgement since the interpretation 

(a) (b)

(c)

Fig. 3.11: DMEM models form literature: (a-b) model and damage pattern (adapted
from Caddemi et al. [2019]), and (c) conceptual scheme of discretisation (adapted
fromPantò et al. [2021])
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scribed as rigid plates connected by axial links reproducing tensile behaviour
up to rupture, bonded to the masonry arch through zero-thickness interfaces.
The non-linear response of the arches was simulated under asymmetric vertical
loading, specifically using one concentrated monotonic force. The model cap-
tured the primary failure mechanisms of both SRG and masonry, including fabric
rupture, debonding, and masonry cracking, crushing, shear, or sliding. The so-
lution procedure adopted an iterative Newton–Raphson scheme combined with
the arc-length method. Substantial agreement was observed with experimental
results, particularly regarding ultimate load capacity and failure modes involving
flexural plastic hinges.

3.2.4.Conclusive remarks
In conclusion, the main findings emerging from the review of numerical models
applied to masonry barrel vaults can be summarised as follows:

� Numerical models have been developed to address both unreinforced and
reinforced masonry barrel vaults.

� Within FEM formulations, studies focusing exclusively on masonry barrel
vaults through acceleration time histories are mainly motivated by scien-
tific and research purposes rather than practical applications.

� Micro-modelling approaches are better suited to capture the dynamic
behaviour of these structural elements throughout the analysis.

� Macro-modelling is more appropriate for case studies of historical con-
structions, where the complexity of the structures and their connections
with adjacent elements would be too demanding to address with more
detailed approaches.

� Numerical models are employed both to assess the current state of dam-
age and to evaluate the effectiveness of strengthening interventions.

� Applications of the DEM are almost exclusively limited to research case
studies.

� DEM requires a clear separation between units and interface elements,
which reduces its applicability to well-defined elements whose material
properties are known.

� In several DEM applications, non-structural elements and loads have been
applied at the centroid of masonry units, creating challenges in determin-
ing the exact number of elements to be modelled.

� Most analyses evaluate the vault capacity under a point load applied
either at one-quarter of the span or at the keystone.

� Assessments of seismic capacity are usually conducted by means of pushover
analysis, with only limited applications of non-linear dynamic analysis.
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4. Experimental campaign test se-
tups

This chapter provides a comprehensive overview of the tested specimens, ex-
perimental setups, and testing methodologies adopted in this research. Two ex-
perimental campaigns were carried out, during which a total of three masonry
barrel vault specimens were investigated. The chapter is organized into two
parts. The first covers the initial experimental campaign, assessing the Unrein-
forced Vault (UV) and the Reinforced Vault (RV) and whose initial results are
provided in Gioffré et al. [2023]. The second describes the testing of the Dam-
aged Unreinforced Vault (DUV), i.e., the original UV specimen in its damaged
state after the first campaign, which was subsequently retrofitted and retested.
This strengthened specimen is referred to as the Reinforced-Damaged Unrein-
forced Vault (R-DUV) throughout this study. Both sections provide detailed
descriptions of the geometric configurations, layouts, and construction phases
of each tested specimen. Additionally, the experimental setups are described,
including the criteria for selecting seismic inputs, the adopted instrumentation
layouts, and the specifics of the two experimental campaigns. This chapter
also introduces a novel hemp-rope-based bio-composite material proposed as
a reinforcement system for masonry vaults, accompanied by an overview of its
mechanical characterization based on existing test data.

The campaigns aimed to investigate the dynamic and seismic responses of sim-
ilar vault systems under increasing seismic intensity levels, using identical in-
put signals to ensure comparable excitation across specimens. Specifically, the
first campaign sought to test and compare the UV and RV specimens, both
newly constructed, to assess the reinforcement system’s contribution to seismic
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behavior, load capacity, and dynamic response variations. The second exper-
imental campaign focused on the R-DUV specimen, aiming to evaluate the
bio-composite material’s effect on the seismic response of a damaged vault.
This setup simulates a more realistic historical configuration, considering both
the structural layout and decay state.

4.1.First experimental shaking table test campaign
This section provides detailed information on the experimental tests initially pre-
sented by Gioffré et al. [2023]. The geometry and layout of the tested specimens
were designed to be representative of typical full-scale barrel vaults commonly
found in historic masonry structures across Italy. The dimensional configuration
was selected to ensure comparability with both the shaking table facilities and
previous experimental investigations available in the literature (e.g., see Gia-
mundo et al. [2015; 2016]; Ramaglia et al. [2016]). As illustrated in Figure 4.1,
the specimen featured a segmental barrel vault geometry with a inner span of
2.78 m and a depth of 2.07 m, corresponding to an arch radius of 1.50 m. The
total rise of the vault was 1.58 m, with a uniform thickness of 0.12 m consisting
of a single brick layer. The vault rested on two abutments with base dimen-
sions of approximately 0.35 m by 0.50 m. The masonry units employed were
solid clay bricks, measuring 5.5 cm × 12 cm × 25 cm and joints filled with a
commercial premixed mortar, characterized by an average compressive strength
of approximately 5 MPa with an average thickness ranging between 10 mm and
15 mm. The mechanical properties of the constituent materials, as provided
by the manufacturers, are summarized in Table 4.1. It is worth noting that
despite the fact that the influence of backfill on the load-capacity of masonry
vaults is well studied in literature [Cavicchi and Gambarotta, 2005; Tralli et al.,
2014; Zizi et al., 2022], the specimens were built without any backfill, which is
commonly found in historic roofing systems such as those of churches in Italy
[Cardinali et al., 2022; Giamundo et al., 2015; Ramaglia et al., 2016].

Table 4.1: Material mechanical properties

Material Compressive Strength (MPa) Elastic Modulus (GPa)

Brick 29.3 5.7
Mortar ≥ 5 2.6

4.1.1.Specimens’ definition and constructions
The specimens were built following traditional masonry techniques on a custom-
designed foundation frame and centering system, specifically developed for the
experimental campaign. Figure 4.2 illustrates the main components of both the
foundation and the centering. These supporting systems were fabricated en-
tirely from structural steel with a nominal yield strength of 235 MPa (S235JR,
in accordance with CEN [2005]). The foundation frame (Figure 4.2(b)) con-
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(a)

(b)

Fig. 4.1: Barrel vault specimen’s layout and dimensions in meter: (a) general 3-D
view, and (b) frontal view
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sisted of a rigid steel structure composed, from bottom to top, of three HEA240
wide flange profiles, stiffened by a bracing system made of four 40 mm square
hollow sections. The two outermost HEA beams were designed to host the lift-
ing connections, and to anchor the specimen to the shaking tables via 30 mm
diameters bolts. For the construction of the vault base, two 400 mm U-shaped
profiles were employed to support the first two courses of the abutments. Con-
sequently, the foundation system fulfilled a dual function: it provided a rigid
base for transportation and handling of the specimen, and ensured secure at-
tachment to the shaking table system. The centering was built using a system
of three primary steel arches, transversely braced and covered with corrugated
steel sheets (see Figure 4.2(a)). The structural elements consisted of 40 mm
square hollow profiles, while the corrugated sheets were selected based on the
brick unit dimensions and bearing capacity. In addition to serve as temporary
framework, the centering was also designed to protect the shaking table and
associated instrumentation during the seismic tests. Particular attention was
given to the connections between the centering and the foundation frame. To
enable controlled lowering of the system, six pantograph jacks were employed.
Once removed, the centering could be firmly secured to the HEA beams to
ensure safety and stability during testing.

4.1.1.1.Unreinforced Vault
The UV unreinforced specimen was built following traditional methods, ensur-
ing that the bricks were adequately soaked in water prior to the construction
process. This step prevented the bricks from absorbing the water from the
mortar layers, which could otherwise compromise the mortar quality. The con-
struction began symmetrically from the abutments. Figure 4.3 illustrates the
main phases of the building process. It started with the construction of the base
(Figure 4.3(a–b)), where the first two layers of bricks were embedded in the
U-shaped frame using only a layer of mortar for bonding. The construction pro-
gressed symmetrically, alternating from one side to the other (Figure 4.3(c–d)),
while ensuring proper alignment at the top to allow for the correct placement
of the keystone unit (Figure 4.3(e–f)).

Two specimens were built following this procedure; however, while one remained
unaltered, aiming to represent a traditional masonry barrel vault, the second
was reinforced with a strengthening layer.

4.1.1.2.Reinforced Vault
The Reinforced Vault featured the same unreinforced masonry as the UV, but
with an additional layer of reinforcement at the extrados. This reinforcement
consisted of a novel hemp-rope-based material, featuring a hemp-rope net em-
bedded in a ground-brick-based cocciopesto matrix. The hemp-rope net was
manually fabricated using a wooden loom, starting from individual ropes with
a nominal diameter of 4 mm, and arranged in a grid with 20 mm by 70 mm
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(a)

(b)

Fig. 4.2: 3-D view of the foundation frame and centering system: (a) focus on the
centering elements, and (b) details of the steel foundation frame.
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spacing, as shown in Figure 4.4.

The main phases of the reinforcement application are shown in Figure 4.5.
Panel (a) shows the initial cleaning of the specimen to remove dust and impuri-
ties. Next, a layer of organic resin was sprayed onto the surface (Figure 4.5(b))
to improve bonding between the reinforcement and the substrate. The hemp-
rope net was then positioned atop the resin layer, extending beyond the vault’s
curvature, with a portion embedded between the top two layers of the abutment

(a) (b)

(c) (d)

(f)(e)

Fig. 4.3: Main phases of construction of the UV (a-f)
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(a) (b) (c)

Fig. 4.4: Construction of the hemp-rope net (a-c)

units, as illustrated in panel (c). This detail was carefully executed to simu-
late traditional reinforcement methods and to improve the connection between
the strengthening layer and the masonry. Sequentially, wooden formworks were
used during the casting process to ensure a uniform matrix thickness of 30 mm.
The matrix was poured and compacted to minimize the presence of voids that
could lead to weaker sections (Figure 4.5(d–f)).

After allowing for appropriate curing periods, i.e., 28 days for the mortar and
7 days for the strengthening matrix, the specimens were transported to the
shaking table. They were then weighed, and secured in place. The centering
was lowered; however, for the unreinforced vault specimen, it was not completely
removed but was instead fixed to the foundation system to serve as a safety
measure in case of the sudden collapse of the specimen. The total weights
of the specimens were approximately 42 kN and 45 kN, for the Unreinforced
and Reinforced vaults respectively, including the steel foundation and centering
elements. These metallic components were estimated to be about 12.5 kN. The
reinforcement contributed to an approximately 9% increase in total weight, with
a material density stated at 1.2 tons/m3.

4.1.2.Characterization of the bio-composite material

The mechanical properties of the materials employed in the novel strengthen-
ing system were evaluated through dedicated experimental campaigns. The
hemp ropes were tested under direct tensile loading to determine their tensile
strength, elastic modulus, and post-peak response. The cocciopesto matrix
was characterised through three-point bending and uniaxial compression tests.
These tests allowed for the assessment of its flexural and compressive strengths,
elastic modulus, and behavior beyond peak load.

Hemp rope samples were obtained from commercially available ropes composed
of untreated hemp fibers, harvested in Romania. Each rope consisted of three
strands, each formed by eight yarns made up of an uncountable number of
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(a) (b)

(c) (d)

(e) (f)

Fig. 4.5: Main phases of the strengthening application on the RV (a-f)
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(a) (b) (c)

Fig. 4.6: Hemp-ropes net constituents [Pepi et al., 2024]: (a) hemp rope, (b) from
the top down: hemp rope, strand, yarn and fiber, and (c) scheme of the hierarchical
structure

individual hemp fibers, as illustrated in Figure 4.6 [Pepi et al., 2024].

Pepi et al. [2024] and Gioffrè and Pepi [2024] carried out several experimental
campaigns to investigate the mechanical properties of hemp ropes and their
constituents under controlled-displacement conditions, applying a loading rate
of 0.17 mm/s. The tests were performed as direct tensile tests, following the
guidelines provided in ASTM [1999]. The testing machine used (Loyd Instru-
ment LR30) was equipped with a 30 kN load cell. The rope samples had an
effective diameter of approximately 4.00–4.10 mm, while the strands exhibited
an average diameter of 2.04 mm. The yarns, assuming a circular cross-section,
had an average apparent diameter of 0.73 mm. Given the scope of this thesis,
only the mechanical properties of the hemp ropes will be discussed.

Gioffrè and Pepi [2024] conducted experimental tests on 10 rope samples with a
length of 150 mm each, while Pepi et al. [2024] tested 64 samples, each 200 mm
long. The typical stress-strain curve behaviour of natural material ropes is
presented in Figure 4.7(a) and can be divided in three main sections as shown.
The behaviour in Region I, also known as Crimp in literature, is characterised by
a re-alignment of the fibers constituting the ropes along the loading axis. This is
followed by Region II, where the response can be described by a linear trend up
to the tensile strength, while Region III is characterised by a progressive failure
of the rope constituents. The mechanical properties investigated include the
tensile strength (σmax) and the corresponding maximum strain (ϵmax). Given
that the stress–strain response of the hemp rope is bi-linear, two elastic moduli
were defined. The first modulus, Ein, refers to Region I and is calculated
over the strain interval from 7% to 30% of the maximum strain. The second
modulus, E, is defined as the secant modulus between 75% and 95% of the
maximum strain, corresponding to Region II. It is also worth noting that the
tensile strength corresponds to the peak stress, and the maximum strain refers
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(a) (b) (c)

Fig. 4.7: Results from Gioffrè and Pepi [2024] : (a) schematic representation of the
typical mechanical behavior of hemp ropes, (b) stress strain curves obtained from the
three points bending tests, and (c) stress strain curves obtained from the uniaxial
compression tests

to the strain value at which this peak stress is reached. Table 4.2 reports the
results in terms of mean values and Coefficients of Variation (CoV). For the two
different sample lengths, the average tensile strength values were 75.40 MPa
and 77.23 MPa, respectively. The corresponding maximum strain values ranged
from 0.48 to 0.34. The first elastic modulus (Ein) varied approximately between
139 MPa and 155 MPa, while the second elastic modulus (E) ranged from
227.8 MPa to 379.2 MPa.

Table 4.2: Mean values and CoV from direct tensile tests on hemp ropes

σmax (MPa) ϵmax Ein (MPa) E (MPa)

Reference Mean CoV Mean CoV Mean CoV Mean CoV
Gioffrè and Pepi [2024] 75.40 0.12 0.48 0.35 139.04 0.11 227.78 0.15

Pepi et al. [2024] 77.23 0.10 0.34 0.11 155.16 0.23 379.18 0.10

Gioffrè and Pepi [2024] characterized the matrix response through three-point
bending tests. Compression tests were then conducted on the resulting halves of
the prismatic specimens, in accordance with the UNI EN 1015-11:2019 standard
[CEN, 2019], as shown in Figure 4.8. The matrix consisted of a mixture of
aggregates and an organic bi-component binder, reaching the aimed mechanical
properties within seven days.
Three prismatic specimens, each measuring 40 mm × 40 mm × 160 mm,
were cast and cured under controlled temperature and humidity conditions.
The bending tests were carried out in displacement-controlled mode at a rate
of 1.5 mm/min, aiming for failure between 60 and 90 seconds. The two
halves resulting from the bending tests were then subjected to compression
tests, with a load application rate of 30 N/mm. The load was applied over
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(a) (b) (c)

Fig. 4.8: Cocciopesto matrix [Gioffrè and Pepi, 2024] : (a) preparation, (b) three
point bending test sample, and (c) uniaxial compression test sample

a 40 mm× 40 mm surface until failure. Both tests were performed using a
testing machine equipped with a 30 kN load cell. The results are summarized
in Table 4.3, while typical stress–strain curves are shown in Figure 4.7(b-c).
The flexural response of the matrix exhibited a bi-linear behavior, with a linear
increase up to the peak stress, followed by a brittle fracture initiating from the
bottom face. The maximum stress was evaluated at the peak of the curve,
and the corresponding strain was taken as the maximum strain. The elastic
modulus was calculated as the secant modulus from the origin to the peak.
The average flexural strength and maximum strain were 11.53 MPa and 0.04,
respectively, with an estimated elastic modulus of approximately 275 MPa. The
compressive stress–strain response followed a typical parabolic curve. The av-
erage peak compressive strength was 25.87 MPa, with a corresponding strain
of 0.13, resulting in a secant elastic modulus of approximately 1100 MPa.

Table 4.3: Mean values and CoV from three-point bending and uniaxial compression
tests from Gioffrè and Pepi [2024]

Three-Point Bending Tests Uniaxial Compression Tests

Mean CoV Mean CoV
σmax (MPa) 11.53 0.09 25.87 0.10

ϵmax 0.04 0.04 0.13 0.26
E (MPa) 275.33 0.10 1091.5 0.24

4.1.3.Shaking table testing setup definition
The experimental campaign was carried out at L.E.D.A. research institute of
the University of Enna Kore (Italy), which is equipped with a shaking table
facility. It consists of two identical 6-DoFs shaking tables, with dimensions
of 4 m × 4 m. It is possible to test specimens either on a single shaking
table or on both tables using synchronous or asynchronous motions. Moreover,
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the tables can be linked together to form a single 6-DoFs shaking table of
10 m × 4 m, allowing for testing either larger specimens or two specimens
at the same time (Figure 4.9). This configuration increases the load-bearing
capacity up to 100 tons and can operate in a frequency range between 0.01 and
60 Hz. The stroke limits reach 400 mm for horizontal movements (X and Y
axes) and 250 mm for vertical movements. The system’s acceleration capacity
can achieve 1.05 g for horizontal and 0.7 g for vertical movements at full load.
Each table is equipped with eight servo-hydraulic actuators, with two 500 kN
actuators per direction, to apply dynamic forces effectively. To absorb and
dampen the forces and vibrations generated by the actuators during shaking
table tests, the laboratory is equipped with a large reinforced concrete block
Reaction Mass (RM) with a volume of 1100 m3 and a mass of approximately
3000 tons. To isolate the testing system from the surrounding environment, the
reaction mass is dynamically isolated from the remaining laboratory structure
using an air-spring system. The isolation system is composed of 96 air springs
placed at the bottom of the reaction mass. The springs are characterised by
a low lateral stiffness, allowing effective vibration isolation. For more details
concerning the laboratory and the shaking tables facility, the reader is referred
to Fossetti et al. [2017]; Lo Iacono et al. [2017].

(a) (b)

(c) (d)

Fig. 4.9: L.E.D.A. laboratory (adapted from Fossetti et al. [2017]): (a) dual system of
4 m by 4 m shaking tables, (b) linked single 10 m by 4 m shaking tables, (c) reaction
mass plane view, and (d) transversal section.

The shaking tables experimental campaign featured two kinds of tests: Seismic
Tests (STs) and Ambient Vibration Tests (AVTs). The first were performed in
sequence by selecting a Reference Earthquake (RE) time history and carrying
out progressive tests at increasing amplitudes (i.e., a coefficient was used as a
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scale factor for the intensity of the earthquake). The goal was to subject the
vaults to an increasing level of excitation until the occurrence of severe damage.
AVTs were performed without any active input from the shaking tables in a low-
level environmental noise condition. The choice of not having a stronger noise
level was made to avoid the occurrence of additional damage not due to the
seismic tests. The objective was to subject the vaults to progressively increasing
seismic load and to evaluate, through AVTs, the occurrence of damage by
variation in the vibration frequencies and correlated vibration shapes, which
can be attributed to a change in the stiffness of the structure [Chopra, 2014;
Rytter, 1993].

Figure 4.10 presents multiple views of the two specimens after being transported
to the shaking tables. Panels (e–f) focus on the UV and the RV, respectively.

4.1.3.1.Seismic tests input
A seismic input can be chosen among recorded earthquakes, artificial and simu-
lated ones as detailed in CEN [2004]. A recorded earthquake refers to a seismic
event that occurred at a specific site and for which acceleration time histories,
and the derived response data, were instrumentally captured. It is also possi-
ble to use simulated earthquakes, based on site-specific studies and conditions,
or artificial earthquakes, which are time histories generated to match a target
elastic response spectrum featuring a minimum stationary duration of 10 sec-
onds. Although the code specifies that an input in three directions needs to
be analysed, for common building the vertical component has been an aspect
often disregarded in past studies [Camata et al., 2023; Carydis et al., 2012; de
Nardis et al., 2014]. However, recent research emphasizes the critical role of
this vertical component in influencing structural behaviour, cracking patterns,
and failure mechanisms. Several field data from significant past earthquakes
have shown how the vertical motion contributed to various types of structural
failure during the Kalamata (Greece, 1986), Northridge (USA, 1994), and Kobe
(Japan, 1995) seismic events [Dailamani and Croll, 2017; Papazoglou and El-
nashai, 1996]. In Italy, during the earthquakes that have occurred over the
last twenty years, several studies have highlighted the impact of the vertical
component on the response of masonry structures, which can significantly af-
fect the cracking pattern and collapse of masonry elements [Di Michele et al.,
2020; Liberatore et al., 2019]. A significant confirmation of the influence of
the vertical component of a seismic action is provided by the collapse of the
clock tower in Emilia Romagna during the 2012 seismic sequence [Acito et al.,
2014]. The failure and damage crack pattern were validated by numerical stud-
ies taking into account all the seismic input directions and proving their effects
on structures with low material strengths. It has been demonstrated that the
impact of the vertical component on structural response varies depending on
the orientation of the structural elements, vertical (e.g., walls and towers) or
horizontal (e.g., roofs and floors). Horizontal elements are primarily affected by
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(a) (b)

(c) (d)

(e) (f)

Fig. 4.10: Reinforced and Unreinforced Vaults: (a-d) General view on the shaking
tables facility,(e) focus on the Unreinforced specimen, and (f) focus on the reinforced
specimen

vibration-type mechanisms, which excite the structure in the vertical direction.
Vertical elements may be more susceptible to impact-type mechanisms [Carydis
et al., 2012]. During seismic excitation, the vertical seismic component can
cause repeated cycles of compression and decompression in masonry structures,
potentially leading to irreversible damage and separation of mortar joints. This
effect is more pronounced when structures present low quality mortar.
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This mechanism may decrease both bending and shear resistance, particularly if
a sliding shear mechanism may occur [Pugi et al., 2019]. It has also been shown
that under reduced gravitational loads, the vertical component of seismic action
can introduce tensile stresses in usually compressed elements [Di Michele et al.,
2020]. Several experimental tests also highlight how the vertical component
may reduce the axial and shear capacity and induce damage (such as sliding
and cracking) in structures with low interface cohesion, while its effect is less
pronounced on structures with higher interface cohesion [Chieffo et al., 2021;
Liberatore et al., 2019]. Although these findings underscore the key role of
the seismic vertical input components, further detailed studies are needed to
draw general conclusions because several factors may influence the structural
response, e.g., the loads and the structural typology [Camata et al., 2023;
Kallioras et al., 2022].

Masonry vaults, which rely heavily on self-weight for stability, are particularly
vulnerable to the distinct stresses and deformations introduced by the vertical
seismic component. However, the current literature offers limited insight into
its specific effects on such structures, highlighting the need for more targeted
research.

Considering this background, the earthquake that occurred on October 30th,
2016, in the center of Italy (Norcia) was chosen as the Reference Earthquake
(RE). This seismic event was among the strongest in the 2016 Umbria-Marche
seismic sequence and was the most intense earthquake in Italy after the Irpinia
Earthquake in 1980 [Civico et al., 2018; Delorme et al., 2020; Galli et al., 2017].
Notably, the Peak Ground Velocity (PGV) was around two to three times higher
than that expected for a 475 year return period [Liberatore et al., 2019].

The severity and intensity of an earthquake can be described using various
strong-motion parameters, including the Peak Ground Acceleration (PGA), the
Peak Ground Displacement (PGD), the PGV, pseudo-acceleration response
spectra, and the Moment Magnitude (Mw). The recorded time histories in
terms of acceleration and displacement, along with the pseudo-acceleration re-
sponse spectra for all recorded directions of the seismic event, are presented
in Figure 4.11. This strong motion event was characterized by a Mw equal to
6.6. The pseudo-acceleration response spectra values exceeded 0.5 times the
gravitational acceleration (g) in all directions for stiff structures with a fun-
damental period below 0.5 seconds (Figure 4.11(c)), while the values ranged
between one to two times g for typical period of two-to-three-story unreinforced
masonry buildings [Liberatore et al., 2019]. As previously noted, for standard
buildings, the vertical component of seismic events is often neglected. How-
ever, in this case, the pseudo-acceleration values in the vertical direction are
of the same order of magnitude as those in the horizontal directions. The ac-
celeration and displacement time histories are shown in Figure 4.11(a-b). In
the X direction, the earthquake recorded a PGA of approximately 0.6 g and a
PGD of 30 mm, while the Y direction exhibited a PGA of 0.5 g and a PGD of
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14 mm. The notably significant vertical component exhibited a PGA of 0.4 g,
comparable in magnitude to the two horizontal components.
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Fig. 4.11: Reference Earthquake: (a) acceleration time histories, (b) displacement
time histories, and (c) pseudo-acceleration response spectra

It is also noteworthy that the earthquake had an intense phase between 10 and
20 seconds across all directions, approximately. All PGA values are obtained
within this time frame. The intense phase is defined, in this work, through
the Arias Intensity (IA) [Arias, 1970] , often used to capture the potential
damage of a strong motion (for more insights on this topic, see Travasarou et
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al. [2003]). The intense phase is defined as the portion of the accelerograms
within the significant duration [Aşıkoğlu et al., 2024]. As it is possible to
note from Figure 4.12(right-panels), the significant duration is obtained as the
time frame between 5% and 95% of IA, and the correspondent parts of the
accelerograms are highlighted in the left-panels.
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Fig. 4.12: Acceleration time histories, intense phases and Arias Intensity of the RE

4.1.3.2.Setup and instrumentation
The aim of this experimental campaign was to compare the dynamic and seis-
mic behavior of the two vault specimens (UV and RV, as described in Sec-
tion 4.1.1) under identical seismic input, with particular attention to their failure
mechanisms, seismic capacity, and dynamic response. To this end, the single
10 m × 4 m shaking table configuration was selected, allowing both specimens
to be tested simultaneously.
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Given that the dynamic behavior of a barrel vault is often represented as an
envelope of several arch ribs, two sections, labeled Section A-A and Section B-B
in Figures 4.13 and 4.14, were instrumented. The acceleration responses of the
vault specimens were recorded using piezoelectric accelerometers, installed at
several locations along the facades of the vaults to measure acceleration time
histories, with a sensitivity of 1 V/g. The displacement time histories at multiple
locations were monitored through reflective markers glued to the specimens.
This was done using eight high-speed, high-resolution infrared cameras, which
tracked the motion of the reflective markers in real time. These cameras enabled
accurate tracking of the marker positions, allowing to measure the displacement
during the shaking table tests with a sensitivity error of 0.2 mm. This system is
based on the creation of a network of three markers, which work as the reference
system. To capture the acceleration and displacement data in three primary
directions, two distinct sensor setups were used: Setup #1 (see Figure 4.13)
and Setup #2 (see Figure 4.14). Each setup employed a different number
and arrangement of sensors to capture a comprehensive picture of the vaults’
dynamic responses and maximize the number of acquisition channels.

The test acquisition Setup #1 was characterized by a combination of tri-axial
and bi-axial accelerometers distributed on Section A-A. A tri-axial accelerome-
ter (labelled as A3 in Figure 4.13) was placed at the keystone of Section A-A
to measure accelerations in all three directions: radial, tangential, and longitu-
dinal. Four bi-axial accelerometers were positioned on both the left and right
sides of the keystone at 22◦ and 52◦ from the keystone (labelled as A1, A2, A4
and A5 from left to right, respectively). These sensors measured the radial and
tangential acceleration components, capturing the acceleration time histories of
the specimens in both directions. On the same facade, the displacement time
histories were recorded through 23 reflective markers glued every 2 units (la-
belled as M1, M2, ..., M23, from left to right). It is worth noting that only two
markers were glued on the abutments, one for each side. These peculiar setups
allowed for the monitoring of the structure’s movements in two horizontal direc-
tions (X, Y) and one vertical (Z). For Section B-B, five uni-axial accelerometers
recorded only radial acceleration components (marked in Figure 4.13 as A6, A7,
A8, A9, A10). These accelerometers were placed at corresponding locations to
those in Section A-A. The displacement time histories in three directions (X,
Y, Z) on this facade were recorded by 9 markers placed one every 4 units, and
they are labelled as the corrispondent ones in Section A-A. This setup allowed
monitoring both vaults using the same acquisition setup in both acceleration
and displacement.

In Setup #2, the instrumentation for Section A-A was slightly modified to focus
on capturing more detailed dynamic response data in the acceleration field in
all directions using tri-axial accelerometers. Five accelerometers were placed on
Section A-A (labelled as A1, A2, A3, A4 and A5). These sensors measured the
accelerations in the radial, tangential, and longitudinal directions. Controver-
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Fig. 4.13: Testing acquisition Setup #1

sially, no significant changes were made to the positions of the markers on the
same facade. Five bi-axial accelerometers were positioned along Section B-B
(labelled as A6, A7, A8, A9 and A10) to record the response in the radial and
tangential directions. The number of reflective markers was increased to 21 on
this facade (labelled M3, M4,..., M21), allowing for a more detailed monitor-
ing of the displacement time histories. In this second setup, Section B-B was
instrumented similarly to Section A-A, except for the omission of two markers
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Fig. 4.14: Testing acquisition Setup #2

positioned on the abutments. Additionally, a tri-axial accelerometer was placed
on the right abutments of the vault to measure the effective acceleration trans-
mitted to the vault in both setup configurations (labelled as CP in both the
setups). Figure 4.15 shows that the UV specimen was still equipped with the
centering, which had been fully lowered to protect the shaking table in the
event of a sudden collapse. This precaution was not deemed necessary for the
Reinforced Vault, based on the results of previous capacity tests performed on
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reinforced arches [Gioffré et al., 2021].
Table 4.4 summarizes the shaking table test sequence, indicating the setup
used and the various types of tests performed. A total of 31 tests were carried
out, including 21 seismic tests with intensities ranging from 20% to 230% of
RE. The AVTs were performed without any active input from the shaking-table
facilities to avoid introducing additional damage unrelated to seismic loading.
The first two seismic tests were performed on both specimens (up to 40% scale
of the RE), while the subsequent seismic tests were carried out only on the RV.
Following the seismic test at 0.4RE and its following AVT, the instrumentation
configuration was changed from Setup #1 to Setup #2. From that point
onward, AVTs were no longer performed after every seismic test, but were
instead recorded after reaching significant input level.

(a) (b)

(c) (d) (e)

Fig. 4.15: UV and RV specimens on the shaking table: (a) frontal view, (b) focus on
the RV specimen, and (c-e) close-ups of the setup schemes

4.2.Second experimental shaking table test campaign
Building on the previous experimental campaign described in the previous sec-
tion and in Gioffré et al. [2023], a second experimental shaking table test cam-
paign was carried out. The primary objective was to evaluate the effectiveness
of a hemp-rope-based reinforcement in improving the seismic performance of a
specimen already in a damaged state prior to the application of the strength-
ening system. This campaign focused on simulating a more realistic structural
scenario, as historical vaults are rarely found in undamaged states. Such struc-
tures often exhibit cracks in the joints or unit sliding caused by various factors,
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Table 4.4: Shaking table test sequence of the first experimental campaign

Test Code Test Typology Duration/Intensity PGA [g] Setup

X Y Z

AVT0 AVT 12 min #1
0.2RE ST 20% 0.1 0.1 0.1 #1

AVT 0.2RE AVT 12 min #1
0.4RE ST 40% 0.3 0.2 0.2 #1

AVT 0.4RE AVT 12 min #1
0.5RE ST 50% 0.3 0.3 0.2 #2

AVT 0.5RE AVT 12 min #2
0.6RE ST 60% 0.4 0.3 0.2 #2

AVT 0.6RE AVT 12 min #2
0.7RE ST 70% 0.4 0.4 0.3 #2

AVT 0.7RE AVT 12 min #2
0.8RE ST 80% 0.5 0.4 0.3 #2
0.9RE ST 90% 0.6 0.5 0.4 #2
1.0RE ST 100% 0.6 0.5 0.4 #2

AVT 1.0RE AVT 12 min #2
1.1RE ST 110% 0.7 0.6 0.5 #2
1.2RE ST 120% 0.8 0.6 0.5 #2
1.3RE ST 130% 0.9 0.7 0.5 #2
1.4RE ST 140% 1.0 0.7 0.6 #2
1.5RE ST 150% 1.0 0.8 0.6 #2
1.6RE ST 160% 1.1 0.8 0.6 #2
1.7RE ST 170% 1.2 0.9 0.7 #2
1.8RE ST 180% 1.3 0.9 0.7 #2
1.9RE ST 190% 1.3 1.0 0.8 #2
2.0RE ST 200% 1.4 1.0 0.8 #2

AVT 2.0RE AVT 12 min #2
2.1RE ST 210% 1.5 1.1 0.8 #2

AVT 2.1RE AVT 12 min #2
2.2RE ST 220% 1.6 1.1 0.9 #2

AVT 2.2RE AVT 12 min #2
2.3RE ST 230% 1.7 1.3 1.1 #2

AVT 2.3RE AVT 12 min #2
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including past extreme loading events, changes in load configuration, environ-
mental effects, and other damage-inducing causes. Testing a specimen in a real-
istic damaged configuration allows for a more accurate assessment of the novel
system’s contribution to load-bearing capacity and dynamic seismic behavior,
which may otherwise be incorrectly estimated if evaluated on an undamaged
specimen.

4.2.1.Specimen definition and construction
The previously tested UV specimen was employed again for a second experi-
mental campaign after having sustained significant damage during the initial
shaking table tests. This Damaged Unreinforced Vault (DUV) exhibited mul-
tiple cracks and partial sliding of individual units, as shown in Figure 4.16. In
particular, the units located between cracks pC1-pC2 and pC3 and pC4 expe-
rienced sliding. The damage pattern appears almost symmetrical with respect
to the keystone position, as also highlighted in the figure. More details about
the damage patter of the DUV and its tracking will be provided in Chapter 5.

Fig. 4.16: Damaged Unreinforced Vault damaged pattern

The specimen was retrofitted using the same novel strengthening system in-
vestigated in the previous campaign, namely, a hemp-rope net embedded in
a 30 mm-thick cocciopesto matrix. The reinforcement process followed the
procedure described in Section 4.1.1.2, which included surface cleaning of the
extrados, application of the bonding resin, and placement of the hemp-rope net.
These phases are illustrated in Figure 4.17. Panel (b) shows the placement of
the hemp-rope net, arranged in a 2 cm Ö 7 cm grid, which was applied only
after careful surface cleaning and bonding resin application. Panel (c) high-
lights the net positioned on the extrados of the DUV, with free hemp ropes
extending over the abutments. Panel (d) shows the casting of the cocciopesto
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matrix using wooden formworks supported by a rubber-based tubular platform
that acted as a guide during pouring, ensuring a uniform 30 mm thickness.
However, one key modification was introduced: in the previous campaign, the
reinforcement matrix was cast only after completing the abutments, embed-
ding the net between the final two brick layers. In this case, the matrix was
poured prior to brick placement (Figure 4.17(d–e)) to improve the bond be-
tween the strengthening layer and the masonry substrate, as this interface had
previously proven to be the system’s most vulnerable point, consistently with
other extrados applications [Zampieri et al., 2018]. No additional strengthening
or repair interventions were carried out, i.e., no mortar repointing, crack filling,
or unit realignment was performed. This specimen will be therefore referred to
as Repaired-Unreinforced Damaged Vault (R-DUV) in this study.

4.2.2.Setup and instrumentation
The second experimental campaign was conducted exclusively on the R-DUV,
positioned on one of the two shaking tables of the L.E.D.A. laboratory. The
campaign had two primary objectives: (i) to assess the effectiveness of the
bio-composite strengthening applied to the damaged specimen in terms of re-
covering its initial stiffness and modal properties, and (ii) to compare its seismic
capacity, failure behavior, and dynamic response with those of the UV and RV
specimens, respectively. This specimen was instrumented with a layout similar
to that adopted in the previous campaign, but with an increased number of
recording devices. Figure 4.18 highlights the extensive instrumentation on Sec-
tions A–A and B–B, corresponding to the front and back facades, respectively.

Each section was instrumented with five accelerometers, at angular positions
of 22◦ and 52◦ from the keystone in the same locations described in Sec-
tion 4.1.3.2, recording acceleration components in the radial, tangential, and
longitudinal directions. Section A–A was equipped with accelerometers, record-
ing all three components, radial, tangential, and longitudinal, corresponding to
sensors A1, A2, A3, and A4. These devices recorded the complete accelera-
tion time histories for all three components. In contrast, accelerometer A5 on
Section A–A and accelerometers A6 to A10 on Section B–B recorded only the
radial and tangential components. Additionally, a tri-axial accelerometer was
installed on the abutment (labelled CP). All accelerometers were piezoelectric
devices with a sensitivity of 1 V/g. Additionally, as in the previous campaign,
reflective markers were glued to the specimen, but solely on Section A–A. The
displacement time histories of several locations were tracked by means of 8
high speed and high resolution infrared cameras. This setup enabled detailed
displacement monitoring using 74 reflective markers, distributed as follows: 61
markers tracked the displacement time histories of individual units along the
arch profile (labeled M1 to M61), while each abutment was equipped with six
markers to assess boundary conditions and the connection between the masonry
and the reinforcement system. Of these, four markers were glued to the ma-
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sonry and two were positioned on the metallic foundation. Markers on the left
abutment of Section A-A were labeled L1, L2, ..., L6, while those on the right
abutment were labeled R1, R2, ..., R6. The markers were alternately placed on
the intrados and extrados surfaces to capture possible crack openings on both
sides. Additionally, Figure 4.19 shows that, in this configuration, the centering
was lowered and anchored to the metallic foundation, as in the UV setup, with
the aim of protecting the instrumentation. The figure also provides close-up

(a) (b)

(c) (d)

(e)

Fig. 4.17: Main phase of the strengthening solutions for the R-DUV (a-e)
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views of the installed sensors.

A test plan similar to that of the previous campaign was adopted, as summarized
in Table 4.5. As shown, the campaign comprised both STs and AVTs. The
seismic tests were conducted at progressively increasing intensities, applying
scale factors to the RE, which was again set as the Norcia earthquake of October

Fig. 4.18: Acquisition setup for R-DUV tests
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(a) (b)

(c) (d) (e) (f)

Fig. 4.19: R-DUV specimen on the shaking table: (a) frontal view and (b) back view,
(c-f) close-ups for the setups schemes

30, 2016 (see Section 4.1.3.1 for further details). This procedure ensured that all
specimens, UV, RV, and R-DUV, were subjected to identical input conditions,
thereby minimizing uncertainties related to the excitation. AVTs were carried
out without any additional inputs from the shaking tables.
A total of 40 tests were carried out, including both AVTs and STs, until the
specimen could no longer be tested due to severe damage. The amplitude of
the RE was scaled by factors ranging from 0.4 to 2.2, and AVTs of 15 minute
duration were performed between successive seismic tests.
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Table 4.5: Shaking table test sequence for the R-DUV specimen

Test Code Test Typology Duration/Intensity

AVT0 Ambient Vibration Test 15 min
0.2RE Seismic Test 20%

AVT 0.2RE Ambient Vibration Test 15 min
0.4RE Seismic Test 40%

AVT 0.4RE Ambient Vibration Test 15 min
0.5RE Seismic Test 50%

AVT 0.5RE Ambient Vibration Test 15 min
0.6RE Seismic Test 60%

AVT 0.6RE Ambient Vibration Test 15 min
0.7RE Seismic Test 70%

AVT 0.7RE Ambient Vibration Test 15 min
0.8RE Seismic Test 80%
0.9RE Seismic Test 90%

AVT 1.0RE Ambient Vibration Test 15 min
1.1RE Seismic Test 110%

AVT 1.1RE Ambient Vibration Test 15 min
1.2RE Seismic Test 120%

AVT 1.2RE Ambient Vibration Test 15 min
1.3RE Seismic Test 130%

AVT 1.3RE Ambient Vibration Test 15 min
1.4RE Seismic Test 140%

AVT 1.4RE Ambient Vibration Test 15 min
1.5RE Seismic Test 150%

AVT 1.5RE Ambient Vibration Test 15 min
1.6RE Seismic Test 160%

AVT 1.6RE Ambient Vibration Test 15 min
1.7RE Seismic Test 170%

AVT 1.7RE Ambient Vibration Test 15 min
1.8RE Seismic Test 180%

AVT 1.8RE Ambient Vibration Test 15 min
1.9RE Seismic Test 190%

AVT 1.9RE Ambient Vibration Test 15 min
2.0RE Seismic Test 200%

AVT 2.0RE Ambient Vibration Test 15 min
2.1RE Seismic Test 210%

AVT 2.1RE Ambient Vibration Test 15 min
2.2RE Seismic Test 220%
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5. Experimental campaign test re-
sults

The experimental test campaigns pursued multiple objectives. The primary goal
was to evaluate the seismic performance of masonry barrel vaults in their unrein-
forced, reinforced, and repaired conditions. Because investigations on full-scale
vaults remain limited, difficulties arise in fully understanding their behaviour,
as scale effects cannot be neglected. The proposed reinforcement and repair
technique was based on a novel hemp-rope composite material, described in the
previous chapter. In the first campaign, the tests were designed to highlight
the effects of this reinforcement by directly comparing the behaviour of an un-
reinforced vault with that of a newly built, reinforced specimen. This ensured
that any observed differences in performance could be attributed solely to the
reinforcement. The second campaign was carried out to assess the effective-
ness of the reinforcement when applied to a damaged specimen, thereby better
replicating the condition of existing structures.

The comparative analysis of the experimental results is based on consistent
parameters across both campaigns, with the unreinforced vault serving as the
primary reference in most cases. The following chapters present the experi-
mental results, beginning with the evolution of the damage pattern and the
assessment of seismic capacity. In this study, seismic capacity is defined as the
factor by which the Reference Earthquake (RE) was multiplied at the onset of
structural failure. As highlighted in the literature, damage evolution can be
correlated with stiffness degradation in specimens, which in turn affects their
modal parameters. For this reason, a dedicated section reports the results ob-
tained from Ambient Vibration Tests (AVTs), expressed in terms of variations
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in modal parameters. Finally, the tracking of displacement time histories during
the seismic tests enabled the analysis of deformed shapes and the monitoring
of several locations’ behaviour, based solely on the structural displacements,
i.e., excluding the displacement contribution from the input. In this context,
the observation of the displacement-based data is essential to individuate the
most significant and critical locations working as base for numerical result com-
parisons. The chapter concludes with some conclusive remarks assessing the
compatibility of the studied reinforcement systems and their effectiveness in
enhancing seismic capacity. Additionally, each section concludes with the key
findings derived from the comparison of results among the three specimens.

5.1.Damage and failure identification through visual inspections

5.1.1.Methodology
This section presents the damage patterns observed in the three tested spec-
imens: the Unreinforced Vault (UV), the Reinforced Vault (RV), and the Re-
paired–Damaged Unreinforced Vault (R-DUV). The description addresses key
aspects such as the location and distribution of cracks, the formation of hinges
around which the blocks rotated, the debonding of reinforcement, and other
critical features that developed during testing. Particular attention is given
to the evolution of damage over time, including the sequence of crack forma-
tion throughout the seismic tests and the specific forms of damage to which
reinforced vaults are especially vulnerable. The purpose of this section is to
document the observed damage and provide a comprehensive interpretation
of the structural response under seismic loading. By examining crack prop-
agation, deformation patterns, and residual load-bearing capacity, the study
evaluates whether cracks tended to develop in similar locations across the dif-
ferent vaults. Overall, the analysis contributes to a deeper understanding of
failure mechanisms in reinforced masonry structures, highlighting the influence
of reinforcement on both the initiation and progression of damage.

5.1.2.Unreinforced Vault
The UV specimen did not exhibit any visually detectable damage until it was
subjected to the 0.4RE test (i.e., when the input intensity reached 40% of the
RE). The resulting damage pattern, illustrated in Figure 5.1, was severe enough
to warrant interruption of further seismic testing in order to prevent collapse.
The vault sustained five cracks at the interfaces between the mortar joints and
the bricks, extending through the entire depth of the specimen. The crack
pattern was nearly identical on both facades, as schematized in Figure 5.1(a),
while panels (b–d) provide three-dimensional views of the observed damage.

The damage pattern is characterized by five cracks (labelled from C1 to C5)
positioned with respect to the keystone. The pattern is almost symmetrical with
respect to the keystone, with the exception of C2. Cracks C1 and C5 formed
near the abutments at angles of approximately 71° and 73°, respectively. Two
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Hinges
Cracks

C1

C2

C3
C4

C5

(a)

(b)

C1

C1
C2

C3

C3

C4

C5 C2

C3 C4
C4

C5
C5

(c) (d)

Fig. 5.1: Damage pattern of the UV specimen: (a) schematised view, (b) 3-D frontal
view, (c) 3-D lateral view from the left abutment, and (d) 3-D lateral view from the
right abutment.
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intermediate cracks, C3 and C4, developed between bricks 19–20 (at about
one-third of the span) and between bricks 17–18 (at about three-quarters of
the span), forming angles of approximately 29° and 34°, respectively. The non-
symmetrical crack C2 opened on the left side of the vault at an angle of 55°.
In Figure 5.1, red circles mark the hinges, located at the opposite extremities
of the cracks. As established in the literature, the formation of four hinges is
sufficient to activate a kinematic mechanism, implying that the system becomes
statically indeterminate [Heyman, 1982; Galano and Betti, 2024; Como, 2016].
In this case, the vault exhibited a clear rocking mechanism, with rotations
occurring primarily around cracks C1, C3, C4, and C5. These cracks induced
the rotation of the upper body portion of the vault (between C3 and C4)
around alternating hinges at the intrados and extrados, thus forming a visible
mechanism. Following this test, the centering was raised to support the vault,
which was subsequently moved out of the shaking table facility. In the following
discussion, the Unreinforced Vault in this damaged state will be referred to as
the Damaged Unreinforced Vault (DUV).

5.1.3.Reinforced Vault
The RV specimen did not exhibit any visually detectable damage until the 2.2RE
test, which led to the detachment of mortar pieces from the intrados and the
initial formation of cracks at the mortar-brick interface. These cracks, labeled
C1, C2, C3, and C4 in Figure 5.2, formed at 34° on both the left and right sides
of the keystone, and at 44° and 71° on the right side, respectively. Notably,
C1 and C2 were perfectly symmetrical with respect to the keystone, while C3
and C4 appeared only on the right side of the vault. It is worth noting that
the crack openings could be detected only after reviewing the recorded video
and were not clearly visible to the naked eye during the test. This highlights
the starting of a damage pattern mechanism, made noticeable primarily due to
the mortar detachment at the intrados. Moreover, this cracks opened up to
the masonry-reinforcement interfaces and were therefore visible with openings
at the intrados, highlighting a typical behaviour of masonry vault reinforced at
the extrados.

Figures 5.2 and 5.3 highlight the critical damage observed at the end of the last
seismic test (when 2.3 was used as a multiplying factor for RE) in sections A-A
and B-B, respectively. As it is possible to note, especially on the right side of the
structure (with reference to the keystone), a significant residual displacement is
detectable. This seismic input caused severe structural damage, with multiple
cracks opening across the vault. Most of these cracks extended through the
depth of the specimen, but only a few propagated through the entire thickness,
affecting even the reinforcement. Cracks C1, C3, C9, and C11 fully propagated
through the extrados, forming hinges at the reinforcement layer. Meanwhile,
cracks C2, C6, C7, C8, C10, and C12 extended up to the composite-masonry
interface. Cracks C4 and C5 appeared near the abutments, at the connection
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Fig. 5.2: Damage pattern of the RV specimen from section A-A: (a) schematised
view, and (b) 3-D view and details of some cracks
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between the reinforcement and the masonry, a common weak point in vaults
reinforced at the extrados [Zampieri et al., 2018; Oliveira et al., 2010a; Alecci
et al., 2016]. An additional debonding section created close to the keystone
location and characterised by crack C11. Furthermore, section B–B exhibited
substantial damage, with seven bricks detaching. In an unreinforced specimen,
such a configuration would likely have resulted in total collapse, as the loss
of these elements would have prevented the arch from maintaining its shape,
which is essential for structural stability. The presence of the reinforcement,
particularly the hemp rope net, prevented complete collapse. This effect is
clearly observed in crack C4, which developed along a shear plane, causing
debonding between the composite and the masonry, placing the hemp net in
tension (as shown in Figure 5.3(b)) and thereby maintaining structural integrity.

5.1.4.Repaired-Damaged Unreinforced Vault
As detailed in Section 4.2.2, the specimen already exhibited several cracks (la-
belled here as pC1, pC2, pC3, pC4, pC5, pC6, and pC7) and some misalignment
of bricks. However, no visually detectable damage was observed until reaching
test 2.0RE, i.e., when an input level twice that of the RE was applied. This
test led to the formation of cracks labelled C1, C2, and C3 in Figure 5.4, which
were primarily characterised by the detachment of mortar pieces. The latter two
formed on the left side of the keystone at angles of 49° and 11°, respectively. As
expected for masonry vaults and arches reinforced at the extrados, the cracks
initially developed from the intrados of the specimen, without reaching the re-
inforcement layer. The subsequent seismic test (2.1RE) generated several new
cracks, labelled C4, C5, C6, and C7. Notably, cracks C5 and C6 opened at
positions almost symmetrical to cracks C1 and C2, but on the right side, with
the keystone serving as reference. The most significant cracks formed, sym-
metrically, at the connection between the abutments and the steel foundation,
leading to the activation of a rocking mechanism of the specimen around cracks
C4 and C7 (Figure 5.4). These hinges ultimately led to the collapse of the spec-
imen, together with the complete loss of part of the right abutment during the
final seismic test, with an input equal to 2.2 times the RE (Figure 5.5).

The progression of damage during the final seismic test is illustrated in Fig-
ure 5.5. Panel (a) highlights the rocking mechanism around the cracks at the
bases of the abutments, while panel (b) captures the expulsion of a portion
of the right abutment, revealing a well-defined shear plane that coincided with
the interface between the masonry substrate and the bio-composite reinforce-
ment layer. The rocking of the abutment and the resulting loss of connection
caused the complete rotation of the specimen, leading to the formation of mul-
tiple hinges and the detachment of the reinforcement layer from the bricks
(panel (c)). This mechanism induced shear forces on the hemp ropes, caus-
ing their failure and resulting in the complete loss of a section of the vault
(panel (d)). The hinges formed during seismic test 2.2RE are highlighted in
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Fig. 5.3: Damage pattern of the RV specimen from section B-B: (a) schematised
view, (b) 3-D view and details of some cracks

85



Chapter 5. Experimental campaign test results

Section A-AX

Z

A1

A2

A3

A4

A5

CP

Accelerometers
Reflective Markers

Pre-existing Cracks

86
°

49°
76°53°

11°

86°

pC1pC1-pC2

pC3-pC4
pC5

pC6

pC7

C1-C2

C3

C4

C5-C6

C7

Cracks after test 2.0RE
Cracks after test 2.1RE

Fig. 5.4: Damage pattern of the R-DUV specimen up to test 2.1RE

(a) (b)

(c) (d)

Fig. 5.5: Damage pattern evolution during the last seismic test for the R-DUV spec-
imen from section A-A: (a) rocking mechanism around the hinges in the abutments,
(b) expulsion of part of the abutment, (c) complete rotation of the specimen, and (d)
final damage pattern.
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Figure 5.6 by radial lines connecting the cracks to the geometric centre of the
vault. These cracks, labelled C8, C9, C10, and C11, fully propagated through
the thickness of the vault, with hinges forming at the extrados of the rein-
forcement, as evident in Figure 5.6(b). As previously noted, cracks C4 and
C7 are symmetrical, forming angles of 86° with respect to the keystone, while
cracks in similar positions, namely C8 and C10, opened at 39° (approximately
at one-sixth of the span) and 34° (approximately at four-fifths of the span), re-
spectively. Cracks C9 and C11 opened near the keystone and in correspondence
with the shear plane.

5.1.5.Key findings
As a general conclusion, it is worth noting that the damage patterns between
the several specimens developed in similar locations. In particular, the first
cracks opened in comparable positions across the three configurations, located
very close to those of the unreinforced specimen. As highlighted in Figure 5.7,
both strengthened specimens, namely the reinforced and the repaired ones, ex-
hibited crack formation in positions close to those where failure occurred in the
UV specimen. In the figure, cracks in specimens RV and R-DUV that share
similar positions with those of the UV are marked in red, with their location
indicated by radial lines and angles measured with respect to the keystone.
The RV specimen, in particular, exhibited a very close crack distribution, es-
pecially regarding the first cracks (labelled C1 to C6 in panel (b), and marked
in red). This confirms that the initial damage developed in the same way for
both specimens, although at different excitation levels. Specifically, the RV
specimen failed under an input almost six times higher than that which caused
the observed damage pattern in the UV specimen. Similar conclusions can be
drawn for the R-DUV specimen, whose failure pattern was also close to that
of the UV specimen, although the cracks farthest from the keystone developed
in different locations (i.e., cracks C1 and C5 in the UV versus cracks C4 and
C7 in the R-DUV). Additionally, collapse of the R-DUV occurred only when
subjected to an excitation level 5.5 times that of the UV. This finding high-
lights that the initial responses of the three specimens were very similar. This
is a significant observation, since the reinforced and repaired structures, de-
spite having additional mass and stiffness, still developed cracks in the most
stressed zones, which remained unaltered by the strengthening layer. After this
initial damage, the effect of the reinforcement became evident, as it enabled
the cracks to spread much more extensively.

In contrast, Figure 5.8 compares the damage pattern of the RV specimen with
that of the R-DUV. Once again, several cracks appeared in similar positions,
highlighted by red lines and angle values. Of particular interest are those that
most affected the structural response. In both specimens, failure was charac-
terised by debonding of the reinforcement at two locations: cracks C11 and
C4 in the RV, and cracks C10 and C11 in the R-DUV. Moreover, crack C4
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C10

C11

C7

(b)

C4 C8 C9

Fig. 5.6: Damage pattern of the R-DUV specimen from section B-B: (a) schematised
view, and (b) 3-D view and details of some cracks
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(a)

(b) (c)

Fig. 5.7: Damage pattern comparison among the three specimens, considering the UV
as reference: (a) damage pattern in the UV, (b) damage of the RV in similar locations,
and (c) damage of the R-DUV in similar locations.

in panel (a) for the RV can be compared with crack C11 in panel (b) for the
R-DUV. Both cracks developed at the interface between the strengthening layer
and the masonry in proximity of the abutments, highlighting the criticality of
this location, where shear failure occurred. Additionally, crack C11 in the RV
and crack C9 in the R-DUV opened close to the keystone, another critical posi-
tion. This finding confirms that the behaviour of the RV and R-DUV specimens
was similar, even though the first reproduced a newly built structure, while the
second was obtained from the DUV, i.e., the UV in its damaged condition. The
latter better aimed to represent real existing structures, which usually present
some pre-existing damages due to several factors (e.g., past extreme events,
ageing). From the perspective of load capacity, both strengthened vaults ex-
hibited almost the same performance under seismic loading, although with a
complete different collapse mechanism, which was highlight influence by the
connection detail between the reinforcement layer and the abutments, as de-
scribed in Chapter 4.

5.2.Damage and failure identification through variation of the modal
properties

5.2.1.Methodology

Literature provides several vibration-based methods for carrying out the dy-
namic identification of a system, which is of utmost importance in the civil
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(a) (b)

Fig. 5.8: Damage pattern comparison among the strengthened specimens: (a) damage
of the RV in similar locations, and (b) damage of the R-DUV in similar locations

engineering field since it allows for the determination of vibration frequencies
and corresponding mode shapes. These modal parameters are correlated with
the mass and stiffness of the system.
The eigenvalue problem in the free vibration equation (Eq. 5.1) can be written
in terms of the mass matrix M and the stiffness matrix K.

(K− ω2M)ϕ = 0 (5.1)

where the vibration frequency f is obtained as ω (i.e., ω2 is the eigenvalue)
divided by 2π, while ϕ is the eigenvector, which represents the mode shape.
Dynamic identification methods are essential for characterizing the behaviour
of a structure and indirectly provide information about the K matrix, since
there are usually fewer uncertainties about the mass matrix M. Moreover, it
has been proven that a change in the modal parameters can indicate a change
in the dynamics of the system and, consequently, in the stiffness matrix K,
which is related to the evolution of damage [Rytter, 1993; Chopra, 2014] or
the changes in the boundary conditions. It is possible to relate the evolution
of damage to a change in the modal parameters if a pre-damaged condition is
available.
Given this background, two damage indicators are commonly used, both based
on the variation of modal parameters ([Gioffré et al., 2023; Mendes et al., 2014;
Pepi et al., 2021]):

1. Damage indicator based on the variation of the mode shapes (dm):

dmi = 1− MACi
u,c (5.2)

where the subscript i refers to the i-th mode considered, and the Modal
Assurance Criterion (MAC) (defined as in Eq. 5.3) is calculate between
the current condition kept into account (c) and the undamaged conditions
(u):
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MAC(φu,φu) =
|φ∗

uφc|2

∥φu∥2∥φc∥2
(5.3)

where:

� φu and φc are two mode shape vectors.
� |φ∗

uφc|2 is the squared absolute value of the Hermitian inner prod-
uct.

� The superscript ∗ indicates the conjugate transpose of a complex
vector.

� ∥φu∥2∥φc∥2 is the product of the squared norms of the two vectors.

The MAC value ranges between 1 (perfect correlation between modes)
and 0 (absence of correlation). Generally, MAC values higher than 0.7
indicate a good agreement between the mode shapes [Pepi et al., 2021;
Gioffré et al., 2023]. Therefore, it can be assumed that if the damage
indicator dmi is less than 0.2, the damage does not significantly affect the
i-th mode shape.

2. Damage indicator based on the decrease in vibration frequencies (df ):

dfi = 1− fi,c
fi,u

(5.4)

where fi,c is the vibration frequency of the system in the current condition
(c) and fi,u is the vibration frequency in the undamaged condition (u).
The index i denotes the i-th mode considered. The assumption to eval-
uate the change in the i-th frequency is based on the correlation of the
MAC for the i-th mode, indicating a good match between the compared
modes in the undamaged and current conditions (i.e., MAC higher than
0.7).

The vibration frequencies and the correlated mode shapes were obtained through
the Enhanced Frequency Domain Decomposition (EFDD), which is a widely
used techniques for modal identification in the frequency domain. Following, a
brief summary of this method is provide. For a more detailed discussion, the
reader is encouraged to refer to Au [2017], Brincker and Ventura [2015] and
Pepi [2019].
The EFDD method builds upon the classical Frequency Domain Decomposi-
tion (FDD) approach, improving its robustness and accuracy, particularly in
the presence of noise and closely spaced modes. The core of EFDD lies in
transforming the time-domain response signals (such as acceleration, velocity,
and displacement) into the frequency domain using the Fourier transform. This
allows to compute Power Spectral Density (PSD) matrix, which captures the
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frequency content and cross-correlation of the structural system response across
multiple monitored Degrees of Freedom (DoFs). The PSD matrix is then de-
composed using Singular Value Decomposition (SVD) at each frequency line.
Mathematically, this process can be expressed as follows (Eq. 5.5):

Gyy(f) = U(f)S(f)U(f)H (5.5)

where:

� Gyy(f) is the PSD matrix at frequency f ,
� U(f) contains the singular vectors (mode shapes),
� S(f) contains the singular values,
� The superscript H denotes the Hermitian transpose.

Mathematically, the PSD matrix Gyy(f) is expressed as (Eq. 5.6):

Gyy(f) = H(f)Gxx(f)H(f)H (5.6)

where Gxx(f) is the input PSD matrix and H(f) is the frequency response
function.

In FDD, the singular values and singular vectors approximate the modal param-
eters, with peaks in the singular value plot indicating vibration frequencies and
the corresponding singular vectors representing vibration mode shapes. EFDD
enhances this process by identifying peaks in the frequency domain and convert-
ing the single-degree-of-freedom (SDOF) PSD functions back into the time do-
main via the inverse Fourier transform. This produces autocorrelation functions
for each mode, from which damping ratios and refined vibration frequencies can
be estimated accurately.

For output-only identification (such as ambient vibration tests), the input is
unknown, and the method relies solely on Gyy(f). EFDD refines the modal
identification by fitting SDOF bell functions around the peaks and analyzing
their time-domain counterparts. This method assumes that the system is lightly
damped and that the modes are reasonably separated. However, it can handle
moderate noise and coupling effects through careful peak selection and averag-
ing techniques.

Damage identification based on the modal parameters was carried out by Gioffré
et al. [2023] for the UV and RV specimens, using all the acquisition channels,
as detailed in Section 4.1.3.2, which involved a significant amount of data.
However, the vaults were investigated with different configurations. In order to
establish a common basis for further analyses, the following investigations will
therefore be carried out using only the acceleration time histories recorded in
the radial direction for all three specimens, thus ensuring an equivalent number
of channels for each case.
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5.2.2.Unreinforced Vault
The EFDD method was applied to perform the modal identification, using
the acceleration time histories recorded during tests AVT0, AVT 0.2RE, and
AVT 0.4RE, i.e., before testing, after applying a seismic input equal to 20% of
RE, and after 40% of RE, sampled at 1000 Hz. The analyses were conducted
over the frequency range between 0 and 50 Hz, with subsequent decimation of
the signals. The first three Singular Value Curves (SVCs) for the initial and final
tests are shown in Figure 5.9. It is worth noting that harmonic excitations at
multiples of 5 Hz were observed in all the tests, which could potentially affect
the identification of the vibration modes.
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Fig. 5.9: Singular values curves assessed for UV: (a) undamaged condition, and (b)
after test 0.4RE

This procedure allowed for the identification of three vibration frequencies and
their corresponding mode shapes, which are summarised in Table 5.1. In the
undamaged condition (AVT0), the first vibration frequency was identified at
18.4 Hz, with the corresponding mode shape shown in Figure 5.10(a), de-
scribed as an in-plane mode. The second frequency was determined to be at
25.2 Hz, with its mode shape depicted in Figure 5.10(b). This mode exhibited
an asymmetric movement of the two facades, which were asynchronous, par-
ticularly in the vertical components. Finally, the third frequency was identified
at 37.5 Hz, with the corresponding mode shape presented in Figure 5.10(c),
characterised by a predominant vertical motion.

Table 5.1: Frequency results for the UV specimen

f1 [Hz] f2 [Hz] f3 [Hz]
AVT0 18.4 25.2 37.5
AVT 0.2RE 17.6 24.8 36.7
AVT 0.4RE 9.8 17.7 34.3
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(a) (b) (c)

Fig. 5.10: First three vibration modes of the UV specimen

Significant insight into the variation of vibration frequencies is already provided
in Table 5.1, but a clearer understanding of the effects of damage on the modal
parameters is presented in Figure 5.11. Initially, it is worth noting that af-
ter seismic test 0.2RE, no substantial variations were observed in the modal
properties, as the damage indicators (d) remained below 0.05 for all parame-
ters except for the third vibration mode, where dm reached approximately 0.5.
Conversely, following the final seismic test, the presence of visible damage was
reflected in a significant variation in the modal properties. The frequency-based
damage indicators (df ) reached values of approximately 0.5, 0.3, and 0.1 for
the first, second, and third modes, respectively, indicating a marked variation in
the frequency content, which is also evident in the singular value curves. The
final dynamic identification, carried out using the inputs recorded during test
AVT 0.4RE, showed that the first frequency decreased from 18.4 Hz to 9.8 Hz,
the second frequency from 25.2 Hz to 17.7 Hz, and the third frequency only
slightly, from 37.5 Hz to 34.3 Hz. However, no substantial variations were de-
tected in the first two mode shapes, where dm remained close to 0.05, while the
third mode shape exhibited a considerable variation, with a damage indicator
of approximately 0.6.

These findings highlight that damage affects each modal parameter differently,
since changes in the stiffness matrix may influence the results in distinct ways:
the first and second modes were more affected in terms of frequency variation
than in mode shape, while the third mode was strongly affected in terms of
mode shape but only marginally in frequency.

5.2.3.Reinforced Vault
Similarly, for the RV specimen, the EFDD method was adopted to perform the
dynamic identifications, following the same procedure outlined in the previous
section. The modal properties were identified for the following AVTs: AVT0,
AVT 0.2NRC, AVT 0.4NRC, AVT 1.0NRC, AVT 2.0NRC, AVT 2.2NRC, and
AVT 2.3NRC, i.e., before testing and after significant seismic excitation levels.
The SVCs are reported in Figure 5.12 for selected tests: panel (a) shows the
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Fig. 5.11: UV damage indicators: (a) mode 1, (b) mode 2 and (c) mode 3.
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curves in the undamaged condition, while panels (b–c) present the results after
tests carried out at 40% and 100% of RE. The last three panels (d–f) highlight
the decline in frequencies after the final seismic tests (with factors equal to 2,
2.2, and 2.3). As in the previous analyses, the curves also show the presence of
harmonic excitations at frequency values corresponding to multiples of 5 Hz.

The analyses enabled the identification of the first three frequencies and their
associated vibration mode shapes within the frequency range of 0–50 Hz, with
results presented in Table 5.2.

For the undamaged condition (AVT0), the three vibration frequencies were
identified along with their corresponding mode shapes, shown in Figure 5.13.
The first frequency was found at 19.4 Hz, the second at 27.6 Hz, and the third

(a) (b)

(c) (d)

(e) (f)

Fig. 5.12: Singular values curves for RV:(a) undamaged condition, (b) after test
0.4RE, (c) after test 1.0RE, (d) after test 2.0RE, (e) after test 2.2RE, and (f) after
test 2.3RE
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Table 5.2: Frequency results for RV specimen

Test Code f1 [Hz] f2 [Hz] f3 [Hz]
AVT0 19.4 27.6 37.6

AVT 0.2RE 18.7 27.5 37.4
AVT 0.4RE 18.5 27.5 36.0
AVT 1.0RE 17.1 25 34.2
AVT 2.0RE 15.2 25 27.5
AVT 2.2RE 13.3 24.3 23.1
AVT 2.3RE 6.7 15.0 16.5

at 37.6 Hz. The first vibration mode can be described by an in-plane mode
(Figure 5.13(a)), typical of curved structures, while the second mode can be
described by asynchronous motion between the two facades (Figure 5.13(b))
and the third mode is described in the vertical direction (Figure 5.13(c)).

(a) (b) (c)

Fig. 5.13: First three mode shapes of the RV specimen

The damage indicator results based on the modal parameter variations are pre-
sented in Figure 5.14. Although no visible damage was observed before test
2.2RE, the adopted indicators provided information on the underlying variations.
In particular, up to the test following 40% of the RE input, the only indicator
with d > 0.05 was the damage indicator based on the vibration mode variation
of mode 2, which reached a value of approximately 0.2. It is worth reminding
that the damage indicators based on mode shape variation up to 0.2 did not
reveal significant changes in the mode shapes. Subsequently, the results ob-
tained after the seismic test with an input equal to RE yielded increasing values
of the damage indicators for all the frequencies and modes analysed, although
they still remained below 0.2. At test AVT 2.0RE, i.e., when the input ampli-
tude was twice that of the RE, the damage indicator values for the frequency
variation (df ) were approximately 0.2, 0.1, and 0.25, while the corresponding
values for the mode shape variation (dm) were about 0.1, 0.3, and 0.15. These
results indicate that significant changes in mode shapes were detected only for
the second mode, since variation of (dm < 0.2) are not considered as signif-
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icant variation in the vibration modes. In particular, the frequencies at this
stage decreased to 15.2 Hz for the first mode, 25.0 Hz for the second mode,
and 27.5 Hz for the third mode, compared to their initial values of 19.4 Hz,
27.6 Hz, and 37.6 Hz, respectively.

A significant change in the modal properties occurred after seismic test 2.2RE,
where the df factors exceeded 0.2 for all frequencies, although no significant
variations were observed in modes 1 and 3, while dm reached 0.3 for mode 2.
This increase in the damage indicators was followed by a subsequent shift in
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Fig. 5.14: RV damage indicators: (a) mode 1, (b) mode 2, and (c) mode 3
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the trend after the final seismic test (2.3RE). At the end of the last test, the
first frequency had decreased to 6.7 Hz (approximately one-third of its initial
undamaged value), the second frequency was identified at 15.0 Hz, and the
third at 16.5 Hz. The final damage configuration had a considerable impact
on the first mode in terms of frequency reduction, with df = 0.65; however,
the dm value for the corresponding mode shape remained below 0.2, indicating
a good correlation with the undamaged mode shape. Conversely, the second
mode was affected more evenly in both frequency and mode shape, with df and
dm ranging between 0.4 and 0.5. The third mode was primarily affected in its
frequency content, reaching df ≈ 0.6, while the variation in mode shape was
less pronounced, with dm = 0.3.

These findings are consistent with the results obtained for the UV specimen,
namely that stiffness degradation does not induce uniform effects across all
modal parameters.

5.2.4.Repaired-Damaged Unreinforced Vault
A more detailed tracking of the variation of the modal parameters was carried
out for the R-DUV specimen, with an AVT performed after each seismic test.
This configuration allowed for the analysis of the effect of each seismic event on
the damage evolution and, implicitly, on the stiffness variation. For this analysis
as well, the same setup was adopted, i.e., carrying out the EFDD method using
only the acceleration time histories recorded in the radial direction on both
monitored sections, as highlighted in the setup (Figure 4.18). Figure 5.12(a)
highlights the first three SVCs obtained from the response in the undamaged
condition (AVT0), while panels (b–f) show the SVCs after seismic tests 0.4RE,
1.0RE, 1.8RE, 2.0RE, and 2.1RE, respectively.

Three vibration frequencies were identified below 50 Hz in the undamaged con-
dition, corresponding to 17.0 Hz, 27.2 Hz, and 34.7 Hz. The associated mode
shapes are reported in Figure 5.16. Panel (a) shows a clear in-plane motion,
while panel (b) highlights the anti-phase motion between the monitored sec-
tions. Finally, panel (c) depicts a predominant vertical motion.

As shown in Figures 5.15(d) and 5.17, no significant changes in the frequencies
or the corresponding mode shapes were observed up to an input level equal
to the RE. All indicators remained below 0.2 until the seismic test with an
input scaled by a factor of 1.7 times the RE, as reported in Table 5.3, which
yielded values of 14.0 Hz, 24.8 Hz, and 29.3 Hz for the first three investigated
frequencies. It is worth noting that, although the levels of the damage indicators
are low, a visible progression of increasing values is still observed for all the
modal parameters-based indicators considered.

After this test, the second mode exhibited indicator values exceeding 0.2 for
both frequency variation and mode shape. In contrast, only the first mode df

indicator was affected at this stage (seismic input 1.8RE), and no values ex-
ceeded 0.1 for the third mode or frequency. From this point onward, the damage
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(a) (b)

(e) (f)

(c) (d)

Fig. 5.15: Singular values curves for R-DUV:(a) undamaged condition; (b) after test
0.4RE, (c) after test 1.0RE, (d) after test 1.8RE, (e) after test 2.0RE; (f) after test
2.1RE

(a) (b) (c)

Fig. 5.16: First three mode shapes of the RDV specimen
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Table 5.3: Frequency results for R-DUV specimen

Test Code f1 [Hz] f2 [Hz] f3 [Hz]
AVT0 17.0 27.2 33.9

AVT 0.2RE 16.7 26.9 33.4
AVT 0.4RE 16.5 26.6 33.2
AVT 0.5RE 16.2 26.6 32.9
AVT 0.6RE 16.1 25.0 32.4
AVT 0.7RE 16.0 25.2 32.3
AVT 0.8RE 15.9 25.1 32.2
AVT 0.9RE 15.7 25.0 31.8
AVT 1.0RE 15.7 25.0 31.6
AVT 1.1RE 15.6 25.0 31.4
AVT 1.2RE 15.4 25.0 31.5
AVT 1.3RE 15.1 25.0 31.3
AVT 1.4RE 14.6 24.9 31.3
AVT 1.5RE 14.3 24.9 31.2
AVT 1.6RE 14.3 25.0 30.8
AVT 1.7RE 14.0 24.8 29.3
AVT 1.8RE 13.6 23.4 29.2
AVT 1.9RE 12.7 20.6 27.6
AVT 2.0RE 11.6 19.6 25.0
AVT 2.1RE 8.7 16.6 20.2

significantly impacted the first frequency, with a noticeable change in trend af-
ter test 2.1RE, resulting in a final df ≈ 0.5 and a corresponding frequency
of 8.7 Hz. However, the dm value for mode 1 remained below 0.2, indicating
that the mode shape did not experience any significant change. Conversely,
mode 2 was similarly affected by the damage in terms of both frequency decay
and mode shape variation, with slightly higher values generally recorded for dm.
Final values reached 0.5 and 0.4 for dm and df , respectively, with the frequency
assessed at 16.6 Hz. In contrast, the third mode exhibited a nearly identical
evolution in both frequency and mode shape, with the curves almost perfectly
overlapping and reaching a final value of 0.4 (frequency at 20.2 Hz).

Tracking the damage indicators throughout all seismic tests allowed the moni-
toring of modal property variations, which became significant (i.e., valies higher
than 0.2) only after an input equal to 180% of the RE was applied. It is worth
noting that the progression of damage manifests differently across the modes.
In particular, the first mode was more affected in terms of frequency, while
its mode shape remained essentially unchanged. By contrast, the second and
third modes and their corresponding frequencies were affected more evenly, with
the progression of dm and df almost overlapping for the third mode, whereas
the second mode exhibited different progression values for the frequency varia-
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tion and the mode shape. The assessment of damage is further supported by
the pronounced shift in d value trends observed between tests following input
excitations of 2.0RE and 2.1RE.
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Fig. 5.17: R-DUV damage indicators: (a) mode 1, (b) mode 2, and (c) mode 3

5.2.5.Key findings
One of the main criteria to evaluate the compatibility of a reinforcement or
repair technique is its influence on the modal properties of the structure, as
these significantly affect the overall dynamic behaviour. In this context, the
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effects of the proposed strengthening are assessed in terms of percentage errors
in the vibration frequencies, with reference to the UV specimen, which repre-
sents a typical existing structure. These frequencies are compared with those
of the Reinforced Vault and the Repaired-Damaged Unreinforced Vault. The
comparison is carried out under the assumption that the i-th vibration modes
are in good agreement. In this regard, MAC values close to 0.8 are generally
considered to indicate a satisfactory correspondence between mode shapes.

The comparison between the frequencies and the corresponding MAC values for
the same i mode is reported in Figure 5.18(a), while the frequency errors are
summarised in Table 5.4, row (a). The RV specimen shows an increase in all the
frequencies, although the percentage error remains below 9.5% for all modes,
as highlighted by the grey hatched area in the figure. The first and second
frequencies show the largest differences, with the second frequency exhibiting
the highest variation, whereas the third one is only minimally affected, yielding
a value very close to that of the unreinforced reference. Furthermore, all modes
are associated with very good MAC values, equal to 0.95, 0.94, and 0.88 for
the first, second, and third modes, respectively.

Table 5.4: Percent frequency errors with reference to the UV condition

Row Specimen f1 [Hz] f2 [Hz] f3 [Hz]
(a) RV +5.5% +9.5% +0.3%
(b) DUV -46% -29.8% -8.5%
(c) R-DUV -7.6% +8.4% -9.6%

Panel (b) of Figure 5.18 and row (c) of Table 5.4 present the comparison be-
tween the UV specimen and the R-DUV in the undamaged condition. In this
case, not all frequencies increased compared to the UV specimen; rather, differ-
ent effects were observed across the modes, highlighting how the strengthening
layer, by introducing additional mass and stiffness, influenced the modes dif-
ferently. The percent errors for the first three frequencies were -7.6%, +8.4%,
and -9.6%, respectively. It is important to note, however, that the intervention
was applied to a damaged specimen (DUV), i.e., the UV in its damaged condi-
tion. As previously recalled, the damage significantly reduced the frequencies by
46%, 29.8%, and 8.5% for the first, second, and third frequency, respectively,
thus indicating a substantial change in the frequency content (see row (b) of
Table 5.4). The proposed strengthening did not fully recover the initial undam-
aged configuration, but the percent errors remained within ±10%. Moreover,
the MAC values for all analysed modes exceeded 0.78, with this minimum value
corresponding to the third vibration mode, which was the most affected by the
damage in the DUV configuration, while the first and second modes underscored
good correspondence with MAC results of 0.91 and 0.84, respectively.

Additionally, a comparison of the frequency content and vibration modes was
carried out between the RV and R-DUV specimens, with results shown in Fig-
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ure 5.19. A good correlation between the i-th modes was confirmed, with MAC
values higher than 0.83; the lowest value was obtained for the second mode,

(b)

(a)

(b)

Fig. 5.18: Compatibility assessments of the proposed strengthening through compar-
ison of modal parameters
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while excellent agreement was found for the first (MAC = 0.94) and third
mode (MAC = 0.90). As shown in the figure and in Table 5.5, the second and
third frequencies presented percent errors lower than 10% between the RV and
R-DUV conditions, while the first frequency exhibited a larger error of approxi-
mately 12.4%. These findings are consistent with the expected behaviour, since
the RV specimen was constructed in an ex-novo condition, whereas the R-DUV
specimen was derived from an element with degraded stiffness. The two spec-
imens have the same mass, so the only parameter influencing the comparison
is the effect of the additional stiffness. Although the results do not indicate
a perfect match between the frequency contents of the specimens, it is worth
noting that the second frequency is almost perfectly matched, while the errors
recorded for the other two frequencies remain below 13%.

Table 5.5: Percent frequency errors with reference to the RV condition

Specimen f1 [Hz] f2 [Hz] f3 [Hz]
R-DUV -12.4% -1.5% -9.8%

Fig. 5.19: Comparison of the modal properties between RV and R-DUV

Lastly, it is worth discussing the modal parameter-based damage indicators.
Some of these are routinely used in Structural Health Monitoring (SHM) world-
wide. Their reliability in tracking the evolution of damage has been demon-

105



Chapter 5. Experimental campaign test results

strated in all tested configurations, and particular attention should be paid
when variations exceed 20%. In addition, several considerations can be drawn
regarding the damage evolution in masonry barrel vaults:

� The variation of the first frequency provides a valuable tool for monitoring
the evolution and progression of damage, with reductions greater than
40% being particularly critical.

� The second and third frequencies, together with their associated mode
shapes, are affected more evenly, with comparable influence from both
frequency decay and mode shape variation.

� A significant evolution of damage can also be identified through changes
in the damage indicator trend, i.e., when a marked shift occurs that is
not captured by the previously considered indicators.

5.3.Rapid identification of sensitive locations as a basis for numerical
comparison

5.3.1.Methodology
Displacement monitoring was primarily adopted during the Seismic Tests (STs)
as it provides direct insight into the vault behaviour under seismic excitation.
The purpose of the following analysis is not to derive displacement–capacity
curves or to deliver a complete assessment of structural performance. Rather,
the objective is to implement a rapid screening strategy able to identify the
monitored locations that exhibit the most significant response, either in terms
of displacement demand or relative angular variation. These locations are inter-
preted as sensitive points of the vault, i.e. areas where the response concentrates
and which can therefore be considered as representative monitoring locations
for subsequent numerical comparisons. To this end, only the most significant
seismic tests are considered, corresponding to the cases in which the AVT-based
modal damage indicators exceeded the threshold value of 0.2.
Given the large amount of data typically collected during dynamic tests (e.g.,
in the UV specimen, 37 monitored locations sampled at 100 Hz, corresponding
to approximately 5000 instants per location), a detailed point-by-point analysis
over the entire test would not be practical. The following adopted strategy
is therefore conceived as an expeditious tool for reducing and interpreting the
dataset, aimed at extracting the most sensitive locations with limited compu-
tational effort.
The procedure consists of three main steps:

� Relative displacement patterns: For each reliable monitored location,
the maximum absolute displacement is identified, and the correspond-
ing instants are used to reconstruct the relative displacement patterns
of the vault. These provide a simplified picture of how deformation is
distributed.
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� Angular variation indicator: Based on the time histories of relative dis-
placements, the angle between consecutive monitored points is computed.
Variations with respect to the initial configuration are recorded as a qual-
itative indicator of potential changes in the locations’ distribution. The
analysis focuses only on the instants associated with maxima variations.

� Combined assessment: Displacement maxima and angular-variation
maxima are compared to highlight common significant instants, provid-
ing a synthetic description of the response in terms of deformed shape,
relative displacement patterns and angular variation indicator patters.

This approach does not aim at delivering an exhaustive picture of damage evo-
lution. Rather, it serves as a first-level analysis to rapidly identify the regions of
the vault most affected by seismic input. Only reliable locations, i.e., monitored
points whose measurements were free from drift, spikes, or other measurement
errors, were considered in the analysis. When similar relative displacement pat-
terns and angular variation indicator patterns were observed at multiple time
instants, only those corresponding to the largest values were selected as rep-
resentative of the structural response. This analysis allowed the identification
of the most sensitive locations, whose Relative Displacement Time Histories
(RDTHs) are examined in detail. Importantly, this procedure also provides a
rational basis for selecting which monitored points should be prioritised in subse-
quent comparisons with numerical models, thereby supporting a more targeted
and meaningful validation process.

5.3.1.1.Relative displacements
As detailed in Chapter 4, several locations on the vault specimens were in-
strumented and monitored throughout all the seismic tests, adopting different
marker layouts for the UV, RV, and R-DUV specimens (see Figures 4.13, 4.14,
and 4.18). The displacement time histories recorded by the markers were pro-
cessed to compute what is hereafter referred to as the relative (re.) displace-
ments, i.e., the displacements of the vault specimens relative to the imposed
input motion. The relative displacements were calculated according to Eq. 5.7:

und (t) = ūnd (t)− ūid(t) (5.7)

where:

� und (t) is the relative displacements time history;
� ūnd (t) is the displacements time history recorded by the markers on the

specimen;
� ūid(t) is the displacements time history applied as input;
� the superscript n refers to the location of the marker;
� the subscript d refers to the direction, i.e., X, Y, or Z.
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For each reliable marker (i.e., excluding those affected by measurement errors
or detachment during the tests), the maximum absolute relative displacement
was determined together with the corresponding time instant. Several maxima
occurred simultaneously across different markers; in these cases, only unique
time instants were retained to avoid redundancy.

5.3.1.2.Angular variation indicator
In parallel, the variation of the angle between consecutive monitored locations
was considered. Vectors were defined by connecting each marker to the centre
of the arch geometry, and the angle between adjacent vectors defined a Section
(S). The variation in these angles, compared to their initial values, was used as
a qualitative indicator of potential significant changes in the configuration. If
n markers were considered reliable, n− 1 angles were computed, one for each
section, and significant deviations from the initial configuration were considered.
At this stage, an angular variation indicator was proposed, labelled as dθ, and
defined as (Eq.5.8):

dθs(t) = 1− θs(t)

θs(0)
(5.8)

in which:

� θs(t) is the angle evaluated at each time frame;
� θs(0) is the angle evaluated before the beginning of each seismic test;
� the subscript s refers to the section considered (e.g., the one evaluated

between marker 2 and 3).

This indicator equals zero when no angular variation occurs, while significant
increases or decreases may signal changes in the displacement in two consecutive
locations. The maximum absolute value of dθs was determined for each section,
and the corresponding time instants were compared with those associated with
peak relative displacements. Based on these significant instants, the deformed
configuration of the vault was reconstructed, including the relative displacement
of each location along the measured directions and the associated dθs values.

This combined evaluation of relative displacements and angular variations pro-
vided a concise yet informative description of the vault response during seismic
tests, enabling the rapid identification of sensitive locations.

5.3.2.Unreinforced Vault
As illustrated in Figure 4.13, the Unreinforced Vault was equipped with 23
markers along Section A–A, which recorded displacement time histories during
two seismic tests, namely 0.2RE and 0.4RE.

It should be emphasized that, prior to the 0.4RE test, no reliable relative dis-
placement records were obtained, as the detected amplitudes were at or below
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the sensitivity threshold of the computed relative displacement (0.5 mm). Con-
sequently, the discussion presented herein focused exclusively on the final seismic
test of the UV specimen, with the monitored locations considered reliable from
M2 to M22. Furthermore, the Y-direction response was disregarded, since its
magnitude was comparable to the measurement uncertainties.
The procedure described in the previous section enabled the identification of
several critical locations, considered representative of the structural response.
Figure 5.20(b) depicts the deformed configuration of the vault, highlighting
significant changes in the upper portion of the structure at 14.2 s. The deformed
shape captures the considerable displacement in the upper part, while minimal
or no visible changes are observed in the lower locations. The clear displacement
in the positive X direction emphasizes the different behaviour of the two portions
of the vault, which is better explained by the relative displacement pattern.
As reported in panel (c), the relative displacements ranged between 20 mm and
30 mm for locations from M9 to M18, corresponding to the portion of the struc-

(b)

(d)

(a) (b)

(c) (d)

Fig. 5.20: Structural response of the UV specimen during test 0.4RE at 14.2 s: (a)
input, (b) deformed and undeformed shapes, (c) relative displacement patterns, and
(d) angular variation indicator pattern.
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ture bounded by cracks C3 and C4, which developed between locations M8–M9
and M16–M17, respectively. Controversially, the response gradually decreases
toward the abutments. Location M16 registered the largest relative displace-
ment in both monitored directions, with amplitudes of 30 mm (X direction)
and 28 mm (Z direction). Another critical position is M9, where significant
displacements were also recorded, namely 26 mm and 23 mm in the horizontal
and vertical directions, respectively. All X direction records are positive, whereas
the Z direction response exhibits an almost anti-symmetric distribution with re-
spect to the keystone (see panels (b–c)). Panel (d) presents the evolution of the
angular variation indicator, which reveals angular changes whose peaks corre-
spond to crack formation associated with a rocking mechanism. The maximum
absolute variation was observed in Section S7, between locations M8–M9, cor-
responding to the initiation of crack C3, around which rotation developed. It is
also worth noting that, to identify significant changes derived from the angular
variation, the analysis does not need to focus exclusively on deviations from
zero, but rather on any deviation from an identified pattern, as in this case.
This occurs because the center of the geometry is always defined with respect
to the original configuration; therefore, when larger rotations of blocks take
place, deviations from zero may also appear in sections where no significant
changes between the relative positions of two consecutive monitored points are
evident.

In contrast, the effects of the rocking mechanism in the opposite direction
is captured in the deformed shape shown in panel (b) of Figure 5.21, which
corresponds to the response at 14.6 seconds. Compared to the previous con-
figuration, the deformed shape exhibits negative horizontal displacements, still
reflecting the different behaviour of the left and right portions of the specimen,
while panel (c) reports the relative displacements in the X and Z directions
at this time instant. Locations between M6 and M20 recorded absolute value
displacements ranging from 10 mm to 25 mm in both directions. The displace-
ment pattern in the X direction appears as a mirrored response with respect to
that observed in Figure 5.20, while the anti-symmetric distribution in the Z di-
rection remains evident. The largest amplitudes occurred at M9, near crack
C3, where displacements reached 22 mm (X) and 20 mm (Z), and at M16,
which shows a comparable horizontal amplitude to M9 but a negative vertical
response of approximately 10 mm. It should be emphasized that, similar to the
previous time instant, the maximum angular variation indicator dθ occurs on
the opposite side of the maximum relative displacement. In this case, the peak
value is detected at Section S15, corresponding to the angle between locations
M16–M17, where crack C4 developed.

The analyses carried out allowed the identification of critical locations, which,
when compared with the observed damage, were confirmed to be associated
with structural damage. In particular, locations M9 and M16 were identified
as the most sensitive and critical, while M12 was also included, as it marked
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(a) (b)

(c) (d)

Fig. 5.21: Structural response of the UV specimen during test 0.4RE at 14.6 s: (a)
input, (b) deformed and undeformed shapes, (c) relative displacement patterns, and
(d) angular variation indicator pattern.

a significant point for the reversal of the response. The relative displacement
time histories of these locations are presented in Figure 5.22.

As can be observed, the responses are reported within the time window be-
tween 5 and 30 s, as this interval captures the transition from the elastic to the
non-linear phase and the subsequent decreasing response at the end of the test.
All RDTHs exhibit a clear transition from the elastic to the non-linear regime
starting at approximately 12 s. During the initial stage, the specimen behaves
elastically, and no appreciable relative displacements are recorded. The re-
sponses begin to diverge from near-zero relative displacement at approximately
12.3 s, corresponding to the instant when the PGD of the RE in the X direction
is reached. Beyond this point, the system transitions to the non-linear regime,
with increasing displacement values between 12 and 16 s. During this interval,
locations M9, M12, and M16 recorded horizontal absolute displacement values
ranging from 10 to 30 mm, while vertical values range between –25 mm and
28 mm. It is worth emphasizing that, while no appreciable differences are ob-
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(b)

(c)

(a)

(d)

Fig. 5.22: Relative displacement time histories of selected monitored locations of the
UV specimen during test 0.4RE: (a) Section A-A for reference, (b) location M9, (c)
location M12, and (d) location M16.
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served among the RDTHs in the horizontal direction, the Z response exhibits
a mirrored pattern between panel (b) and panel (d), representing locations M9
and M16, respectively. This behavior clearly indicates the rocking mechanism,
characterized by alternating vertical displacements in almost-symmetric por-
tions of the specimen. Moreover, only positive vertical values are recorded at
location M12, corresponding to the keystone. The intense phase observed in the
RDTHs is directly associated with the development of the rocking mechanism,
followed by a temporary reduction in amplitude and a subsequent secondary
increase of lower magnitude. The divergence from zero displacement indicates
the initiation of damage and the activation of rocking hinges, particularly those
related to cracks C3 and C4, as illustrated in Figure 5.1 and confirmed by the
angular variation indicator discussed previously.

In conclusion, the combined use of relative displacement and angular variation
indicator data enabled a first assessment of the seismic dynamic response of
the structure, allowing the identification of the most critical locations. The
specimen experienced significant relative displacements in both the X and Z di-
rections, primarily induced by rocking mechanisms around cracks C3 and C4.
A Comparison of displacement patterns across directions and markers revealed
anti-symmetric behavior in the vertical direction and mirrored responses in the
horizontal direction during successive rocking phases. Relative displacement
data, together with the angular variation indicator, confirmed the development
of localized rotations at specific sections, coinciding with visible crack open-
ings. These findings provide valuable insight into the most vulnerable regions
of the structure, although the analysis cannot be considered exhaustive, as it
represents only a rapid screening of the available data.

5.3.3.Reinforced Vault
The RV specimen was subjected to 21 seismic tests, with the displacement time
histories recorded at several points, as highlighted in Setup #1 and #2 (see
Figures 4.13 and 4.14). The following analyses are carried out on the monitored
location of the arch profile on Section A-A, whose layout did not change between
the different configurations. The analyses are carried out under three seismic
input, equal to 2.1, 2.2 and 2.3 times the RE. The procedure highlighted in
methodological section is applied for each of this seismic tests

5.3.3.1.Results at 2.1RE
The results of the procedure when the RV specimen was subjected to an in-
put equal to 2.1 times the RE are presented in the following section. The
only unreliable location in this analysis was M10. No significant changes were
detected through the angular variation indicator, and the maxima in both di-
rections occurred at the same time instant. For this reason, only Figure 5.23
is analysed to identify the most sensitive locations in this section. Panel (b)
shows the deformed configuration at 12.4 seconds, which deviates only mini-
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(a) (b)

(c) (d)

(a)

Fig. 5.23: Structural response of the RV specimen during test 2.1RE at 12.4 s: (a)
input, (b) deformed and undeformed shapes, (c) relative displacement patterns, and
(d) angular variation indicator pattern.

mally from the undeformed state. Panel (c) depicts the relative displacement
pattern, which reflects the typical structural response, with horizontal displace-
ments sharing the same sign and an almost mirrored distribution in the vertical
direction. Maximum amplitudes were attained at location M7, near crack C1
(Figure 5.24), reaching 4 mm in X and 1.8 mm in Z, and at M9, near crack C8,
where the vertical displacement reached 2 mm and the horizontal displacement
3 mm. As anticipated, no significant deviations were detected when analysing
the angular variation indicator (panel (d)).

The RDTHs were examined at three locations, M7, M9, and M12, whose re-
sponses are presented in the time window between 5 and 30 s (Figure 5.24).
These locations are situated close to cracks C1, C8, and between C10 and C11,
respectively. At all analysed points, the peak portions of the responses were
recorded between 9 and 15 s, showing similar displacement patterns throughout
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the observed period. In all cases, the response in the X direction reached higher
values compared to the vertical direction.

(d)

(b)

(c)

(a)

(d)

Fig. 5.24: Relative displacement time histories of selected monitored locations of the
RV specimen during test 2.1RE: (a) Section A-A for reference, (b) location M7, (c)
location M9, and (d) location M12.
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5.3.3.2.Results at 2.2RE
The results of the penultimate test were carried out with a reduced amount
of monitored locations, as mos were excluded from the analysis, as they were
deemed unreliable. The monitored locations considered in the analysis were M2,
M3, M4, M6, M7, M9, from M11 to M16, and from M19 to M22, resulting in
a total of 14 sections evaluated using the angular variation indicator. In this
analysis as well, no significant trends were detected from the angular variation
indicator, so the discussion will focus primarily on the relative displacement
patterns. The deformed shape (Figure 5.25(b)) differed only slightly from the
original undeformed configuration. The deformed profile is highlighted by blue
markers, while the grey ones represent the undeformed shape.

The input is displayed in panel (a), and the corresponding time instant was
identified at 12.8 s, whereas the relative displacement patterns in the X and

(a)(a) (b)

(c) (d)

Fig. 5.25: Structural response of the RV specimen during test 2.2RE at 12.8 s: (a)
input, (b) deformed and undeformed shapes, (c) relative displacement patterns, and
(d) angular variation indicator pattern.
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Z directions are reported in panel (c). The location that recorded the highest
absolute relative displacement was M7, near crack C1, which recorded nearly
5 mm in the horizontal (X) direction and 2.5 mm in the vertical (Z) direction.
In contrast, all other reliable monitored locations recorded values between 2 mm
and 5 mm in the horizontal direction and between 1 mm and 2.5 mm in the
vertical direction. The angular variation indicator exhibited no significant peaks
in panel (d).

Panel (b) of Figure 5.26 shows the deformed shape contrasted with the unde-
formed configuration, while panel (c) reports the relative displacements recorded
at all reliable monitored points in both the X and Z directions at the time in-
stant 14.05 s. Higher values were still observed in the horizontal direction,
ranging between 1 mm and 8 mm. A clear mirrored pattern with respect to the
keystone is also notable, although not perfectly symmetric.

(a) (b)

(c) (d)(d)

Fig. 5.26: Structural response of the RV specimen during test 2.2RE at 14.0 s: (a)
input, (b) deformed and undeformed shapes, (c) relative displacement patterns, and
(d) angular variation indicator pattern.

117



Chapter 5. Experimental campaign test results

The previously discussed anti-symmetric pattern was evident in the vertical
direction, with higher values recorded in the right portion of the specimen,
from location M13 onward. In particular, values smaller than 2.5 mm were
obtained in the left portion, contrasted with results ranging from 2 mm to
4 mm on the right. Additionally, a small difference between the displacements
at locations M12 and M13 is discernible. The highest displacement in the X
direction was recorded at location M16, which also exhibited the largest vertical
displacement. These relative displacements were 7.5 mm in X and 3.5 mm in
Z, respectively. Location M9 (close to crack C8) recorded a similar value in the
horizontal direction. No significant variation was observed in the dθ index for
this time instant.

The analyses carried out so far allowed the identification of five critical lo-
cations: M12, M13, and M16, as shown in Figure 5.27, and M7 and M9,
significant points on the left portion of the structure as detailed in Figure 5.28.
As is notable, all these locations are very close to where several cracks were
detected during the tests. The RDTHs are presented over a time frame of 5-
30 s, with the highest values observed between approximately 9 s and 18 s, and
relative displacements at the end of the test returning near zero, highlighting
the absence of permanent residual displacements. As previously discussed, the
horizontal responses were similar across the monitored locations, while more
insight can be gained from the vertical RDTHs. Specifically, locations closer
to the keystone (M12) exhibited relatively small negative displacement values,
whereas locations farther from the keystone displayed significant vertical re-
sponses, indicating movements in both directions.

5.3.3.3.Results at 2.3RE
The structural response of the RV specimen under seismic input 2.3RE is pre-
sented in this section. As previously discussed in Section 5.1.3, the specimen
had reached an advanced damage state, with collapse being prevented solely
by the presence of the extrados reinforcement. In the following analyses, only
two locations were considered unreliable during the test, namely M10 and M22.
Given the complex structural behaviour during this test, the analysis of the
deformed shape and of the two proposed patterns aimed to identify the most
critical locations, although the whole specimen recorded significant displace-
ment values. It must be recalled that, especially in this analysis, the aim of the
procedure was not to provide an exhaustive description of the structural be-
haviour, but rather to identify the most critical areas as a basis for comparison
with numerical models.

The deformed shape (panel (b), Figure 5.29) clearly shows substantial displace-
ments consistent with the observed damage, particularly corresponding to the
shear failure of the reinforcement–masonry connection at the right abutment
at this time instant (12.3 s). This behaviour is evidenced by an almost uniform
shift in the right portion of the structure (from location M11 to M21, as shown
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(b)

(c)

(b)

(c)

(a)

(d)

Fig. 5.27: Relative displacement time histories of selected monitored locations of the
RV specimen during test 2.2RE: (a) Section A-A for reference, (b) location M12, (c)
location M13, and (d) location M16.
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(b)

(c)

(a)

(b)

(a)

Fig. 5.28: Relative displacement time histories of selected monitored locations of the
RV specimen during test 2.2RE: (a) Section A-A for reference, (b) location M7, and
(c) location M9.

in panel (c)). All monitored locations recorded positive relative displacements
exceeding 25 mm in the horizontal direction, with the exception of M2, M3,
and M21. Conversely, an anti-symmetric displacement pattern was observed in
the vertical direction with respect to the keystone, with relative displacements
ranging between -25 mm and 27 mm. The maximum horizontal displacement
was recorded at location M8, which reached 51 mm, while the same point at-

120



Chapter 5. Experimental campaign test results

(a) (b)

(c) (d)

Fig. 5.29: Structural response of the RV specimen during test 2.3RE at 12.3 s: (a)
input, (b) deformed and undeformed shapes, (c) relative displacement patterns, and
(d) angular variation indicator pattern.

tained a negative Z displacement of −11 mm. The largest vertical displacement
was observed at location M16, which also exhibited a horizontal displacement
of 48 mm. The dθ (panel (d)) shows a distinct peak at Section S4, defined
between locations M5-M6, corresponding to the position of crack C5 and high-
lighting its contribution to the overall deformation pattern in panel (b).

Another significant frame of the structural response is presented in Figure 5.30,
corresponding to 12.4 s. The deformed shape in panel (b) illustrates a move-
ment in the negative direction of the X axis, with the left portion of the vault
shifting horizontally while simultaneously moving upward in the Z direction. In
contrast, the right portion shows an almost linear trend from the abutment to
the keystone. The relative displacement values presented in panel (c) confirmed
this response, with the maximum displacement in the X direction recorded at
location M16, reaching -61 mm. Most other markers registered values between
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10 mm and 60 mm, except for M2 and M21. Notably, a progressive increase in
the absolute X displacement was observed from M21 to M17, consistent with
the visible deformed pattern. In contrast, the Z-displacement pattern could be
described by a parabolic trend from M2 to M18, followed by a nearly linear
correlation between M18 and M20. The maximum vertical displacement was
recorded at location M8, equal to 42 mm, which corresponded to a horizontal
displacement of nearly -50 mm. It is worth noting that the maxima absolute
displacements in the X and Z directions occurred at positions symmetric with
respect to the keystone. Finally, panel (d) shows that the angular variation
indicator dθ exhibited a peak at Section S15, deviating from the general trend
and highlighting the formation of a rotational hinge between M17–M18, corre-
sponding to the opening of crack C3.

(a) (b)

(c) (d)

(a)

Fig. 5.30: Structural response of the RV specimen during test 2.3RE at 12.4 s: (a)
input, (b) deformed and undeformed shapes, (c) relative displacement patterns, and
(d) angular variation indicator pattern.
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Figure 5.31(b) shows the deformed shape: the specimen was affected by shear
failure at the right abutment, causing an overall movement toward the positive
side of the X axis at 12.8 s. The locations on the left side of the keystone
followed an approximately linear trend, whereas a significant shift occurred at
the keystone itself. This description is consistent with the relative displace-
ment patterns in both X and Z directions (panel (c)). The Z displacement
exhibited an anti-symmetric behavior, with the maximum value recorded at
M16 (33 mm), while the other locations recorded values ranging approximately
between -30 mm and 33 mm. The X displacements were uniformly positive,
ranging between 30 mm and 65 mm, excluding locations M2 and M3, with the
peak response observed at M8. Additionally, section S6, defined between loca-
tions M7–M8, recorded the maximum absolute values in the angular variation
indicator pattern (panel (d)). This section corresponds to crack C1 observed in
the damage pattern.

(a) (b)

(c) (d)

(a)

Fig. 5.31: Structural response of the RV specimen during test 2.3RE at 12.8 s: (a)
input, (b) deformed and undeformed shapes, (c) relative displacement patterns, and
(d) angular variation indicator pattern.
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The debonding mechanism identified through visual inspection is clearly distin-
guishable in the keystone area at 12.9 s, as highlighted by the deformed shape
in panel (b) of Figure 5.32. The deformed configuration shows a horizontal shift
in the right portion of the arch profile, accompanied by a downward movement
in the Z direction, while this trend is not observed in the left portion. The
difference in vertical displacement is well captured by locations M12 and M13
in panel (c), where the minimum value was recorded at M13, equal to -44 mm.
A significant difference of approximately 20 mm was measured between M12
and M13. Unlike previous cases, the relative displacements no longer exhibit a
fully anti-symmetric behavior across the keystone in the Z direction. Moreover,
for the first time, X displacements include both positive and negative values,
with the transition occurring at M13. The recorded values range from -25 mm
to 30 mm, particularly concentrated near the right abutment. Finally, the an-
gular variation indicator dθ shows a pronounced peak at section S10, between
M12–M13, corresponding to crack C11 and confirming the debonding mecha-
nism. A smaller peak was also observed at Section S14, between M16–M17,
associated with crack C2.

(d)

(a) (b)

(c) (d)

Fig. 5.32: Structural response of the RV specimen during test 2.3RE at 12.9 s: (a)
input, (b) deformed and undeformed shapes, (c) relative displacement patterns, and
(d) angular variation indicator pattern.
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The effect of debonding at the keystone is more evident in Figure 5.33(b),
showing the response at 14.2 s. The whole specimen moved toward the positive
X axis, but a clear change in the configuration was visible in the keystone area
(M12). Additionally, panel (c) depicted a clear distinction between the keystone,
which recorded the highest vertical displacement of 24 mm, and the adjacent
location M13, which attained a negative vertical displacement of - 7.5 mm.
This resulted in a difference of approximately 32 mm between the two adjacent
markers, as shown in panels (b–c). At the same time, all monitored points
recorded positive X displacements, with maximum values approaching 50 mm.
Panel (d) clearly showed a pronounced peak in the angular variation indicator
at section S4, which, as previously noted, corresponded to crack C6.

The highest relative displacement between locations M12 and M13 was recorded
at 19.4 s. Panel (b) of Figure 5.34 clearly illustrates how, simultaneously, the

(a) (b)

(c) (d)

(a)

Fig. 5.33: Structural response of the RV specimen during test 2.3RE at 14.2 s: (a)
input, (b) deformed and undeformed shapes, (c) relative displacement patterns, and
(d) angular variation indicator pattern.
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right portion of the specimen shifted to the right due to shear failure and
debonding at the right abutment, while a significant negative vertical shift oc-
curred immediately after the keystone. These results highlight a difference of
approximately 50 mm between locations M12 and M13. The latter recorded
the largest vertical relative displacement, equal to -53 mm, whereas the corre-
sponding X displacement was significantly smaller, reaching only -17 mm. The
horizontal relative displacements ranged between -28 mm and 27 mm, while
the vertical displacements varied from -55 mm to 25 mm. The angular vari-
ation indicator showed slight peaks at sections S11 and S15, located between
M13-M14 and M16-M17.

The critical location obtained from the analysis are presented in the following
figures. In particular, in Figure 5.35 the RDTHs show the response in the
locations marked as M5, M6 and M7, posed on the left portion of the structure

(d)

(a) (b)

(c) (d)

Fig. 5.34: Structural response of the RV specimen during test 2.3RE at 19.4 s: (a)
input, (b) deformed and undeformed shapes, (c) relative displacement patterns, and
(d) angular variation indicator pattern.
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and close to cracks C6, C7 and C1, respectively. The response is presented
in the time frame between 5-30 seconds, which clearly highlights that relative
displacements between 15 mm and 60 mm were recorded between 10 s and
20 s of the test. In detail, all these locations exhibited greater displacements
in the X direction, compared with lower values in the Z direction, which varied
approximately between -35 mm and 40 mm. Additionally, it is worth noting
that, close to the end of the test, no significant shift from the original position
was observed.

Subsequently, the RDTHs of locations M8, M12, and M13 are shown in Fig-
ure 5.36. The first highlighted location is situated close to crack C1, while
M12 corresponded to the keystone and M13 is located next to crack C11. The
responses are presented in the same time frame, which allowed the identifica-
tion of a significant duration of the response, between 12-20 seconds. It is
worth noting that, in panels (c–d) after 20 seconds, a shift from the zero value
is clearly observed, indicating a permanent change of the monitored location.
In particular, in the X direction, both M12 and M13 recorded positive values,
indicating a movement to the right, while the effect of the previously discussed
debonding phenomenon was evident in the downward shift of the Z displace-
ments. Specifically, by the end of the test, location M13 exhibited a clear
change in the vertical position of approximately 35 mm.

The last three identified critical locations are analysed in Figure 5.37, i.e.,
locations M16, M18 (close to cracks C2 and C3), and M21 (close to crack C4).
In all the detailed responses, a clear peak is observed at 12.4 seconds. After
this time instant, all the monitored locations showed a shift in the response,
which was no longer centered around zero, but shifted towards positive values
in the X direction, with increasing magnitude from the top to the bottom part
of the right portion (location M21 exhibited a final deviation of 30 mm from
the original position). In contrast, the final Z displacement depended on the
location, with negative values recorded at M16 and M18 and a positive final
value at M21.

5.3.4.Repaired-Damaged Unreinforced Vault

Given the extensive displacement acquisition dataset obtained during the second
experimental campaign and previously described in Section 4.2.2, a total of 61
monitoring locations were considered illustrated in Figure 4.18 on the frontal
facade. The analysis presented in this section aims to identify the critical
location to be adopted as the reference for comparison with the numerical
model results. In order to maintain consistency with the procedure followed in
the previous sections, only the monitoring points located closer to the intrados
are discussed (i.e., locations M2, M4, M6, ..., M60). The seismic tests selected
as significant for this analysis correspond to 1.9RE, 2.0RE, 2.1RE, and 2.2RE.
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(d)

(b)

(c)

(a)

(d)

Fig. 5.35: Relative displacement time histories of selected monitored locations of the
RV specimen during test 2.2RE: (a) Section A-A for reference, (b) location M5, (c)
location M6, and (d) location M7.
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(b)

(c)

(a)

(d)

Fig. 5.36: Relative displacement time histories of selected monitored locations of the
RV specimen during test 2.2RE: (a) Section A-A for reference, (b) location M8, (c)
location M12, and (d) location M13.
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(b)

(c)

(a)

(d)

(b)

(c)

(a)

(d)

Fig. 5.37: Relative displacement time histories of selected monitored locations of the
RV specimen during test 2.2RE: (a) Section A-A for reference, (b) location M16, (c)
location M17, and (d) location M21.
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5.3.4.1.Results at 1.9RE
The results obtained from test 1.9RE are discussed below. The analysis indi-
viduate the peaks in both relative locations and in the angular variation in the
same time instant.

In particular, Figure 5.38(b) illustrates the deformed shape at 12.8 seconds,
revealing only minor deviations from the undeformed configuration, more visible
in the upper portion of the specimen, with a consistent displacement towards
the negative X-axis.

(b)

(c)

(a) (b)

(c)

(d)

Fig. 5.38: Structural response of the R-DUV specimen during test 1.9RE at 12.8 s:
(a) input, (b) deformed and undeformed shapes, (c) relative displacement patterns,
and (d) angular variation indicator pattern.
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The expected anti-symmetric pattern is observed in the vertical displacements,
whereas the X direction exhibits only negative values, almost symmetric with
reference to the keystone. Consistently, the displacement response reaches
higher absolute values at location M44 (panel (c)), with a maximum peak of
approximately -5 mm in the X direction, while a pronounced peak is recorded at
location M46 in the Z direction (-3 mm). The results of the angular variation
indicators are shown in panel (d): the two most relevant sections are S22 and
S23, defined between locations M42–M44 and M44–M6, respectively.

The analysis highlighted locations and sections which, compared with the dam-
age pattern are in the surroundings of of crack C10 in the damage pattern (see
Figure 5.6) and as represented in Figure 5.39(a).

(b)

(c)

(a)

Fig. 5.39: Relative displacement time histories of selected monitored locations of the
R-DUV specimen during test 1.9RE: (a) Section A-A for reference, (b) location M44,
and (c) location M46
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The monitored locations M44 and M46 exhibited the highest displacement val-
ues and also characterized the response when adopting the angular variation
indicator. The RDTHs of these locations are presented in panels (b–c) within
the time frame 5–30 s. In particular, it is worth noting that the highest values
in the response are obtained between 12 s and 15 s, with larger amplitudes in
the X direction (ranging between –5 mm and 3 mm) than in the Z direction
(between –3 mm and 1.8 mm). All the peaks in this time interval are negative
for both axes, and no significant deviation from the original position is observed
at the end of the test.

5.3.4.2.Results at 2.0RE
Subsequently, the results of the third-to-last seismic test to which the R-DUV
specimen was subjected are presented in this section.

The deformed shape obtained at 12.8 s, shown in Figure 5.40(b), highlights that
the upper portion is still the most affected. However, as visible in panel (c) of
Figure 5.40, the locations closer to the abutments (M2 and M60) also record
displacements of about 2–2.5 mm in the horizontal direction, while reduced val-
ues are observed in the vertical direction. Additionally, the highest displacement
in the X direction is recorded at location M44, with 7.5 mm, whereas 4.4 mm
is obtained at the same location in the Z direction. Conversely, the largest ver-
tical displacement is found at location M18, reaching 4.8 mm, combined with
a negative displacement of –7 mm in the X direction. The dθ results for this
time instant are detailed in panel (d) of Figure 5.40, which again emphasises
the change in trend between sections S22 and S23, as already observed in the
previous seismic test.

Figure 5.41(b) presents a deformed shape that appears mirrored with respect
to the one previously discussed. The relative displacement at 17.4 s highlights
exclusively positive values greater than 1.0 mm at all monitored locations, both
in the extrados and intrados configurations. In contrast, displacements ranging
between –1 mm and 4 mm are recorded in the vertical direction (panel (c)).
Moreover, the pattern identified by the Z displacements is not anti-symmetric
with respect to the keystone (located between M30–M32) but exhibits a peak at
location M16, while the maximum value is observed at location M30, reaching
approximately 2 mm. The largest horizontal displacements are instead obtained
at location M16, which recorded values of about 6 mm. Consistent with the
analysis of the relative displacement values, panel (d) highlights the response in
terms of the angular variation indicator, showing a significant peak at section
S8. It is worth noting that section S8 is contained between M14–M16 and
corresponds to the location of crack C8.

Figure 5.42 presents the response of locations M16, M18, and M30. The
relative displacements over time are shown in panels (b–d), while their positions
are highlighted in panel (a). The response exhibits pronounced peaks between
10 s and 20 s, with larger amplitudes in the X direction compared to the
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(b)

(c)

(d)

(b)

(c)

(a)

Fig. 5.40: Structural response of the R-DUV specimen during test 2.0RE at 12.8 s:
(a) input, (b) deformed and undeformed shapes, (c) relative displacement patterns,
and (d) angular variation indicator pattern.

Z direction. It is also worth noting that higher vertical displacements were
recorded at the locations farthest from the keystone. Figure 5.43 presents the
RDTHs of locations positioned almost symmetrically to those discussed above.
The same conclusions drawn for the previously mentioned locations remain valid,
and it is important to note that none of the monitored locations exhibit residual
permanent displacements by the end of the considered time frame (5–30 s).
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(b)

(c)

(a) (b)

(c)

(a)

Fig. 5.41: Structural response of the R-DUV specimen during test 2.0RE at 17.4 s:
(a) input, (b) deformed and undeformed shapes, (c) relative displacement patterns,
and (d) angular variation indicator pattern.
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(b)

(c)

(a)

(d)

Fig. 5.42: Relative displacement time histories of selected monitored locations of the
R-DUV specimen during test 2.0RE: (a) Section A-A for reference, (b) location M16,
(c) location M18, and (d) location M30
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(b)

(c)

(a)

(d)

(b)

(c)

(a)

(d)

Fig. 5.43: Relative displacement time histories of selected monitored locations of the
R-DUV specimen during test 2.0RE: (a) Section A-A for reference, (b) location M30,
(c) location M44, and (d) location M46
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5.3.4.3.Results at 2.1RE
The response during the penultimate seismic test (i.e., when subjected to an
input 2.1 times the RE), highlighted in terms of deformed shape, relative dis-
placement pattern, and the angular variation indicator (dθ), is presented and
discussed in this section.

The deformed shape at 13.3 seconds effectively captures the significant dis-
placements to which the specimen was subjected (Figure 5.44(b)).

(d)

(b)

(c)

(a)

Fig. 5.44: Structural response of the R-DUV specimen during test 2.1RE at 13.3 s:
(a) input, (b) deformed and undeformed shapes, (c) relative displacement patterns,
and (d) angular variation indicator pattern.
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The re. displacements in the X direction exhibit exclusively negative values
ranging approximately from –5 mm to –20 mm, with a response that is sym-
metrical with respect to the keystone (M30–M32). It must be noted that at
the locations closest to the abutments (M2 and M60), horizontal displacements
greater than 5 mm were recorded. These results are consistent with the observed
rocking phenomenon, described by alternating rotations around the bases. The
vertical displacement pattern still displays the usual anti-symmetry with respect
to the keystone, although in this case the keystone itself records positive values
of 5–10 mm. The locations experiencing the largest response values are M46,
with –21 mm in the horizontal direction and –6 mm in the vertical direction,
and M18, which records the highest vertical displacement of 13 mm together
with –18.5 mm in the X direction (Figure 5.44(c)). Consequently, panel (d) of
Figure 5.44 identifies sections S7, S15, S22, and S23 as the critical ones to be
assessed, since they diverge from a clearly recognisable pattern. In particular,
section S7 is bounded by locations M14–M16 and is consistent with crack C8.
Section S15 is defined between M30 and M32, two locations close to crack C9.
Finally, sections S22 and S23 are located between M42–M44 and M44–M46,
respectively, and are consistent with the observed crack C10.

The deformed shape at 14.5 s is presented in panel (b) of Figure 5.45. A clear
movement to the right is visible, while an upward displacement is also detected.
This translation is also reflected in the horizontal displacement pattern in the X
direction in panel (c). All monitored locations recorded displacements greater
than 10 mm; the lowest values were obtained at the locations closest to the
abutments (M2 and M60), while the peak response occurred at M16, with
26 mm of horizontal displacement and –3.5 mm of vertical displacement. The
loss of the symmetrical pattern in the X direction and of the anti-symmetric one
in the Z direction is clearly evident. Figure 5.45(d) presents the results of the
angular variation indicator. A change in trend is clearly observed in sections S8
and S9: the first bounded by M14–M16, and the second between M16–M18,
both still associated with crack C8.

The analysis conducted so far provided insight into the locations most sensitive
to the response data. In particular, observing the RDTHs presented in Fig-
ure 5.46 for positions M2, M14, and M16, it is possible to note that the highest
response values are recorded in the time frame between 12-20 s, ranging from
–20 mm to 26 mm in the X direction. Specifically, location M2, the closest to
the left abutment, recorded a peak value of 10 mm in the X direction and 5 mm
in the Z direction. The X response is characterised by predominantly positive
values, with peaks exceeding 10 mm of displacement.

Consequently, the analysis of the RDTHs is essential, as it provides more com-
plete information about the response by highlighting permanent shifts. In par-
ticular, panels (c–d) of Figure 5.47, corresponding to locations M30 and M32,
not only show the peaks in the response but also reveal a residual shift of the
monitored locations at the end of the analysis. Specifically, a positive shift of
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1 mm was obtained in the X direction, contrasted by a residual negative dis-
placement of –2 mm in the vertical direction. This residual shift becomes more
evident closer to the right abutment. In panels (b) and (c) of Figure 5.48, a
positive shift of 2 mm is observed in the X direction, accompanied by a smaller
translation in the vertical direction. Finally, panel (d) highlights that, closer to
the abutment, the specimen experienced a final displacement of 4 mm in the
X direction and 2 mm in the Z direction.

(b)

(c)

(a)

(b)

(c)

(a)

(d)

Fig. 5.45: Structural response of the R-DUV specimen during test 2.1RE at 14.5 s:
(a) input, (b) deformed and undeformed shapes, (c) relative displacement patterns,
and (d) angular variation indicator pattern.
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(b)

(c)

(b)

(c)

(a)

(d)

Fig. 5.46: Relative displacement time histories of selected monitored locations of the
R-DUV specimen during test 2.1RE: (a) Section A-A for reference, (b) location M1,
(c) location M14, and (d) location M16
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(b)

(c)

(a)

(d)

Fig. 5.47: Relative displacement time histories of selected monitored locations of the
R-DUV specimen during test 2.1RE: (a) Section A-A for reference, (b) location M18,
(c) location M30, and (d) location M32
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(b)

(c)

(a)

(d)

(b)

(c)

(a)

(d)

Fig. 5.48: Relative displacement time histories of selected monitored locations of the
R-DUV specimen during test 2.1RE: (a) Section A-A for reference, (b) location M44,
(c) location M46, and (d) location M60
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5.3.4.4.Results at 2.2RE
Given the damage pattern and its evolution during the last seismic test of
the R-DUV specimen, the following analysis was carried out by restricting the
time frame of investigation, which was interrupted at 14.0 s. This choice was
necessary to highlight the significant variations in the vault behaviour during
the test, while avoiding the sole identification of peaks corresponding to the
collapse phase.
In particular, a representative frame of the global behaviour was detected at
12.9 s, as presented in Figure 5.49.

(d)

(b)

(c)

(a)

Fig. 5.49: Structural response of the R-DUV specimen during test 2.2RE at 12.9 s:
(a) input, (b) deformed and undeformed shapes, (c) relative displacement patterns,
and (d) angular variation indicator pattern.
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The significance of the deformed shape is illustrated in panel (b), showing a
negative translation of the whole specimen, particularly at the lower monitored
locations, while an upward movement is detected in the vertical direction. These
results are further highlighted by the relative displacement values recorded in
both the X and Z directions in panel (c). At locations M2 and M60, the first
experienced a negative displacement of –20 mm in X and a positive displacement
of nearly the same magnitude in Z, while the second recorded almost 30 mm
in Z but twice this value in X (–60 mm). Additionally, all monitored points
recorded displacements ranging approximately from –20 to –85 mm in the X
direction, while smaller values were obtained in the vertical direction, ranging
from 20 to 55 mm. The peak in the horizontal direction occurred at location
M50, with 84 mm in X and –7 mm in Z, whereas the peak in the vertical
direction was observed at location M22, with 53 mm in Z and 70 mm in X.
Panel (d) emphasises the significant angular variations compared to the original
configuration, indicating substantial changes in the arch geometry. Section S15,
bounded by locations M30–M32, corresponds to crack C9, while sections S25
and S26, bounded by M48–M50 and M50–M52, respectively, are associated
with cracks C5 and C6.

Another significant frame of the response was identified at 13.5 s, which high-
lighted the complete rotation caused by rocking around the left abutment
(panel (b), Figure 5.50). Indeed, the vertical and horizontal displacements
obtained in the right portion of the specimen (from M30 onwards) exhibit al-
most equal values of approximately 30 mm in both the X and Z directions. The
peaks of the two displacement patterns were both recorded at location M16
(panel (c)), with approximately 37 mm in the X direction and -10 mm in the
Z direction. Additionally, the angular variation indicator highlights a change
in the trend in sections S7–S8, between M14–M16–M18, and in section S15,
between M30–M32. Both of these locations identified by the dθ analysis are
correlated with the presence of visible damage.

Moreover, the deformed shape shown in Figure 5.51(b) highlights the formation
of the shear plane at the reinforcement–masonry interface, which resulted in the
expulsion of the upper part of the right abutment. This phenomenon is clearly
detectable from the significant displacements recorded in the right portion of
the vault. Panel (c) further illustrates how the displacements in the X direction
increase progressively towards the right abutment, with M60 being the closest
monitoring point. Values ranging from approximately 20 mm to 85 mm were
recorded in the X direction, while values between -30 mm and 10 mm were
obtained in the Z direction. Sections S13 and S15 were identified as the most
significant in terms of the angular variation indicator, with the first located
between M28–M30 and the second between M30–M32, confirming the critical
condition of the area near the keystone.

As can be observed from the RDTHs of the locations presented in Figures 5.52,
5.53, 5.54, and 5.55, the analysis covers a time frame between 5 and 14 s.
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It is worth noting that displacements exceeding 5 mm begin to appear from
9 s onwards. Negative peaks are recorded in the horizontal direction at all
monitored points, while the vertical displacements exhibit exclusively positive
peaks, emphasizing the global movement to which the specimen was subjected.

(d)

(b)

(c)

(b)

(c)

(a)

Fig. 5.50: Structural response of the R-DUV specimen during test 2.2RE at 13.5 s:
(a) input, (b) deformed and undeformed shapes, (c) relative displacement patterns,
and (d) angular variation indicator pattern.
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(b)

(c)

(d)

(b)

(c)

(a)

Fig. 5.51: Structural response of the R-DUV specimen during test 2.2RE at 14.0 s:
(a) input, (b) deformed and undeformed shapes, (c) relative displacement patterns,
and (d) angular variation indicator pattern.
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Fig. 5.52: Relative displacement time histories of selected monitored locations of the
R-DUV specimen during test 2.2RE: (a) Section A-A for reference, (b) location M14,
(c) location M16, and (d) location M18
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Fig. 5.53: Relative displacement time histories of selected monitored locations of the
R-DUV specimen during test 2.2RE: (a) Section A-A for reference, (b) location M28,
(c) location M30, and (d) location M32
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Fig. 5.54: Relative displacement time histories of selected monitored locations of the
R-DUV specimen during test 2.2RE: (a) Section A-A for reference, (b) location M44,
(c) location M46, and (d) location M50

150



Chapter 5. Experimental campaign test results

(b)

(c)

(a)

C9 C10 C11

Section A-AX

C1-C2

C3

C4

C5-C6

C7

C8

C9

C10

C11

M16

Z
M2

M18

M28 M30 M32

M46

M50

M60

M44

M14

(b)

(c)

(a)

Fig. 5.55: Relative displacement time histories of selected monitored locations of the
R-DUV specimen during test 2.2RE: (a) Section A-A for reference, (b) location M2,
and (c) location M60.

5.4.Conclusive remarks
This chapter provided significant insights into the seismic capacity of masonry
barrel vaults, in both unreinforced and strengthened conditions, subjected to
dynamic seismic inputs of increasing intensity. In particular, the dynamic be-
haviour was assessed through a combined qualitative–quantitative approach.
From this analysis, several final considerations were drawn:

� The effectiveness of the interventions in enhancing the load-bearing ca-
pacity of the specimens was assessed in both the repaired and reinforced
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configurations, considering the multiplying factor applied to the input.
The reinforced and repaired vaults reached ultimate conditions under in-
put values approximately 5.5 times higher than those of the UV counter-
part. Indeed, the unreinforced vault failed when a factor equal to 0.4 was
applied to the RE, while the RV and R-DUV specimens collapsed at 2.3
and 2.2 times the RE, respectively.

� Under the applied inputs, the UV failed through the development of a
rocking mechanism, while the repaired and reinforced vaults exhibited
more widespread crack propagation, increasing the number of weak areas
before reaching collapse.

� From the different failure mechanisms, it was possible to detect areas
similarly affected by crack propagation, providing useful insights into the
behaviour under comparable seismic inputs.

� The connection between the reinforcement layer and the abutments was
identified as one of the most critical zones, together with the area around
the keystone in the strengthened solutions, which played a significant role
in the failure of both configurations.

� The details of the connection in the two strengthened conditions influ-
enced the failure mechanism: while the connection was identified as a
critical location in both cases, its position affected the capacity of the
hemp ropes to act in tension, either ensuring a final equilibrium con-
figuration that prevented collapse (as in RV) or failing to do so (as in
R-DUV).

� The progression of damage was evaluated both visually and through
modal property–based indicators, showing that damage and the asso-
ciated stiffness degradation affected the assessed properties differently.

� The compatibility of the novel bio-composite strengthening technique was
assessed by comparing the modal properties of the three specimens in the
undamaged conditions:

– Between the UV and RV specimens, percentage changes in fre-
quency remained below 10%, while MAC values higher than 0.8
were obtained for all corresponding modes.

– The strengthening applied to the DUV specimen allowed the recov-
ery of the modal properties of the R-DUV to values close to those of
the UV specimen, with percentage errors lower than 10% and MAC
values higher than 0.78.

� The displacement-based analysis aimed at identifying sensitive locations
to be used as a reference for comparison with the numerical model. This
was carried out only for significant seismic tests, providing insights into
the deformed shapes, the locations of maximum response in terms of
relative displacements, and the variations in angular indicators.
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6. Influence of non-linear inter-
face parameters in modelling
rocking failure mechanisms in
curved unreinforced masonry
structures

Several authors have studied the rocking behaviour of masonry structures, which
”represents the principal strength resource of masonry structures subjected to
horizontal forces” [Como et al., 2019]. Both analytical and numerical formula-
tions have been proposed, and the mechanisms induced by rocking, as well as
their analyses, remain an active subject of investigations (e.g., AlShawa et al.
[2012]; Elgawady et al. [2011]; Housner [1963]; Ishiyama [1982]; Lagomarsino
[2015]; Vecchio et al. [2025]; Yim et al. [1980]). In the specific case of masonry
arches and barrel vaults, the first analytical and numerical investigation in the
dynamics field was carried out by Oppenheim [1992], whose work focused on
the onset of the rocking mechanism. Building on this foundation, further stud-
ies have been undertaken by several authors (e.g., Como et al. [2019]; Clemente
[1998]; De Lorenzis et al. [2007]; Dejong and Ochsendorf [2010]).

The aim of this chapter is to provide new insights into modelling the rocking
mechanism within a numerical framework. To this end, the chapter is structured
into three main sections. The first section reviews the most common numerical
strategies used for modelling rocking and, based on this review, proposes a
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numerical approach to assess the response of unreinforced structures subjected
to pure rocking. The second section applies the proposed modelling strategy to
a reliable case study: the response of the unreinforced masonry vault. Finally,
the third section presents a parametric analysis to evaluate the influence of the
selected non-linear parameters.

6.1.Modelling strategies for rocking mechanism
In this work, an implicit time-stepping solution method is adopted within a Fi-
nite Element Method (FEM) framework. The rocking phenomenon is primarily
modelled through the inelastic properties assigned to the interfaces, expressed
in terms of tensile strength and, more importantly, Mode I fracture energy
values. No additional damping formulation is introduced, while geometric non-
linearities are explicitly considered.
To introduce the key aspects of this methodology, it is worth recalling that
the rocking failure mechanism is inherently a dynamic and non-linear problem,
involving both geometric and material non-linearities.
The following section presents a detailed discussion of each of these aspects.

6.1.1.Solution strategies for dynamic problems
A dynamic problem in a numerical model is solved by computing the equations
of motion for a Multi-Degree-of-Freedom (MDoF) system, expressed as follows
(Equation 6.1):

Mü(t) +Cu̇(t) +Ku(t) = fext(t) (6.1)

Here, M denotes the mass matrix, C the viscous damping matrix, and K the
stiffness matrix. The vectors ü(t), u̇(t), and u(t) represent acceleration, ve-
locity, and displacement, respectively, while fext(t) is the external excitation
vector. The system is considered non-linear if the matrices K, C, or M are time
dependent; otherwise, it is regarded as linear.
When addressing rocking problems, several authors have adopted an explicit so-
lution method, particularly within the framework of Discrete Element Method
(DEM) approaches (e.g., Dimitri et al. [2011]; Galvez et al. [2022]; Gobbin
et al. [2021b]; Malomo et al. [2021]; Peña et al. [2007]). A time integration
scheme is defined as explicit if the displacement at time step t + ∆t is com-
puted directly from the equilibrium condition at the previous time step t. In
contrast, implicit time-stepping methods require equilibrium at t + ∆t to de-
termine the corresponding displacement [Bathe, 1982; Chopra, 2014; Dokainish
and Subbaraj, 1989; Gavin, 2020; Modak and Sotelin, 2000; Trcala et al., 2022].
Another key difference is that, in implicit methods, the stiffness matrix K must
be updated at each time step, whereas explicit methods require its construc-
tion only once at the start of the time step [Chung and Lee, 1994; Kim and
Lee, 2018]. This poses significant challenges for non-linear structural problems,
where large changes in stiffness occur, as in rocking mechanisms. To overcome
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this issue, several authors adopt simplified formulations (e.g., null-tension ma-
terial conditions [Dimitri et al., 2011; Peña et al., 2007; De Lorenzis et al.,
2007]), focusing primarily on capturing the rocking phenomenon rather than
providing a full description of its progressive development. Moreover, explicit
methods require an explicit formulation of the damping matrix, which is particu-
larly challenging in structures failing through rocking mechanisms [Galvez et al.,
2022; D’Altri et al., 2024; Vassiliou et al., 2021]. Implicit methods may instead
rely on numerical damping, with the response depending on the chosen time
step. Nevertheless, when the time step is adequately selected, this approach
can simplify the problem by avoiding additional damping formulations.

Among implicit methods, the Newmark family of integration schemes is one
of the most widely adopted approaches to relate displacement, velocity, and
acceleration at time t+∆t, as expressed in Equations 6.2 and 6.3:

ut+∆t = ut + u̇t∆t+

[(
1

2
− β

)
üt + βüt+∆t

]
∆t2 (6.2)

u̇t+∆t = u̇t +
[
(1− γ)üt + γüt+∆t

]
(6.3)

The Newmark method is derived from a second-order Taylor expansion, where
the parameters β = 0.25 and γ = 0.5 guarantee unconditional stability and
second-order accuracy of the integration scheme. However, the method may
introduce inaccuracies in the short-period (high-frequency) range when the as-
sociated response is smaller than the adopted time step ∆t. These effects can
be controlled by introducing artificial numerical damping.
The Hilber–Hughes–Taylor (HHT) method extends the Newmark formulation
by introducing a numerical dissipation parameter α. The Newmark coefficients
β and γ are then expressed as functions of α, as shown in Equations 6.4 and 6.5:

β =
1

4
(1− α)2 (6.4)

γ =
1

2
(1− 2α) (6.5)

The parameter α is commonly set to −0.1, but can assume values in the range
−0.3 ≤ α ≤ 0.5. When α = 0, the HHT method reduces to the classical
Newmark formulation. Lower values of α increase numerical damping, primarily
affecting low-period modes while leaving high-period modes nearly unaffected.
Importantly, this dissipation does not compromise the unconditional stability
and second-order accuracy of the scheme [Gavin, 2020; DIANA FEA, 2025].
Finally, the choice of the time step ∆t is critical to ensure that all frequencies
of interest are adequately captured. A commonly adopted criterion is expressed
in Equation 6.6, where f denotes the highest frequency considered:

155



Chapter 6. Influence of non-linear interface parameters in modelling
rocking failure mechanisms in curved unreinforced masonry structures

∆t =
1

20
· 1
f

(6.6)

Building upon this review, this thesis aims to propose an approach using the
HHT method, without relying on additional damping formulation, to describe
the onset and progression of the rocking mechanism.

6.1.2.Material and geometric non-linearities
In numerical methods, particularly in Finite Element (FE) environments, the for-
mulation of a rocking mechanism in MDoF problems can be obtained through
a simplified micro-modelling approach, which assumes that all material non-
linearity is concentrated in the interfaces. In this approach, where zero-thickness
elements ideally represent the mortar–brick interfaces and the mortar joints
themselves, the behaviour can be characterized by crushing, cracking, and slid-
ing. In the following formulation, neither sliding behaviour nor crushing failure
are considered, since a simple rocking mechanism, defined as rotation around
hinges alternating between intrados and extrados, can be modelled through
stiffness and strength loss in the tensile branch of the materials. To illustrate
the strategy, a typical traction (σ)–interface relative normal displacement (∆u)
curve in compression and tension is provided in Figure 6.1. In this formulation,
crack width is used to describe crack opening, while crushing phenomena are
not considered, as they are assumed to remain within the elastic range.

Fig. 6.1: Typical formulations of compressive and tensile behaviours

In the figure, three distinct regions can be identified:

A. the elastic phase;
B. the softening branch;
C. the total loss of resistance.
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The first region (A) is defined by elastic properties; in the case of interfaces,
these are represented by the normal stiffness (kn) and bounded by the tensile
and compressive strengths (ft and fc, respectively). The softening branch can
be defined in several ways, such as using fracture energy, ultimate strain, or
a multi-linear approach. At the end of the softening branch, once the ulti-
mate interface relative normal displacement (∆u,ult) is reached, the material
has lost its resistance properties, resulting in a loss of stiffness and increasing
displacements without stress.
In this work, a focus on the parameters governing tensile constitutive laws is
provided. Different formulations are available in the literature, but the most
common softening rules for Mode I failure are based on exponential (Figure
6.2(a)), linear (Figure 6.2(b)), or fully brittle (Figure 6.2(c)) constitutive laws,
which are primarily governed by four parameters:

� the initial stiffness (kn);
� the tensile strength (ft);
� the fracture energy (GI

f );
� the softening curve shape.

(a) (b) (c)

Fig. 6.2: Typical constitutive laws for tensile materials

The combination of the initial stiffness (kn) and tensile strength (ft) defines
the elastic phase (A), while the softening branch (B) is governed by the tensile
strength, the softening curve shape, and the fracture energy (GI

f ). It is worth
noting that the ultimate interface relative normal displacement, referred to here
in the tensile case, as the ultimate crack width opening (∆u,ult), is determined
by a combination of these three parameters. Different combinations lead to dif-
ferent ultimate values. Finally, once ∆u,ult is reached, the material experiences
a total loss of tensile resistance (region C).
On one hand, most numerical formulations of rocking available in the literature
analyse the influence of stiffness parameters and tensile strength (e.g., Galvez et
al. [2022]; Dimitri et al. [2011]; AlShawa et al. [2012]; Zhong and Christopou-
los [2021]; Chatzis and Smyth [2012]). In many publications, tensile strength
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is assumed to be negligible when modelling rocking between masonry blocks
and is therefore set to zero, as in the case of dry joints, effectively neglecting
the low tensile strength. However, this approach is difficult to implement in
implicit time-step solution methods, as the solution may easily diverge. For
this reason, a finite value of tensile strength must be introduced, along with a
corresponding value of fracture energy. Using an ideally brittle law, such as that
shown in Figure 6.2(c), often causes severe convergence problems in implicit
solvers. Moreover, assigning a null tensile strength prevents the representation
of the rocking phenomenon as a progressive damage process and only allows
for capturing its onset. On the other hand, only a limited number of stud-
ies investigate the role of fracture energy, which is generally considered not to
influence the overall capacity of the structure [Parisi et al., 2013; Pulatsu et
al., 2020a;b]. Nevertheless, it is straightforward to understand that the value
attributed to fracture energy strongly affects how quickly the material loses its
resistance. A numerical example can clarify this aspect. Consider a linear soft-
ening branch with a tensile strength of 0.2 MPa and a corresponding fracture
energy of 0.01 N/mm. In this case, the ultimate crack width (∆u,ult) is reached
at 0.1 mm. By keeping the same tensile strength but increasing the fracture
energy to 0.1 N/mm, ∆u,ult becomes 1 mm before total strength loss, resulting
in a difference of one order of magnitude. Additionally, since the loading in a
rocking mechanism is not monotonically increasing, this aspect may create dif-
ficulties in non-linear dynamic analyses. Interfaces are subjected to alternating
compression and tension states, which complicates the numerical representation
of the rocking mechanism.

Additionally, geometric non-linearity must be considered when dealing with
rocking failure mechanisms, since it involves significant displacements and ro-
tations, and very low strain values. In this context, a relevant formulation is
the Total Lagrangian description, which is particularly suitable when displace-
ments and rotations are large, while strains remain small. In this formulation,
the reference configuration is the initial one (i.e., at time instant t = 0), and
a Green–Lagrange strain formulation is adopted. The inclusion of this aspect
is crucial in rocking analysis, which would otherwise be constrained to small
displacements and rotations.

6.1.3.Modelling methodology adopted in this framework

Given this background, the proposed strategy is applied and subsequently val-
idated in the following work. In a FEM environment, a simplified micro-
modelling approach is adopted, concentrating all inelastic material properties in
the zero-thickness interfaces. The constitutive law is defined by the normal stiff-
ness and the softening law shown in Figure 6.2(b), where tensile strength and
fracture energy are specified to assess the significant influence of each param-
eter in effectively representing the rocking mechanism as a progressive damage
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process. The HHT implicit solution strategy is employed, and no additional
damping formulation is introduced. The model nonetheless accounts for both
geometrical and material non-linear effects.

6.2.Validation of the methodology though the Unreinforced Vault case
study

The proposed modelling strategy was applied to describe and reproduce the
rocking mechanism in unreinforced arch and vault specimens. Since the Unre-
inforced Vault (UV) failed primarily through this phenomenon and provided a
large amount of experimental data, it was selected as an opportunity to validate
the strategy within a real case study. This section and the following one (6.3)
will therefore be devoted to validating the strategy, while conclusive remarks
will be presented in Section 6.4.

6.2.1.Model description
A numerical model of the UV was developed in DIANA FEA1 (Finite Element
Analysis) with the aim of reproducing, in detail, the rocking mechanism exten-
sively observed during the experimental tests and described in Chapter 5. The
model was based on the FEM and adopted a micro-simplified 2-D approach.
The geometry of the specimen was defined according to the layout in Section
A–A (Figure 4.13), consistent with the adoption of an in-plane modelling ap-
proach. Due to the large number of elements required to explicitly represent
bricks, mortar joints, and brick–mortar interfaces, a simplified micro-modelling
strategy was employed. In this approach, bricks were geometrically expanded
on each side to account for the thickness of mortar joints, which were not
explicitly modelled. The abutments were represented as homogeneous contin-
uum elements, with their material properties defined as homogeneous masonry.
Interface elements were introduced between bricks to represent both mortar
and brick–mortar joints. These interfaces were the only elements that were
assigned Non-Linear (NL) mechanical properties, since no damage was experi-
mentally observed in the bricks or abutments. A hexa/quad mesh was adopted,
with an element size of 20 mm, ensuring six elements across the vault thick-
ness in a 2-D model, as 3-D is not needed since there were no torsional modes
identified. The element types adopted in the model were as follows:

� Quadrilateral plane-stress element with eight nodes (element CQ16M,
Figure 6.3);

� Triangular plane-stress element with six nodes (element CT12M, Figure
6.3);

� Interface element defined between two lines in a 2-D configuration (ele-
ment CL12I, Figure 6.3).

1DIANA FEA, Release 10.9
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(CQ16M) (CT12M) (CL12I)

Fig. 6.3: Element types in the numerical model [DIANA FEA, 2025]

The model was constrained with translation-fixed boundary conditions at the
base. It was comprised by 1945 quadrilateral elements, 25 triangular elements,
and 381 interface elements, resulting in a total of 2351 degrees of freedom. As
previously noted, the model was reproduced in a two-dimensional environment;
therefore, the geometry of the elements accounted for the vault depth (i.e.,
2.07 m). The expanded bricks and abutments were assumed to behave linearly,
with their response governed exclusively by the elastic modulus and Poisson’s
ratio. This modelling choice was supported by the experimental results, which
showed no damage in elements other than the brick–mortar interfaces. For the
latter, a discrete cracking model was adopted to capture the N-L behaviour,
while the elastic response was defined in terms of normal stiffness (kn) and
tangential stiffness (ks), as expressed in Equations 6.7 and 6.8.

kn =
Eb · EM

(hm + hb) · (Eb − EM )
(6.7)

ks =
Gb ·GM

(hm + hb) · (Gb −GM )
= Cs · kn (6.8)

in which:

� Eb: elastic modulus of bricks (MPa);
� EM : elastic modulus of masonry (MPa);
� hm: thickness of the mortar joints (mm);
� hb: height of the brick (mm).

The N-L response was modelled using the discrete cracking approach imple-
mented in DIANA FEA [2025]. This constitutive law describes the relationship
between the normal traction (tn) and the crack width (∆un), i.e., the total
relative displacement across the joint (see Equation 6.9).

160



Chapter 6. Influence of non-linear interface parameters in modelling
rocking failure mechanisms in curved unreinforced masonry structures

σ(∆un)

ft
=

1− ∆un
∆un,ult

if 0 < ∆un < ∆un,ult

0 if ∆un,ult < ∆un < ∞
(6.9)

where f t is the tensile strength and ∆un,ult is the ultimate crack width. A
linear softening relation was set, so that the ultimate crack width (∆un,ult) was
defined as two times the fracture energy (Gf

I) divided by the tensile strength
(f t). The behaviour of the interfaces in the normal direction is illustrated in
Figure 6.4. Panel (a) presents the parameters governing the interface response,
while panel (b) graphically depicts the unloading and reloading model defined
with the secant approach. In this formulation, once the tensile strength is ex-
ceeded, the interface unloads along a secant line back to the origin. Upon
reloading, the response follows the same path until it rejoins the softening
branch, which continues until the tensile strength of the material is fully de-
graded.

σ 

 Δun 

ft

kn

Gf
I

 Δun,ult 

(a) (b)

σ 

 Δun  Δun,ult 

ft

Fig. 6.4: Interfaces constitutive law in the normal direction: (a) ideal elastic behaviour
in compression and linear softening Mode I in tension, and (b) detail of the tensile
softening and secant unloading and reloading

The mechanical parameters adopted initially in the model are reported in Table
6.1. It is worth noting that the Elastic modulus (E) of the bricks was provided
by the manufacturer [Gioffré et al., 2023], while that of the masonry was derived
from Table C.8.5.I in Circolare [2019]. The Poisson’s ratio (ν) was set to 0.2.
The bricks’ elastic modulus was assumed to be 5.7 GPa, while that of the
masonry was 1.8 GPa. In the Equations 6.7 and 6.8, the mortar joint thickness
was set to 10 mm, and the height of the brick was 120 mm. By adopting a
Poisson’s ratio of v = 0.2, the coefficient Cs was set to 0.4. Based on these
assumptions, the expected values of the normal stiffness (kn) and tangential
stiffness (ks) were 20 N/mm3 and 8 N/mm3, respectively.
All the materials were defined with a density of 1.8 Tons/m3 and the numerical
specimen had a weight of 29.5 kN, consistent with the measured weight of the
specimen.
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Table 6.1: Material properties adopted in the UV numerical model in first instance

Material E[GPa] v

Bricks 5.7 0.2
Masonry 1.8 0.2

kn [N/mm3] ks [N/mm3]
Interface 20 8

6.2.2.Methodology of validation of the model
The validation procedure of the numerical model followed a two-step approach
that considers both the elastic and non-linear responses:

� The model was first assessed based on its ability to reproduce the vi-
bration frequencies and corresponding modes identified experimentally
through dynamic testing. These modal parameters provided a reliable
representation of the mass and stiffness distribution governing the elastic
behaviour of the system. A close agreement between numerical and ex-
perimental modal responses is considered a prerequisite for ensuring the
reliability of the model before addressing the more complex non-linear
dynamic behaviour.

� The model was subsequently subjected to seismic loading, and its dynamic
response is compared with experimental data to characterise the rocking
mechanism:

– A critical aspect of the structural response concerns the behaviour of
the interfaces, especially those expected to initiate cracking. These
so-called target interfaces are analysed in detail due to their predom-
inant influence on the overall rocking mechanism (see Figure 6.5).
Their response is evaluated by tracking stress evolution over time
and examining the tensile stress–crack width relationships. These
results shed light on the transition from elastic to post-peak soft-
ening behaviour, the progressive loss of tensile capacity, and the
formation of complete failure mechanisms.

– The comparison focuses on the relative displacements recorded at
selected monitoring locations along Section A–A, and individuated
in the analysis presented in Section 5.3.2. Two reference locations
are examined in detail: the keystone, representing a structurally sig-
nificant position, and location M16, located near crack C4, which
exhibited the largest displacement during the tests (see Figure 6.5).
These two locations are representative of the global and local struc-
tural responses, and their displacement time histories are compared
to assess the predictive capability of the model in terms of rocking
onset, magnitude, and phase of response.
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– In addition to time-history validation, a global comparison is per-
formed at the instant of peak experimental response, i.e., at 6.7 s.
At this time step, the relative displacements of all monitoring points
along Section A–A are analysed in both the horizontal and verti-
cal directions (X and Z). This assessment allows evaluation of the
model’s capacity to reproduce the deformed pattern of the structure
and the potential initiation and development of hinge mechanisms.
Numerical angular variation indicators (defined in Eq. 5.8 for the
experimental results) are computed and compared with their experi-
mental counterparts at the same instant, providing insights into the
failure of the interfaces and the activation of rocking.

C1

C3

C5

C4

Keystone location

location M16

Fig. 6.5: Adopted elements to validated the models: target interfaces (C1, C3, C4
and C5), and significant locations

Through this multi-level validation strategy, combining frequency-domain anal-
ysis, time-history comparisons, and interface-level evaluations, the robustness
of the numerical model is critically assessed. This integrated approach ensures
that the model is capable not only of reproducing the global dynamic response
but also of capturing the local non-linear phenomena that govern damage evo-
lution and failure in masonry vaults under seismic loading.

6.2.3.Model updating of the elastic parameters
The model was calibrated based on the vibration frequencies and vibration
modes obtained from the acceleration time histories recorded in ambient vi-
bration conditions, prior to any seismic testing. The dynamic identification,
performed through the Enhanced Frequency Domain Decomposition method,
yielded the frequencies and mode shapes summarised in Section 5.2.2. The
adopted calibration methodology is outlined as follows. The model was cali-
brated by ensuring that the numerical vibration modes were correlated with the
experimental ones. The Modal Assurance Criterion (MAC), defined in Eq. 5.3,
is the most commonly used metric in the literature for validating the corre-
lation between two mode shapes, expressed as vectors [Buzzetti et al., 2024;
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Luger et al., 2025; Pantò et al., 2024]. Since the MAC ranges between 0 and
1, indicating no correlation to perfect correlation, it is generally accepted that
values greater than 0.8 indicate good agreement, whereas values below 0.3 im-
ply poor correlation [Gioffré et al., 2023]. In addition to the MAC, the percent
errors between the experimental and numerical frequencies was evaluated, with
a target threshold set to 2%. This dual criterion, i.e., MAC for vibration modes
and percent errors for frequencies, ensured a reliable calibration of the model.
A well-calibrated model is essential to guarantee that the mass and stiffness
matrices accurately represent those of the physical specimen.

A sensitivity analysis was carried out to investigate the effect of the interface
stiffness values on the modal parameters. No significant variation in the vi-
bration modes was observed with different values of kn, as the MAC between
experimental and numerical modes was always higher than 0.8 for correspond-
ing modes. However, since a 2-D model was adopted, the second experimental
mode, which is asymmetric between the two façades of the specimen, could
not be reproduced. Therefore, in the following, the second numerical frequency
and mode shape correspond to the third mode and frequency observed exper-
imentally. The results of the sensitivity analysis are summarised in Table 6.2
and illustrated in Figure 6.6. In the latter, errors for the first frequency are rep-
resented with circular markers, and errors for the second frequency with square
markers. In panels (a–b), results with errors ≤5% are highlighted with a black
border, while in panel (c), those with errors < 2% are similarly emphasised.

A multiplying coefficient Cn was applied to the normal stiffness kn. An initial
analysis was performed with Cn values equal to 1, 0.1, and 10, based on the
stiffness calculated via Equation 6.8, while keeping Cs constant at 0.4. The
value Cn = 10 yielded the lowest percent error for the first frequency (ap-
proximately 23%) and for the second frequency (about 28%). Conversely, the
original kn and ks values (Cn = 1) led to percent errors of 31% and 26% for the
first and second frequencies, respectively. When Cn = 0.1, the errors increased
to approximately three times those obtained with the original stiffness values
(Figure 6.6(a)). Among the additional tested values of Cn (2.5, 3, and 5), the
best results were achieved for Cn = 3, with relative errors of 1.1% and 2.4% for
the first and second frequencies, respectively (see Figure 6.6(b)). The influence
of Cs was subsequently investigated, and the best agreement with experimental
data was found for a ratio ks/kn = 0.6 (Figure 6.6(c)). A final calibration
of Cs enabled fine-tuning of both frequencies to achieve percent errors below
the target threshold of 2%. This configuration resulted in interface stiffness
values of 60 N/mm3 and 35 N/mm3, corresponding to errors below 1.9% and
calibrated frequencies of 18.2 Hz and 36.8 Hz, respectively.

For the final calibrated frequencies, a more detailed MAC analysis was performed
and the results are reported in Figure 6.7. The latter shows visual comparisons
between the vibration mode shape obtained from the experimental data and
those resulting from the numerical model. As it is possible to note, both the
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Table 6.2: Sensitivity analysis for tuning the interface stiffness parameters

kn ks Cn Cs Percent errors [%]
[N/mm3] [N/mm3] 1st frequency 2nd frequency

20 8 1 0.4 30.4 25.9
2 0.8 0.1 0.4 75 75.2

200 80 10 0.4 23.4 27.2

100 40 5 0.4 10.9 9.3
50 20 2.5 0.4 5.9 7.2
60 25 3 0.4 1.1 2.4

60 12.5 3 0.2 2.2 3.7
60 35 3 0.6 1.1 1.9

(a) (b) (c)

Fig. 6.6: Impact of interface stiffness parameters on the frequencies: (a–b) influence
of Cn, (c) influence of Cs
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A1

A2
A3

A4

A5

Undeformed Configuration Experimental Numerical

(a) (b)

MAC= 0.90 MAC= 0.86

Fig. 6.7: Graphical comparison of the experimental and numerical mode shapes and
MAC values: (a) first mode, and (b) second numerical mode and third experimental
mode

same modes show a good correlation with a MAC higher than 0.86. It is worth
noting that these values are calculated, using 8 out of 10 components of the
eigenvectors and they are calibrated with reference to the vectors obtained from
Section A-A (as in Figure 4.13), excluding the horizontal component of nodes
A2 and A4. A final consideration regarding the calibration of the model is
presented in Figure 6.8. In panel (a), it can be observed that the calibrated
frequencies lie within the target error range of ±2%, and are close to the con-
figuration of a perfect match (i.e., when the numerical model reproduces the
experimental data exactly). Panel (b) displays the cross-MAC matrix, which
confirms the strong correlation between corresponding modes and the negligible
correlation between non-corresponding ones. As previously noted, the calibra-
tion was performed for the first two numerical frequencies and their associated
modes, which correspond to the first and third experimental modes.

6.3.Parametric study for strategy validation
Considering the parameters defined so far, the only remaining unknowns were
the interface N-L parameters; namely, the tensile strength (ft) and the Mode I
fracture energy (GI

f ). Lourenço and Gaetani [2022] suggests typical values

of ft = 0.1 MPa and GI
f = 0.01N/mm, which will therefore be defined as

literature based N-L parameters.

As described in Section 4.1.3.1, the seismic input consisted of three components
with a total duration of 50 s, resulting in substantial computational demand. To
reduce this, only the most intense phase of the acceleration time histories was
retained (see Section 4.1.3.1). The reduced interval was defined by selecting the
time corresponding to 5% and 95% of the Arias Intensity for each component,
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Fig. 6.8: Calibration of the modal parameters: (a) comparison between numerical
and experimental frequency values, and (b) cross matrix of the MAC, noting that the
second numerical modes matched the third experimental one.

with a slight extension to capture the early and late portions of the motion.
Figure 6.9 illustrates the results of this analysis for the horizontal (X) and
vertical (Z) components; the Y component is omitted because the model is
limited to in-plane analysis, and its displacement values in the response were
comparable to measurement noise.

The earliest start time across components was approximately 9 s (Z direction),
and the latest end time was 20 s (X direction). To better capture the initial
linear response and the late-stage behaviour, the interval was extended by 1.5 s
at both ends, resulting in a final duration from 7.5 s to 21.5 s. Prior to use
in the numerical model, the acceleration signals underwent baseline correction
and high-pass filtering (cutoff 0.1 Hz) to remove low-frequency trends and non-
physical drifts often introduced during integration to velocity and displacement
[Boore and Bommer, 2005; Chen et al., 2021; Rupakhety and Sigbjörnsson,
2010]. Figure 6.10 compares the processed numerical inputs with the experi-
mental signals, showing close reproduction of the original input accelerations in
both directions.

Time History Analyses (THA) were carried out using the HHT method for time
integration, with α set to –0.1. Equilibrium at each time step was evaluated
using the Secant (quasi-Newton) method, in which the stiffness matrix is com-
puted based on the last two iterations. This method is particularly useful for
THA involving a large number of time steps or when the stiffness matrix is
non-symmetric [Bathe, 1982; Lourenço and Gaetani, 2022]. Convergence was
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Fig. 6.9: Analysis for the significant duration of the acceleration time histories

evaluated through the variation of internal energy, with a tolerance threshold of
10−3. A constant time increment of ∆t = 0.001 s was adopted to satisfy the
requirement in Eq. 6.6, in which the highest frequency of interest was set to the
second calibrated frequency, i.e. 36.8 Hz, and to ensure that the time step is
significantly smaller than the duration of the time history [Mendes, 2012]. The
results were saved with a time step of ∆t = 0.01 s, consistent with the sam-
pling rate adopted for recording the displacement time histories. In some cases,
particularly when commenting the interface responses, this may cause slight
misinterpretations, making the behaviour appear different from that expected
according to the imposed softening law, since not all the computed steps were
saved.

6.3.1.Results using literature-based non-linear interface parameters
As stated, the N-L interface properties were defined as suggested by Lourenço
and Gaetani [2022], with ft =0.1 MPa and GI

f =0.01 N/mm.

Since the global response is highly dependent on interface behaviour, the stress
evolution over time was examined to verify whether the tensile strength was
reached. To investigate the N-L behaviour of the interfaces governing the rock-
ing mechanism, their response in terms of normal traction and crack width
openings was also evaluated. Figure 6.11 shows the normal traction time his-
tories for the target interfaces, with reference to the extreme points located
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Fig. 6.10: Comparison of the experimental inputs and the numerical adopted ones.

at the intrados and extrados. At the beginning of the analysis, all monitored
points at the extrados were in compression, while the points at the intrados
of cracks C1 and C5 were slightly in tension. The extremes at the extrados of
cracks C3 and C4 were also initially in compression. Most monitored points did
not reach the tensile strength (ft = 0.1 MPa), and therefore remained within
the elastic range. Those that reached the tensile strength did not experience a
complete loss of resistance, instead evolving along the softening branch. These
observations indicate that the target interfaces did not fully open, preventing
the activation of the rocking mechanism. A more detailed insight into the in-
terface behaviour is provided in Figure 6.12, where normal traction is plotted
against crack width opening (∆u) for the same monitored points. The results
confirm the previous observations: the response either remained within the soft-
ening branch of the constitutive law or did not reach the tensile strength. This
demonstrates that the interfaces never fully opened, as observed for cracks C1
and C5 at the intrados. At the other extremities, the tensile strength was not
reached, confirming that the global behaviour remained nearly elastic.

The discussion on interface behaviour is consistent with the relative displace-
ment response (i.e., the response excluding the base input), shown in Fig-
ures 6.13, 6.14, and 6.15. Figures 6.13 and 6.14 displayed the deformed shapes
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Fig. 6.11: Results using literature-based interface N-L parameters: traction time his-
tories at the extreme points of the target interfaces
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Fig. 6.12: Results using literature-based interface N-L parameter: numerical vs theo-
retical behaviour at the extreme points of the target interfaces
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at two different time instants, 5.1 s and 9.1 s, corresponding to two significant
time steps in the numerical response, respectively. In panels (a), no visible
hinge openings were observed. Panel (b) of Figure 6.13 compared the exper-
imental and numerical Relative Displacement Time Histories (RDTHs) at the
keystone. The numerical results differed by approximately two orders of magni-
tude throughout the analysis in both the horizontal and vertical directions, with
a maximum relative displacement of about 0.1 mm in both directions occurring
around 10.5 s.

(a)

(b) (b)

Fig. 6.13: Results using literature-based interface N-L parameters: (a) deformed shape
at 5.1 s, and (b) comparison of the RDTHs at the keystone (left panels) and corre-
sponding numerical response (right panels)
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A similar trend was observed for the location that recorded the maximum rel-
ative displacement in the experimental campaign (location M16), as shown in
panel (b) of Figure 6.14. In this case, the numerical simulation reached a peak
displacement of approximately 0.2 mm in the X direction at around 9 s.

Figure 6.15 shows the relative displacements of all monitored locations at 6.7 s,
corresponding to the peak response instant observed in the experimental data.
This figure is intended to provide a global validation of the model during the
intense phase of the rocking. Panel (b) compares the experimental and numer-
ical results, while panel (c) shows only the numerical response. The relative
displacements along Section A–A of the unreinforced specimen are compared

(a)

(b)

Fig. 6.14: Results using literature-based interface N-L parameter: (a) deformed shape
at 9.1 s, and (b) comparison of the RDTHs at location M16 (left panels) and corre-
sponding numerical response (right panels)
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with the corresponding numerical results. As observed, the numerical response
was approximately two orders of magnitude smaller than the experimental one,
and the variation in angles, indicated by dθ, was nearly zero. No hinges de-
veloped in the model, resulting in displacement profiles that differ significantly
from the experimental observations, with very similar trends in both directions
considered.

(b)

(a)

(c)

(a)

Fig. 6.15: Results using literature-based non-linear interface parameters at 6.7 s: (a)
input signals, (b) comparison between numerical and experimental results, and (c)
numerical results
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6.3.2.Results using literature-based tensile strength and fracture energy
of 1× 10−3 N/mm

Given that the extreme points of the target interfaces reaching the tensile stress
value always remained within the softening branch, the following analysis aimed
to investigate the influence of the fracture energy while keeping the same tensile
strength. All interfaces were defined with identical mechanical parameters: the
maximum admissible principal stress was set to 0.1 MPa, while the fracture
energy in tension was reduced by one order of magnitude, to 1× 10−3 N/mm.
The results of this analysis, focused on the behaviour of the target interfaces,
are presented in Figure 6.16 in terms of normal traction versus time, and in
Figure 6.17 as crack width opening versus normal traction.
As noted in Section 6.3.1, only the points at the extrados of cracks C1 and C5
reached the tensile strength and subsequently followed the descending branch
of the constitutive law, whereas all other monitored points remained within the
elastic range. In the current analysis, as shown in Figure 6.16, the intrados point
of crack C1 experienced a complete loss of tensile strength after 10 seconds,
while the other monitored intrados points still retained tensile resistance, thus
remaining either in the elastic or the softening phase. By contrast, all extrados
points lay either in the elastic or the softening domain. A clearer understanding
of the interface behaviour is provided in Figure 6.17. The full evolution of crack
opening is visible for the intrados point of crack C1: once the tensile strength
was reached, the response exhibited unloading–reloading branches consistent
with the softening law, with progressive loss of stiffness and resistance. Af-
ter complete dissipation of the fracture energy, the interface degraded to zero
strength and stiffness. In contrast, crack C5 at the intrados also started dis-
sipating fracture energy along the softening curve, although without reaching
full loss of resistance, while the intrados points of cracks C3 and C4 only began
to enter the softening branch. Similar conclusions hold for the extrados points
of cracks C3, C4, and C5, whereas the extrados point of crack C1 remained
elastic throughout the analysis.
As expected, since only one monitored point reached full degradation, no sig-
nificant changes were observed in the displacement response. Indeed, no signif-
icant modifications were observed in the time-history response at the monitored
points (keystone and marker M16) or in the deformed shapes (Figures 6.18 and
6.19). Figures 6.18(a) and 6.19(a) illustrate the deformed configurations at
6.7 s and 9.1 s, respectively, i.e., the same instants considered in Section 6.3.1,
confirming the absence of visible cracks. In Figure 6.18(b), the left panels
compare experimental and numerical results at the keystone, while the right
panels show the numerical response alone. Only a minor effect on the RDTHs
is observed: in the horizontal direction the time history appears less noisy, and
the peak displacement increases slightly, from 0.1 mm to 0.25 mm. No signifi-
cant variation was observed in the vertical direction. Similarly, the response of
location M16 share common findings, with responses shown in Figure 6.19(b).
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Fig. 6.16: Results assuming ft = 0.1 MPa and GI
f = 1× 10−3 N/mm: numerical vs

theoretical behaviour at the extreme points of the target interfaces
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Fig. 6.17: Results assuming ft = 0.1 MPa and GI
f = 1× 10−3 N/mm: numerical vs

theoretical behaviour at the extreme points of the target interfaces
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The left panels compare experimental and numerical RDTHs, while the right
one show numerical results only. A peak displacement of approximately 0.3 mm
was reached around 9 s, i.e., two orders of magnitude smaller than the experi-
mental reference value, but still approximately 35% higher than in the previous
analysis.

Figure 6.20, which provides an overview of the displacement field, shows no
appreciable differences with respect to Figure 6.15. The order of magnitude of
displacements remained about two times smaller than the experimental target

(a)

(b) (b)

Fig. 6.18: Results assuming ft = 0.1 MPa and GI
f = 1× 10−3 N/mm: (a) deformed

shape at 6.7 s, and (b) comparison of RDTHs at the keystone (left panels) and corre-
sponding numerical response (right panels)
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values (panel c). Similarly, the angular variation indicator (dθ) showed negligible
variation from zero, indicating no relevant change in the overall configuration.

This partial opening of only one end of the four cracks is not sufficient to signifi-
cantly increase the displacement response, which highlights why the response is
not so different from the literature-based values one. A further analysis was car-
ried out with an even lower tensile fracture energy, set to 1×10−4 N/mm. How-
ever, this simulation encountered multiple convergence issues and ultimately
failed due to divergence.

(a)

(b)

Fig. 6.19: Results assuming ft = 0.1 MPa and GI
f = 1× 10−3 N/mm: (a) deformed

shape at 7.1 s, and (b) comparison of RDTHs at location M16 (left panels) and
corresponding numerical response (right panels)
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(b)

(a)

(c)

Fig. 6.20: Results assuming ft = 0.1 MPa and GI
f = 1 × 10−3 N/mm: at 6.7 s:

(a) input signals, (b) comparison between numerical and experimental results, and (c)
numerical results
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6.3.3.Results assuming a more brittle behaviour at the target interfaces
One of the fundamental assumptions in any numerical model is that it repre-
sents an idealised version of the real specimen, neglecting local imperfections
or defects that could significantly influence the actual response. To explore
the potential effect of a more brittle behaviour, an additional analysis was car-
ried out in which only the target interfaces were assumed to exhibit increased
brittleness, i.e., a reduced Mode I fracture energy in tension. In this model,
literature-based values were adopted for all interfaces except for the four target
ones, where cracks were expected to develop. For these specific interfaces, the
tensile strength was fixed at 0.1 MPa, while the fracture energy was reduced to
1× 10−4 N/mm.

The evolution of normal traction in the target interfaces is presented in Fig-
ure 6.21. As shown, all monitored points at the extrados and intrados moved
outside the softening branch, reaching zero tensile stress from 4.7 s onward.
These findings are consistent with the crack width versus normal traction re-
sponse shown in Figure 6.22, where all cracks developed displacements outside
the softening branch, corresponding to zero normal traction. It should be clar-
ified that small deviations from the theoretical softening curve are likely due
to numerical approximations and the limited number of saved time steps dur-
ing the analysis. A complete opening of the interfaces was made possible by
the reduced tensile fracture energy, as highlighted by the deformed shapes in
Figures 6.23 and 6.24, panels (a). In the first case, corresponding to 7.3 s
of analysis, the opening of the cracks is evident, with hinges forming at crack
C3 (left side) at the intrados, and an alternate hinge at crack C4 (right side),
together with a partial opening of cracks C1 and C5 near the springing line. In
Figure 6.24, the hinges at cracks C3 and C4 appear on opposite sides, providing
the first useful indication of the successful initiation of the rocking mechanism.

The RDTHs at the keystone is shown in Figure 6.23 for both monitored di-
rections (X and Z). Although the numerical response does not fully match the
experimental results, the strong influence of the loss of tensile resistance in the
target interfaces is evident. First, the numerical response is of the same order
of magnitude as the experimental one, although with lower peak values. In the
horizontal direction, a maximum displacement of 14 mm is reached at 8.9 s,
compared to the experimental peak of 23 mm at 6.7 s. In the vertical direction,
the numerical maximum is -7 mm at 12.5 s, while the experimental maximum
is 6 mm at 7.1 s. Moreover, the timing of the rocking mechanism differs be-
tween the numerical and experimental results. During the experimental test,
rocking began immediately after the vertical PGA threshold was exceeded, at
4.7 seconds, whereas in the numerical analysis, it occurred at 7 seconds under
the same input conditions.

The RDTHs for location M16 are shown in Figure 6.24, underlining similar con-
clusions. Experimentally, the maximum displacements were 29 mm and 27 mm
in the X and Z directions, respectively, occurring at 6.7 seconds. Numerically,
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Fig. 6.21: Results assuming a more brittle behaviour of the target interfaces: traction
time histories at the extreme points of the target interfaces
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Fig. 6.22: Results assuming a more brittle behaviour of the target interfaces: numerical
vs theoretical behaviour at the extreme points of the target interfaces
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the corresponding maximum relative displacements were 18 mm in the horizon-
tal direction and 16 mm in the vertical direction, occurring at 8.9 seconds.

Finally, a global comparison of numerical and experimental results at 6.7 s
is presented in Figure 6.25, showing relative displacements. No significant
changes are observed in the numerical displacement at this time, particularly
when comparing X and Z directions and the angular variation δθ in panels (b).
This is consistent with the rocking mechanism not yet being activated, as it only
begins at 7 seconds. The overall response magnitude remains low; however, the

(a)

(b) (b)

Fig. 6.23: Results assuming a more brittle behaviour of the target interfaces: (a)
deformed shape at 7.3 s, and (b) comparison of RDTHs at the keystone (left panels)
and corresponding numerical response (right panels)
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deformed shape, although scaled down, qualitatively reflects the experimental
deformation pattern, as shown in panels (c), where only numerical results are
plotted.

Although the analysis does not fully reproduce the experimental data, the re-
duction in fracture energy had a remarkable effect on the response. In con-
trast to the previous analyses discussed in Sections 6.3.1 and 6.3.2, this model
achieves displacements of the same order of magnitude as the experimental
results, despite the tensile strength remaining unchanged. These results em-

(a)

(b)

Fig. 6.24: Results assuming a more brittle behaviour of the target interfaces: (a)
Deformed shape at 8.9 s; (b) comparison of RDTHs at location M16 (left panels) and
corresponding numerical response (right panels)
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(b)

(a)

(c)

Fig. 6.25: Results assuming a more brittle behaviour of the target interfaces at 6.7 s:
(a) input signals, (b) comparison between numerical and experimental results, and (c)
numerical results
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phasise the significant influence of post-peak behaviour under dynamic, non-
monotonic loading. While the numerical displacements do not fully replicate
the experimental trends, particularly in terms of the timing of rocking initiation,
all monitored cracks exhibited a complete loss of tensile strength within the ex-
pected time-frame, i.e., prior to the onset of the rocking mechanism. These
findings support the possibility of an initial pre-damaged condition, potentially
induced by undetected micro-cracking during previous seismic events, which will
following be addressed.

6.3.4.Results assuming a pre-damaged condition
A combination of literature-based tensile strength (ft = 0.1 MPa) and a more
brittle condition (lowering the fracture energy) at the target interfaces suc-
cessfully highlighted the activation and progression of the rocking mechanism,
although with reduced magnitude and delayed onset.

Building on this background, additional analyses were performed by reducing
the tensile strength parameter, while keeping the fracture energy at 0.01 N/mm.
However, all such cases resulted in divergent simulations. Specifically, analyses
assuming a reduced tensile strength of 0.01 MPa or a no-tension material model
failed to converge under the adopted time-step and convergence settings.

An assumption of a pre-damaged condition was also evaluated, considering that
minor cracks may have developed during the first seismic test. These cracks
could have remained undetected during the AVT due to their closure under the
self-weight of the structure. The analysis was conducted using literature-based
values for all interfaces, except for those where cracking was assumed. In these
regions, a material with no tensile resistance was adopted, setting the tensile
strength to 5 kPa, the lowest value that still ensured numerical convergence.
The fracture energy was kept constant for all interfaces at 0.01 N/mm, while
all other parameters remained as described in Section 6.2. Since this analysis
assumed a pre-damaged model with null tensile strength at the target interfaces
and a fracture energy of 0.01 N/mm, it implied an ultimate crack width openings
∆u,ult = 4 mm. This represents a relatively large value before complete loss
of resistance, which does not physically reflect the weak and brittle interfaces
described so far. Nevertheless, the purpose of this analysis was to investigate
the effects of reducing only the tensile strength while retaining the literature-
based fracture energy.

The results in terms of normal traction evolution over time are shown in Fig-
ure 6.26. A reduced scale was adopted for better visualization, and the tensile
threshold was reached by all monitored points at both the intrados and extrados
of the target interfaces. Although the tensile strength was significantly reduced
(to 5 kPa, solely for numerical stability), it is worth noting that none of the
monitored points exhibited a complete loss of tensile resistance and stiffness.
As expected, this outcome reflects the combined effect of the two N-L param-
eters: tensile strength and fracture energy. The response in terms of normal
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traction–crack width relationship is presented in Figure 6.27. Although all mon-
itored interfaces exceeded the initial tensile strength, the definition of the set
fracture energy combined with a linear softening law resulted in a residual ten-
sile capacity, placing the interface in the softening branch and preventing full
crack opening. These results highlight the unrealistic quasi-ductile behaviour
induced by the softening model, which does not represent the actual brittle
nature of brick–mortar interfaces. Moreover, they emphasize the critical role
of post-peak behaviour in dynamic analyses, particularly under non-monotonic
loading conditions. Since the applied loads are not strictly increasing, interfaces
may alternate between tension and compression at different time steps. Con-
sequently, a monitored point along a crack may experience successive cycles of
tension and compression, where the input energy is not fully dissipated in the
tensile state. In this context, the post-peak response, specifically the tensile
fracture energy, plays a decisive role in determining whether full crack opening
occurs.

The deformed shapes and RDTHs results are presented for the keystone and
location M16 in the following Figures 6.28 and 6.29. In both cases, pan-
els (a) illustrate the deformed configurations at two distinct time steps: 6.7 s
and 7.1 s. A clear alternating opening of hinges is visible in the upper part
of the structure. Although such results could be misleading if only the crack
openings were considered, evaluation of the interface response clarifies that
the interfaces behave like springs, allowing significant crack openings, without
reaching failure. Panel (b) of Figure 6.28 compares the experimental and nu-
merical RDTHs at the keystone. In both directions, the numerical response
is consistently lower than the experimental one. However, when considering
only the numerical trend, the shape of the response resembles the experimental
behaviour in scaled form, giving useful insights in proving a pre-damaged state
in the structure. At the keystone, the maximum numerical displacements were
3.1 mm in the X direction and 1.2 mm in the vertical direction, compared to
24 mm and 5 mm in the experimental results, respectively. Similarly, panel (b)
of Figure 6.29 compares the experimental and numerical RDTHs at the point
of maximum response (location M16). The same considerations made for the
keystone apply here. The numerical time history captures the experimental
trend with a magnitude approximately one order lower. The expected peak
displacements were 29 mm (X direction) and 27 mm (Z direction), while the
numerical model yielded 4.3 mm and 4.2 mm, respectively.

Lastly, Figure 6.30 presents a global comparison of the relative displacements
of all monitored points at 6.7 seconds. This simulation exhibits higher displace-
ment values and begins to highlight a potential damage pattern. Although
the displacement magnitudes are lower than experimental values, the trend is
consistent with the expected behaviour in both monitored directions. However,
less reliable results are observed when examining dθ, where angular variation
is less pronounced than in the experimental outcomes. These observations are
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Fig. 6.26: Results assuming a pre-existing damaged condition (ft = 5 kPa and GI
f =

0.01 N/mm): traction time histories at the extreme points of the target interfaces
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5 5

Fig. 6.27: Results assuming a pre-existing damaged condition (ft = 5 kPa and GI
f =

0.01 N/mm): numerical vs theoretical behaviour at the extreme points of the target
interfaces
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consistent with the time-history displacements and with the findings regarding
interfaces’ behaviour.

(a)

(b)

Fig. 6.28: Results assuming a pre-existing damaged condition (ft = 5 kPa and GI
f =

0.01 N/mm): (a) deformed shape at 6.7 s, and (b) comparison of RDTHs at the
keystone (left panels) and corresponding numerical response (right panels)
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(a)
(a)

(b)

Fig. 6.29: Results assuming a pre-existing damaged condition (ft = 5 kPa and GI
f =

0.01 N/mm): (a) deformed shape at 7.1 s, and (b) comparison of RDTHs at location
M16 (left panels) and corresponding numerical response (right panels)
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(b)

(a)

(c)

Fig. 6.30: Results assuming a pre-existing damaged condition (ft = 5 kPa and GI
f =

0.01 N/mm) at 6.7 s: (a) input signals, and (b) comparison between numerical and
experimental results, and (c) numerical results
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6.3.5.Results considering pre-damaged condition and brittle behaviour
of the target interfaces (fracture energy set to 1× 10−5 N/mm)

The previous analysis highlighted a consistent rocking response pattern at the
investigated location under seismic loading, but it failed to reproduce the com-
plete opening of the hinges, thus preventing the full activation of the mecha-
nism. In contrast, the analysis in Section 6.3.3 emphasized the significant role
of fracture energy in governing the activation of the rocking mechanism. Al-
though all target interfaces exhibited a complete loss of tensile strength before
5 seconds of simulation time, the onset of rocking was nonetheless delayed until
approximately 9 seconds. Based on these findings, an additional analysis was
performed. This model retained the assumption of a highly brittle behaviour
at the target interfaces (with Mode I fracture energy set to 1× 10−5 N/mm),
while also enforcing an almost-null tensile strength at the same locations. In
particular, GI

f = 1×10−5 N/mm was adopted to obtain an ultimate crack width
opening comparable to the analysis in Section 6.3.3, and a tensile strength of
ft = 5 kPa was prescribed for numerical stability.

The behaviour of the target interfaces in terms of stress evolution over time
is shown in Figure 6.31 in a scaled visualization. As it can be observed, the
influence of reducing the fracture energy is immediately detectable. First, the
intrados of cracks C1 and C5 experienced slight tensile stresses under self-
weight only, leading to a complete loss of resistance within the first second of
analysis. A similar observation applies to the extrados of cracks C3 and C4,
where tensile resistance was fully lost within the same time frame. For the
remaining monitored points, both intrados and extrados, the tensile strength
was exceeded and reduced to zero during the first two seconds of analysis. From
that point onward, the interfaces were characterized by zero tensile strength
and stiffness. The normal traction versus crack-∆u relationship is illustrated
in Figure 6.32. All monitored points, both intrados and extrados, exhibit a
response extending beyond the linear elastic regime, indicating progression along
the softening branch. In several cases, a gradual reduction in tensile stress
is evident, consistent with the softening law. In others, the stress response
drops rapidly, suggesting that the interface transitioned almost immediately
to the zero strength regime within the saved time steps. It should be noted,
however, that not all simulation steps were recorded. Consequently, the depicted
responses may not fully capture the continuous evolution of interface behaviour,
particularly in the post-peak phase. This limitation may partially explain the
apparent abrupt transitions and should be considered when interpreting the
results.

The time steps corresponding to 7.0 s and 7.2 s were selected to display the
deformed shape, which clearly highlighted crack openings with hinges alternat-
ing between intrados and extrados along the same crack. The deformed shapes
also revealed that the regions most affected by the rocking mechanism were
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Fig. 6.31: Results considering pre-damaged condition and fracture energy set to 1×
10−5 N/mm: traction time histories at the extreme points of the target interfaces
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Fig. 6.32: Results considering pre-damaged condition and fracture energy set to 1×
10−5 N/mm: numerical vs theoretical behaviour at the extreme points of the target
interfaces
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those located between the two upper cracks (Figures 6.33(a) and 6.34(a)).

In addition, the RDTHs for both the keystone point and location M16 are pre-
sented in panels (b) of Figures 6.33 and 6.34. Both points exhibit the onset
of rocking at the expected time, showing good agreement with the experimen-
tal response up to 5 seconds. Beyond this point, the rocking mechanism is
qualitatively reproduced, although the displacement amplitudes remain under-
estimated. In particular, Figure 6.33 shows a relative error of approximately
63% between the maximum numerical and experimental values in the X direc-
tion, with the maximum numerical displacement recorded at 7.2 s and equal to
9 mm. For the Z direction, a smaller relative error of 55% was observed.

(a)

(b)

Fig. 6.33: Results considering pre-damaged condition and fracture energy set to 1×
10−5 N/mm: (a) deformed shape at 7.0 s, and (b) comparison of RDTHs at the
keystone (left panels) and corresponding numerical response (right panels)
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A similar discrepancy is observed at location M16 (Figure 6.34(b)), although
higher relative errors were recorded. The maximum numerical displacements
were reached at 7.2 s, equal to 12 mm in both X and Z directions, resulting
in errors of approximately 59%. Despite this quantitative mismatch, the rock-
ing trend highlighted in the experimental displacement response is nonetheless
captured in the numerical results.

(a)

(b)

Fig. 6.34: Results considering pre-damaged condition and fracture energy set to 1×
10−5 N/mm: (a) deformed shape at 7.2 s, and (b) comparison of RDTHs at location
M16 (left panels) and corresponding numerical response (right panels)
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Finally, the global distribution of relative displacements for all monitored points
in both directions at 6.7 seconds is shown in Figure 6.35. While the numerical
results do not perfectly replicate the experimental data, they reach a comparable
order of magnitude. Specifically, the computed displacements are approximately
half the experimental values in both horizontal (X) and vertical (Z) directions.
Furthermore, the numerical angular variation indicators begin to deviate from
zero, exhibiting small but significant values that qualitatively align with the
experimental trends and indicate full angular variation. A similar observation
applies to the overall displacement pattern, which reproduced the experimental
deformation mode, although still quantitatively underestimated.

This analysis confirmed the assumption and the necessity of adopting a pre-
damaged configuration at the target interfaces, which reflects not only a reduced
tensile strength but also a reduced fracture energy, in order to capture the
rocking trend and activation time.

6.3.6.Results considering pre-damaged condition and brittle behaviour
of the target interfaces (fracture energy set to 1× 10−6 N/mm)

A further analysis was carried out by adopting the same configuration as the
previous model, with the assumption of a pre-damaged state characterised by
a more brittle response at the target interfaces. The material parameters
were kept unchanged, except for the fracture energy, which was reduced to
1 × 10−6 N/mm.

The results highlight the significant influence of fracture energy in rapidly de-
grading the resistance of the material once the tensile threshold is reached. In
particular, Figure 6.36 shows that all monitored extreme points of the target
interfaces lose their tensile resistance within the first 1.5 seconds of the analysis,
clearly evidencing the loss of both resistance and tensile stiffness for the rest
of the simulation. Similarly to the previous analysis, the influence of the saved
time steps is more evident in this case. In particular, when considering the
normal traction (σ) versus crack width opening (∆u) at the interfaces, some
points lose resistance almost immediately, within just two to three saved steps,
whereas others follow the softening laws more closely. In all cases, however, the
attainment of significantly larger displacements is evident, with ultimate crack
opening values reaching approximately 4× 10−4 mm.

Subsequently, the RDTHs at the reference locations were assessed and com-
pared with the experimental recordings. Figure 6.38(b) shows the results at
the keystone section, demonstrating good agreement between the numerical
and experimental responses. The model accurately reproduces both the onset
and development of the rocking mechanism, capturing the correct activation
timing and closely matching the relative displacement values. In particular, the
simulation yields a maximum relative displacement of 27 mm in the X direction
at 7.2 s, compared to 24 mm at 6.7 s in the experiment, corresponding to a
relative error of approximately 12.5%. The numerical response follows the ex-

199



Chapter 6. Influence of non-linear interface parameters in modelling
rocking failure mechanisms in curved unreinforced masonry structures

(b)

(a)

(c)

Fig. 6.35: Results considering pre-damaged condition and fracture energy set to 1×
10−5 N/mm at 6.7 s: (a) input signals, and (b) comparison between numerical and
experimental results, (c) numerical results
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(c)

Fig. 6.36: Results considering pre-damaged condition and fracture energy set to 1×
10−6 N/mm: traction time histories at the extreme points of the target interfaces
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Fig. 6.37: Results considering pre-damaged condition and fracture energy set to 1×
10−6 N/mm: numerical vs theoretical behaviour at the extreme points of the target
interfaces
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perimental data closely up to 7 seconds in both directions; beyond this point,
discrepancies appear, especially in the Z direction, where the model indicates a
permanent sliding of the element that is less evident in the experimental test.

Additionally, the comparison of RDTHs presented in Figure 6.39 corresponds to
location M16. The numerical results show very good agreement with the exper-
imental data, effectively reproducing both the timing of the rocking mechanism

(a)

(b)

Fig. 6.38: Results considering pre-damaged condition and fracture energy set to 1×
10−6 N/mm: (a) deformed shape at 7.0 s, and (b) comparison of RDTHs at the
keystone (left panels) and corresponding numerical response (right panels)
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activation and the associated displacement trends.

The simulation yields a maximum relative displacement of 34 mm in the X
direction and 32 mm in the Z direction, against 29 mm and 27 mm recorded
experimentally. These differences correspond to relative errors of approximately
17% in the X direction and 18% in the Z direction. As previously noted, the
model accurately reproduces the experimental behaviour up to about 7 sec-

(a)

(b)

Fig. 6.39: Results considering pre-damaged condition and fracture energy set to 1×
10−6 N/mm: (a) deformed shape at 7.2 s, and (b) comparison of RDTHs at location
M16 (left panels) and corresponding numerical response (right panels)
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onds, after which the response starts to differentiate from it, particularly in the
later stages of the analysis. Nonetheless, it provides a reliable representation
of the early and most critical phases of the dynamic response. Overall, the
analysis provides a robust and consistent representation of the experimental
behaviour, confirming the model’s capability to capture the dynamic response
of the structure with good accuracy.

The global performance of the model in terms of relative displacements is shown
in Figure 6.40, which reports the displacements of all monitored points along
Section A–A in both directions at 6.7 seconds. The numerical results (blue circle
markers) exhibit excellent agreement with the experimental data (grey square
markers), successfully reproducing both the displacement magnitudes and the
overall deformation pattern associated with the rocking mechanism. In addition,
the comparison of the angular variation dθ further confirms the strong agree-
ment between the numerical and experimental responses. The numerical model
captures the hinge formation observed in the tests, with only minor discrepan-
cies: namely, a less pronounced hinge at ection S7 and the presence of hinges
at section S15, which were not reported experimentally. These differences do
not compromise the overall validation of the model, which demonstrates high
fidelity in reproducing the structural response under the tested conditions.

To further assess the global response of the numerical model, an additional
comparison with the experimental results was performed at 5.8 s. Figure 6.41
presents the relative displacements and angular variation at this time instant.
The numerical model again shows excellent accuracy in reproducing the exper-
imental behaviour. The relative displacements in both the X and Z directions
closely match the experimental values across all monitored points. Likewise,
the angular variation indicator (dθ) proves consistent agreement with the ex-
perimental data, further confirming the model’s ability to capture the observed
deformation mechanisms with high accuracy.

6.4.Conclusive remarks
In this chapter, a formulation to analyse the evolution of rocking mechanism
failure in unreinforced masonry structures was presented, based on an implicit
time-stepping method and a non-linear representation of both geometric and
material properties. The implicit method was selected to accurately capture
the development of significant changes in the stiffness matrix, from elastic be-
haviour to fully degraded non-linear material properties. The HHT method
was employed because it allows to introduce numerical dissipation, avoiding
the need for additional damping formulations, which are challenging to imple-
ment in rocking analyses. A representation of the pure rocking mechanism was
considered; i.e., the alternation of opening and closing in cracked interfaces.
Therefore, the full non-linearity of the FE model was assigned to the zero-
thickness interfaces using a simplified micro-modelling approach. The analysis
aimed to evaluate the contribution of each non-linear parameter in determining
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(b)

(a)

(c)

Fig. 6.40: Results considering pre-damaged condition and fracture energy set to 1×
10−6 N/mmat 6.7 s: (a) input signals, and (b) comparison between numerical and
experimental results, (c) numerical results
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(b)

(a)

(c)

Fig. 6.41: Results considering pre-damaged condition and fracture energy set to 1×
10−6 N/mm at 5.8 seconds:(a) input signals, and (b) comparison between numerical
and experimental results, (c) numerical results
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the onset and progression of the rocking mechanism. To this aim, a discrete
cracking model, defined by normal stiffness, tensile strength, softening curve,
and fracture energy, was chosen as the proposed constitutive law. Its appli-
cation to assess the rocking mechanism was demonstrated through a specific
case study: the unreinforced vault, which failed primarily through rocking. The
numerical model was first validated in the elastic range by tuning the interface
stiffness values in the normal and tangential directions and comparing the re-
sults with the experimental modal properties obtained during the investigation
campaign. Subsequently, the influence of the non-linear interface parameters
was evaluated, leading to several conclusions:

� Fracture energy is the key parameter influencing the activation of the
rocking mechanism, as it governs the rate at which tensile resistance is
reduced. This allowed for the observation of the phenomenon for two
significantly different tensile strength values, under the same load condi-
tions.

� Tensile strength determines when the rocking mechanism is activated:
in a pre-damaged condition, rocking occurs earlier than when a nonzero
tensile strength is assumed.

� Using an implicit time-integration scheme allows the rocking mechanism
to be represented as a damage-induced process, enabling computation of
the updated stiffness matrix.

� The HHT method is a reliable approach to model the rocking mechanism
without additional damping formulations.

In conclusion, this investigation demonstrates that the definition of an appro-
priate fracture energy is critical, as it determines whether the model captures
rocking or prevents its activation. When evaluating the seismic dynamic ca-
pacity of a structure, setting fracture energy values excessively high can lead to
misleading results, since cracks may never fully open and the structural capacity
may be overestimated. Conversely, variations in tensile strength have a clear
influence on the failure behaviour, underscoring the need for careful parameter
selection in modelling.
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7. Conclusion

The seismic dynamic behaviour of masonry barrel vaults has been investigated
in this thesis through a combined approach involving both experimental and nu-
merical analyses. The current state of the art highlights the still limited number
of contributions on this topic. This work builds upon a previous experimental
campaign carried out by Gioffré et al. [2023], in which an Unreinforced Vault
(UV) and a Reinforced Vault (RV) were seismically tested on shaking tables
at the L.E.D.A. (Laboratory of Earthquake engineering and Dynamic Analysis)
research centre in Enna, Italy. A novel reinforcement system was introduced,
consisting of a hemp-rope net embedded in a cocciopesto matrix composed
of ground clay bricks and an organic resin. Building on this previous work,
in which potential results were not exhaustively explored, the present thesis
extended the experimental investigation to a Repaired–Damaged Unreinforced
Vault (R-DUV), obtained by repairing the damaged UV specimen with the same
reinforcement technique adopted in the RV. This new specimen was subjected
to an additional shaking table campaign. The aim was to carry out a com-
parative analysis with the other two tested specimens, assessing the final load
capacity, seismic dynamic behaviour, failure mechanisms, modal properties, and
damage evolution through analyses based on the variation of modal parameters.
Furthermore, displacement-based analyses were developed as a basis for future
numerical investigations, with the objective of selecting significant monitoring
points for experimental–numerical comparison. The numerical investigations,
based on the Finite Element Method (FEM), provided new insights into mod-
elling approaches for the seismic dynamic behaviour of masonry barrel vaults.
In conclusion, the systematic analysis and comparative study presented in this
thesis addressed several aspects of the seismic response of masonry barrel vaults
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that had previously remained underexplored in literature.

7.1.Summary of contributions and findings

This thesis started with the introduction chapter (Chapter 1), which provided
the main motivations for this work, emphasising how the seismic dynamic be-
haviour of masonry vaults remains an open research field. The main research
goals were then presented. The thesis was based on a multi-directional ap-
proach, providing investigations from both experimental and numerical perspec-
tives. For this reason, based on the continuation of a previous seismic shaking
table campaign, a new experimental campaign was carried out during the re-
search period, aiming to assess and provide further information on the behaviour
of masonry barrel vaults. The thesis aimed to provide a comprehensive analysis
of the seismic dynamic behaviour through the comparison of the response of
the tested specimens. Additionally, the aim of pursuing numerical investigations
was introduced, adding significant information on the modelling of the response
of unreinforced structures under seismic excitations. Finally, a summary of the
main contributions, as well as the thesis structure, was provided. Subsequently,
Chapter 2 presented a literature review of the current state of the art. The
chapter was divided into two main sections. The first provided basic definitions
of arch components and discussed the evolution of masonry arches and barrel
vaults over time, starting from the pozzolanic-based systems initially adopted
by the Romans to the more refined brick-and-mortar constructions extensively
studied during the Renaissance. The second section of this chapter addressed
reinforcement methods and experimental tests available in the literature, with a
particular focus on the seismic dynamic response of full-scale specimens tested
on shaking tables under natural and artificial seismic excitations. From this
section, the main brick arrangements and arch profile configurations were iden-
tified, along with other significant findings from the current state of the art.
Chapter 3 reviewed the main analysis methods for masonry barrel vaults, pro-
gressing from analytical to numerical approaches. The first part presented the
historical development of analytical methods, with particular emphasis on those
that led to the formulation of limit analysis for masonry arches. Subsequently,
the second part addressed numerical studies, distinguishing between the FEM,
the Discrete Element Method, and the Discrete Macro-Element Method. For
each numerical approach, selected studies from the literature that were relevant
to the scope of this work were reviewed. The chapter concluded with a sum-
mary highlighting the current state of the art in numerical modelling. The main
research contributions of the thesis were mainly presented in the following three
chapters. Chapter 4 introduced the two experimental campaigns carried out
on masonry vaults and addressed in this work. Three vaults were tested under
identical input conditions, consisting of seismic tests at increasing input inten-
sity levels based on the ground motion recorded during the October 30, 2016
Norcia earthquake, identified as the Reference Earthquake (RE), and Ambient
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Vibration Tests (AVTs) performed without active input. The three specimens,
namely the Unreinforced Vault (UV), Reinforced Vault (RV), and Reinforced-
Damaged Unreinforced Vault (R-DUV), were tested in two separate shaking
table campaigns at the L.E.D.A. laboratory of the University of Enna Kore.
The first section of this chapter described the initial experimental campaign
carried out by Gioffré et al. [2023], with a focus on the geometry and layout
of the specimens, as well as the main construction phases. Particular attention
was devoted to the novel hemp-rope–based strengthening system and its me-
chanical properties. The shaking table facility and the instrumentation layout
were presented in detail, together with the selection of the input. The second
experimental campaign, carried out during the research period, was performed
on the previously tested UV specimen in its damaged state from the first cam-
paign. This Damaged Unreinforced Vault (DUV) was repaired with the same
extrados reinforcement used for the RV, creating the R-DUV specimen, which
was then tested under the same loading conditions as in the first campaign. The
construction phases, instrumentation layout, and test sequence were detailed.
Chapter 5 discussed the results of the shaking table tests for the three speci-
mens, focusing on their seismic performance through a comparative approach
and presenting the identification of critical locations as a basis for numerical
comparison. The chapter began with a description of the methodology adopted
to achieve the assessment of seismic performance in terms of capacity, failure
mechanisms, and dynamic behaviour. This methodology combined qualitative
and quantitative approaches based on the extensive database recorded during
the experimental campaign. Initially, a qualitative description of the damage
onset and progression was provided for each specimen, highlighting the failure
mechanisms and ultimate load capacity, expressed through the scaling factor of
the RE. The UV failed through the development of a rocking mechanism with
four main cracks, around which the rocking motion evolved. Collapse occurred
at a seismic input equal to 0.4 times the RE. The RV exhibited a completely
different failure pattern, with debonding at two significant locations: near the
keystone and at the reinforcement–abutment connection on the right side of the
specimen. This mechanism was complex, involving a higher number of cracks,
and collapse was prevented only by the tensile strength provided by the hemp-
rope net embedded in the cocciopesto layer. This critical condition occurred
at an input equal to 2.3 times the RE. The R-DUV developed a collapse mech-
anism characterized by rocking at the bases and the expulsion of part of the
abutment at the strengthened masonry connections, together with debonding
close to the keystone. Failure occurred under an input equal to 2.2 times the
RE. A comparison of the damage patterns among the specimens provided sig-
nificant insights into the cracking distribution. Quantitative assessments were
also presented based on the variation of modal parameters obtained through the
Enhanced Frequency Domain Decomposition (EFDD) method applied to AVTs
performed after significant seismic inputs. This analysis tracked the evolution
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of damage as a function of vibration frequencies and modes, showing significant
variations at higher excitation levels. A comparison of the modal parameters in
the undamaged state (i.e., prior to seismic testing) was also presented among
the specimens, assessing the compatibility of the intervention in terms of modal
properties and showing that the repaired configuration almost fully recovered
the initial modal properties of the unreinforced vault. Another part of the
analysis focused on the identification of significant locations as a basis for nu-
merical and experimental comparison. A methodology was proposed to detect
the most critical locations of the structure during the tests, allowing the global
behaviour to be assessed through the deformed shape, relative displacement
patterns, and the angular variation indicator, based on the variation of the an-
gle between two monitored locations. This procedure successfully detected the
areas of significant structural response, consistent with the observed damage
patterns. These locations, identified for significant seismic tests, provide the
basis for subsequent numerical and experimental comparisons. Finally, conclu-
sive remarks assessed the effectiveness and compatibility of the bio-composite
strengthening solution. The reinforced and repaired vaults reached a final load
factor more than 5.5 times higher than that of the UV, delayed damage onset,
and prevented widespread cracking until later stages. The most sensitive areas
to damage in the reinforced specimens, especially at the extrados, were also
summarized. The compatibility between the strengthening solutions in terms of
modal properties was confirmed. Overall, this chapter provided a comprehensive
description of the behaviour and limitations of masonry vaults under seismic
loading. Chapter 6 presented a new strategy for describing rocking mecha-
nisms in curved unreinforced structures within a FEM formulation, adopting
an implicit time-stepping solution scheme and a simplified micro-modelling ap-
proach. The chapter first discussed the reasons behind using implicit methods
and explained that the Hilber–Hughes–Taylor (HHT) method was selected, as
it allows control of numerical damping. All non-linearities of the model were
attributed to zero-thickness interfaces, with a discrete cracking model adopted
to represent the non-linear law defined by tensile strength, a linear softening
curve, and tensile fracture energy, while neglecting crushing–sliding phenom-
ena. After presenting the formulation, the methodology was applied to a case
study of the UV whose failure was governed by rocking. A two-dimensional
numerical model was developed and calibrated against the vibration modes and
frequencies obtained during the experimental campaign, by tuning the interface
stiffness to ensure a reliable elastic response. The calibration resulted in fre-
quency errors below 2% for the considered modes, while consistency in mode
shapes was verified using a Modal Assurance Criterion (MAC) analysis. The
influence of non-linear parameters was then investigated, evaluating configu-
rations with weaker and more brittle interfaces. This second calibration step
involved reducing tensile strength and fracture energy at the target interfaces
and comparing the relative displacement time histories at two significant lo-
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cations: the keystone and the location of maximum displacement. A global
assessment was then carried out by evaluating both the relative displacements
and angular variation indicators at a representative time step. This analysis
provided important insights into the seismic behaviour under brittle interface
conditions, where the rocking mechanism could develop, compared to condi-
tions where it was completely prevented when adopting fracture energy values
from the literature. The combination of reduced tensile strength and calibrated
fracture energy proved effective in reproducing the initiation and progression
of the rocking mechanism. Finally, some concluding remarks emphasized the
main advantages of the proposed modelling strategy. Finally, Chapter 7 con-
cluded with a summary the main contributions of this work and highlighted its
limitations and possible future research developments.

7.2.Future research directions
This thesis was developed within specific research directions. Although the
findings outlined in the previous summary highlighted the main novelty of the
work, as with any research, further improvements are possible and future devel-
opments can be proposed. The main suggested topics for the continuation of
this work are presented below, providing insights for potential applications and
future studies.

� Number of specimens:
Since the experimental campaigns were limited to testing only one speci-
men per configuration (UV, RV, R-DUV), as a future direction, it would
be worthwhile to extend the investigation to at least three specimens
per configuration. This would allow a more reliable evaluation of capac-
ity and failure mechanisms, providing particularly beneficial when dealing
with rocking mechanisms, which are inherently chaotic and not easily
reproducible.

� Structural assessment methodology:
The seismic response in this thesis was evaluated through visual inspection
and variation of modal parameters, which provided insights and reliable
assessments of the spreading of damage and its accumulation on the spec-
imen. This approach could be implemented by adding information on the
structural capacity, developing capacity and hysteresis curves for critical
monitored locations, which would provide additional information on the
seismic dynamic behaviour, contributing to a more complete assessment
of the structural seismic capacity.

� Numerical modelling approach:
The numerical model was developed within a FEM framework, which al-
lows the integration of the proposed methodology for modelling other
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types of structures that fail through rocking, thus representing a ver-
satile approach. Moreover, FEM enables the adoption of different mod-
elling strategies within the same framework, combining macro- and micro-
modelling. This approach could also be applied to the reinforced and
repaired vaults, starting from the proposed model and introducing the
strengthening layer, simplified as a homogeneous layer in contact with
the masonry through interfaces. Such a strategy could serve as a first
step in modelling the strengthening technique, but it must be supported
by a refinement of the non-linear modelling of the reinforcement–masonry
interface to capture complex phenomena such as debonding. Additionally,
developing a DEM-based formulation could provide an alternative frame-
work to reproduce discrete mechanisms and allow direct comparison with
FEM results.
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Aşıkoğlu, A.; D’Anna, J.; Ramirez, R.; Solarino, F.; Romanazzi, A.; Ciocci, M.
P.; Bianchini, N. Simulation of blind pre-diction and post-diction shaking table
tests on a masonry building aggregate using a continuum modelling approach,
Bulletin of Earthquake Engineering, 2024, Volume 22, Issue 12, pp. 6163-6193.
doi: 10.1007/s10518-023-01666-2.

ASTM International, ASTM D2258–99. Standard practice for sampling yarn for
testing, In: Annual Book of ASTM Standards, West Conshohocken, PA, USA:
ASTM International, 1999.

Au, S.-K. Ambient Data Modeling and Analysis. In: Operational Modal Anal-
ysis, Springer, 1st ed., 2017

Azwa, Z. N.; Yousif, B. F.; Manalo, A. C.; Karunasena, W. A review on the
degradability of polymeric composites based on natural fibres, Materials and
Design, 2013, Volume 47, pp. 424-442. doi: 10.1016/j.matdes.2012.11.025.

Babatunde, S. A. Review of strengthening techniques for masonry using fiber
reinforced polymers, Composite Structures, 2017, Volume 161, pp. 246-255.
doi: 10.1016/j.compstruct.2016.10.132.

Baggio, C.; Trovalusci, P. Stone assemblies under in-plane actions. Compari-
son between non linear discrete approaches, Computer Methods in Structural
Masonry, 1995.

Baratta, A.; Corbi, I.; Corbi, O.; Rinaldis, D. Experimental evidence of uncer-
tainty in seismic response of masonry vaults, Proceedings of the Fourteenth
World Conference on Earthquake Engineering, Beijing (China), 2008.

216



References

Barbhuiya, S.; Das, B. B.; Kapoor, K.; Das, A.; Katare, V. Me-
chanical performance of bio-based materials in structural applications: A
comprehensive review, Structures, 2025, Volume 75, Article 108726. doi:
10.1016/j.istruc.2025.108726.

Bartoli, G. Hagia Sophia in Istanbul: Some Remarks on Displacement Phenom-
ena in Main Piers, Hagia Sophia: Surveying Project Conference, 2001. Available
online: https://www.researchgate.net/publication/266244403.

Bartoli, G.; Betti, M. Cappella dei Principi in Firenze, Italy: Experimental Anal-
yses and Numerical Modeling for the Investigation of a Local Failure, Journal
of Performance of Constructed Facilities, 2013, Volume 27, Issue 1, pp. 4-26.
doi:10.1061/(ASCE)CF.1943-5509.0000315.

Bathe, K.-J. Finite Element Procedures in Engineering Analysis, Publisher:
Prentice Hall, 1982, Chapter 9.

Bertolesi, E.; Grande, E.; Fagone, M.; Milani, G.; Rotunno, T. Mechani-
cal model based on a BVP for FRPs applied on flat and curved masonry
pillars with anchor spikes, Composite Structures, 2021, Volume 273. doi:
10.1016/j.compstruct.2021.114251.

Bianchini, N.; Mendes, N.; Calderini, C.; Lourenço, P. B. Modelling of the dy-
namic response of a reduced scale dry joints groin vault, Journal of Building En-
gineering, 2023, Volume 66, Article 105826. doi: 10.1016/j.jobe.2023.105826.

Bianchini, N. Evaluation of the Seismic Response of Masonry Cross Vaults
through Shaking Table Tests and Numerical Analysis, Ph.D. Thesis, University
of Minho (Portugal), 2023.

Block, P.; Ochsendorf, J. Thrust Network Analysis: A New Methodology for
Three-Dimensional Equilibrium. J. Int. Assoc. Shell Spat. Struct., 2007.

Block, P. Thrust Network Analysis Exploring Three-dimensional Equilibrium.
Ph.D. Thesis, Massachusetts Institute of Technology, 2009.

Boem, I.; Gattesco, N. Cyclic behavior of masonry barrel vaults strengthened
through Composite Reinforced Mortar, considering the role of the connection
with the abutments, Engineering Structures, 2021, Volume 228, Article 111518.
doi: 10.1016/j.engstruct.2020.111518.

Boni, C.; Ferretti, D.; Lenticchia, E. Effects of Brick Pattern on the Static Be-
havior of Masonry Vaults, International Journal of Architectural Heritage, 2022,
Volume 16, Issue 8, pp. 1199–1219. doi: 10.1080/15583058.2021.1874565.

Boore, D.M.; Bommer, J.J. Processing of strong-motion accelerograms: Needs,
options and consequences, Soil Dynamics and Earthquake Engineering, 2005,
25(2), pp. 93–115. doi: 10.1016/j.soildyn.2004.10.007.

217

https://www.researchgate.net/publication/266244403


References

Borri, A.; Corradi, M.; De Maria, A. The Failure of Masonry Walls by Disag-
gregation and the Masonry Quality Index, 2020, Heritage, Volume 3 , Issue 4,
pp. 1162-1198. doi: 10.3390/heritage3040065.

Bove, M.; Castellano, A.; Fraddosio, A.; Scacco, J.; Milani, G.; Piccioni, M.
D. Experimental and numerical analysis of FRCM strengthened parabolic tuff
barrel vault, Key Engineering Materials, 2019, Volume 817, pp. 213-220. doi:
10.4028/www.scientific.net/KEM.817.213.

Brincker, R.; Ventura, C.E. Frequency-Domain Identification, Introduction to
Operational Modal Analysis, John Wiley & Sons, Ltd, 2015, Chapter 10, pp.
261-280. doi: 10.1002/9781118535141.ch10.

Bui, H.; Boutouil, M.; Levacher, D.; Sebaibi, N. Evaluation of the influence of
accelerated carbonation on the microstructure and mechanical characteristics of
coconut fibre-reinforced cementitious matrix, Journal of Building Engineering,
2021, Volume 39. doi: 10.1016/j.jobe.2021.102269.

Buttarazzi, M.A. Hystorical Rules and Theories on Masonry Arches from the
Renaissance to Monasterio and Persy, Ph.D. Thesis, Dipartimento di Ingegneria
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Castellano, A.; Camassa, D.; Fraddosio, A.; Scacco, J.; Piccioni, M.D.; Milani,
G. Dynamic damage identification for a full-scale parabolic tuff barrel vault
under differential settlements of the supports, Construction and Building Ma-
terials, 2021, Volume 291. doi: 10.1016/j.conbuildmat.2021.123271.

219



References

Castellano, A.; Fraddosio, A.; Oliveira, D. V.; Piccioni, M. D.; Ricci, E.;
Sacco, E. An effective numerical modelling strategy for FRCM strengthened
curved masonry structures, Engineering Structures, 2023, Volume 274. doi:
10.1016/j.engstruct.2022.115116.
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Gioffrè, M.; Pepi, C. Environmental aging effects on mechanical behavior of
an hemp based biocomposite material for structural strengthening, Journal of
Building Engineering, 2024, Volume 91. doi: 10.1016/j.jobe.2024.109571.

Great Runs. Landscape Arch, Arches National Park, Great Runs, 2025. URL:
https://greatruns.com/national-parks-arches/ (accessed on 5 August 2025).
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