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Abstract

Recent earthquakes in Italy highlighted the extreme vulnerability of historical
buildings. Masonry vaults, which represent artistic valuable elements, have
been recognised as the most vulnerable elements of such buildings. Therefore,
the knowledge of their seismic performances, as well as potential retrofit
techniques, meets the need to protect cultural heritage buildings which are
prone to natural hazards. Vault dynamic behaviour is generally studied
according to simplified methods or, as an alternative, to complex Finite
Element (FE) analyses. However, a deep knowledge of their dynamic behaviour
is still lacking from an experimental point of view. In order to investigate the
seismic behaviour of masonry vaults, shaking table tests have been performed
of a full scale masonry barrel vault. After the tests, the vault has been retrofitted
by means of mortar joint repointing, grout injections and Inorganic Matrix FRP
Grid (IMG). Then shaking table tests have been performed on the retrofitted
vault. By means of the experimental tests outcomes, reliable numerical models
able to predict the dynamic behaviour of the masonry vault (before and after the
retrofit) have been developed. This aspect is relevant for studying
characteristics which cannot be investigated by means of the experimental test
monitoring. In this thesis a comprehensive overview of the main results of the
experimental tests is reported. The unreinforced vault exhibits a good seismic
behaviour, showing very slight damage up to a horizontal acceleration of about
4.8 m/s* (measured at the keystone location). The retrofit resulted in a
significant increase of both stiffness and capacity. Indeed, very slight damages
only after the last test (performed with an achieved PGA of 11.70 m/s®) were
detected on the retrofitted vault. However the retrofit did not drastically change
the global dynamic behaviour of the vault.

KEYWORDS: <Seismic Assessment eMasonry Vaults Seismic Retrofit <Dynamic
Tests «+FEM Analysis.
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Chapter 1 - Introduction

Chapter 1

Introduction

1.1. General context

Masonry is the generic term for a composite material made of a large number of
separate small elements bonded together by some binding filler in many
different arrangements. The quality of the bond, materials used, workmanship
and the masonry textures significantly affect the mechanical performance of the
overall masonry structure. For these reasons, the prediction of masonry
behaviour is generally extremely hard.

Masonry constructions were widespread in the ancient world, and masonry is
one of the most used materials in ancient times. Furthermore the most of the
European cultural heritage buildings are constituted by masonry. Despite their
past and present spread, and their long existence, masonry constructions are
prone to damage under seismic actions. Moreover, a relevant part of these

buildings are located in areas of high seismic risk.
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Recent earthquakes in Italy (Umbria and Marche,1997-1998; L’Aquila, 2009;
Emilia Romagna, 2012) have produced significant damages to several historical
and cultural heritage sites [1]. In many of these historical buildings the vertical
masonry elements were connected by means of curved elements, such as arches
or vaults. The inspections of the damaged building, after the earthquakes
(e.g. San Paolo Cathedral in Mirabello, San Francesco church complex in
Assisi, Estense Fortress in Finale Emilia [1]), have shown that masonry arches
and vaults are the most critical elements in the seismic vulnerability of such

structures (Figure 1.1).

(c) (d)

Figure 1.1 Example of vaults damaged: (a) Emilia-Romagna Earthquake (2012) [2];
(b), (c) and (d) L’ Aquila earthquake (2009) [2, 3];
11
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Therefore, the preservation and, in particular, the retrofit of curved masonry
structural elements is a crucial structural issue.

Recent developments in materials, manufacturing, mechanics and design of
composite materials allowed the growth of such materials as retrofit of masonry
elements.

In the last years the most of composites strengthening research has involved
fibre reinforced polymers (FRP). However, resin-based composites have shown
several drawbacks such as: inappropriate bond to existing masonry substrates,
flammability, sensitivity to high temperatures and moisture permeability [4].
Such problems can be overcome by innovative applications which involve
inorganic matrix composite grids (IMG). Cement based matrixes are, indeed,
highly compatible to the masonry substrate in terms of bond, moisture
permeability, and thermal properties preventing therefore the main critical
issues [5]. These retrofit techniques applied to masonry elements have
demonstrated to significantly improve the stiffness, ductility and the ultimate
strength, preventing the element from a brittle collapse [6-8].

So far, however comprehensive knowledge on the effectiveness of such retrofit
applied to masonry vault elements under dynamic load is still lacking.

In this thesis, the dynamic behaviour of both unreinforced and retrofitted
masonry vault elements has been investigated. The vault has been retrofitted by
means of mortar joint repointing, grout injections and IMG. Moreover, the
experimental data allowed developing reliable numerical models able to predict

the dynamic behaviour of masonry vault (before and after the retrofit).
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1.2. Research significance

Masonry is the simplest construction material. Despite its straightforwardness,
however, the seismic behaviour of masonry structures is hard to predict. In
many masonry buildings, the vertical elements are connected by means of
curved elements, such as arches or barrel vaults. Furthermore the vaults
represent an artistic valuable element in the historical heritage buildings.
Consequently, the understanding of their seismic performance, as well as
potential retrofit techniques, meets also the need to protect cultural heritage
buildings against earthquakes. Nowadays, however, a better knowledge on the
dynamic behaviour of masonry vaulted elements is still a need. These

motivating factors provide the purposes of this thesis, which are:

e improving the knowledge on the dynamic behaviour of masonry vaulted
elements;

e studying the impact of innovative retrofit techniques such as IMG on the
dynamic behaviour of masonry vaulted elements;

e developing reliable numerical models able to predict the dynamic

behaviour of masonry vaults (before and after the retrofit)

In order to achieve this goal a multi-scale approach has been adopted. Both
experimental shaking table tests and numerical analyses have been performed
on the vault before and after the retrofit. In order to calibrate the numerical

models, further experimental vertical load tests been performed.
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1.3. Outline of the thesis

The thesis has been structured into 5 chapters, included the Chapter 1, which
briefly introduces to the general context and states the objectives and strategies
adopted to achieve them. Chapter 2 provides for a review the previous
researches by means of an accurate literature review. In particular the following
aspects have been treated: static and dynamic analysis methods; retrofit
techniques for historical vaulted structures; previous experimental studies on
the theme. In the Chapter 3 the experimental shaking table tests on the
unreinforced vault have been presented. In particular, specimen characteristics,
test setup design, monitoring instrumentation and seismic inputs have been
described. The test outcomes have been presented in terms of: relative
displacement, maximum acceleration and dynamic amplification profiles and
time histories. Chapter 4 deals with the experimental shaking table tests on the
retrofitted vault. In particular, specimen retrofit, monitoring instrumentation
and seismic inputs have been described. Furthermore, a comparison between
the test outcomes of reinforced and retrofitted vault has been provided. Both the
test and the outcomes of comparisons have been presented in terms of: relative
displacement, maximum acceleration and dynamic amplification profiles and
time histories. In the Chapter 5 is presented the finite elements modelling of the
tested specimens (i.e. both unreinforced and retrofitted vaults). Micro-
modelling approach has been adopted and the nonlinear characteristics of the
vault have been calibrated by means of experimental tests. Dynamic linear,
static nonlinear and dynamic nonlinear analyses have been performed in order
to validate the numerical models. Furthermore, the influence of the damping
parameters has been investigated.

14
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Chapter 2

Literature review

Vaults are spatial three-dimensional structures which were usually built in order
to provide a space with a ceiling or roof. In the history several types of vaults
have been built. The simplest type of vault is the “barrel vault” which consists
of a continuous ongoing series of semi-circular arches. Barrel vaults can be
schematized as sum of series of elementary arches (neglecting potential mutual
interaction between the arches). Thus the structural analysis of barrel vaults is
practically a problem which can be solved by studying the elementary arch in
its own plane [9]. Therefore, the methods developed for the arches can be
expanded to three dimensions, in order to study behaviour of the barrel vaults.

Masonry arches have been studied for many centuries and several methods and
tools have been developed to understand their behaviour. In the following
sections a brief overview on the historical evolution of the masonry curved
elements has been provided. Then the mechanical and analytical methods

adopted to study the arch behaviour have been addressed.
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2.1 Brief historical overview of the masonry curved elements

The use of arches and vaults is thousand years old. It exists in nature as a
consequence of natural lack of tensile strength of the stones. Several theories
have been formulated on how this type of structure has started to be used in
architecture. Probably it has conceived as a refinement of support stone
elements [10], or as a subdivision of stone beams into smaller single

elements (Figure 2.1)

N = %

Figure 2.1 Arch as a subdivision of stone beams into smaller single elements [10]

Primitive examples of curved masonry elements date back to the prehistory.
Stone arches appeared in Babylon about 6,000 years ago. The first small-span
vaults, dated back about 5,000 years ago, are clear in Mesopotamic burial
chambers [10, 11]. Several examples of vaults were also found in Sumerians
and Old Egyptians architecture. A step forward in the development of curved
elements was done during the time of the Roman Empire. In this time the
placement of the stones was improved and the mortar started to be used. These
improvements allowed the construction of wide-span vaults. Roman bridges,
amphitheatres and aqueducts are clear example of the considerable usage of

curved masonry elements in the Roman architecture (Figure 2.2).
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Figure 2.2 Arches in Roman architecture: (a) Colosseum; (b) Segovia’s aqueduct

After the Roman Empire fall, the use of curved masonry elements was
remarkable in the Byzantine architecture, where new arch typologies were
developed (i.e. lancet and ogee arches). Later, during the Middle Age, in the
Romanesque architecture the use of round arches and barrel vaults was massive

once again (Figure 2.3).
ITALIAN ROMANESQUE EXAMPLES.
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Figure 2.3 Vaulted structure in Romanesque architecture [12]
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The use of vaulted structures was largely adopted in the Gothic architecture as
well. In this historic period the use of curved masonry elements allowed the
perfect integration of architectural and structural functions. In particular the
main innovations of the use of curved masonry elements in Gothic architecture

were: the use of flying buttress and the use of the pointed arch (Figure 2.4).

(@ (b)

Figure 2.4 Gothic architecture: (a) Cathedral; (b) Flying buttress

During the Renaissance, symmetry, proportion, geometry and the regularity of
parts were the main architectural points, and the application of circular
segments became very popular. In the 19" centuries, due to the gradual
introduction of iron and then steel, to be followed by reinforced concrete the
decline of the use of masonry structures has started. Nowadays masonry
constructions do not have a central role in the building trade. However their

preservation and retrofit represents a challenging structural matter.
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2.2 Arch static analysis methods

A large amount of literature has been published on the arch static analysis. It
represents a solid base to the proper study of the arch behaviour. Since the
dynamic effects are neglected, these methods are not as accurate as the modern
dynamic methods are. On the other hand, they are practical and they can be
applied when high computational power is not available. Therefore, these
methods represent a good compromise between the approximation and

computational expense.

2.2.1 Equilibrium methods

The static behaviour of masonry structures can be studied according to three
simple key assumption proposed in the 1730 by Couplet [13, 14]:

e masonry has no tensile strength;

e sliding failure does not occur;

e stresses are so low that masonry compressive strength can effectively be

considered unlimited.

Each one of these assumptions could not be strictly true. Therefore it must be
hedged with qualifications and it must, in any case, be tested [14].
However, for historical masonry structures, the Couplet assumptions are largely
acceptable in the most of the cases. Thus, they still provide the basic principles
used for the masonry structural analysis [14, 15]. The analysis methods based
on this assumptions are usually known as “equilibrium methods” [16]. Since the
main field of application of these methods are the pure compression structures,
they are particularly suitable, for the structural analysis of arches and vaults.
The arch is the fundamental structural element in the masonry architecture [17].

However, it is worth to briefly introduce the basic concepts of the arch
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mechanical behaviour. Masonry arches are made of blocks assembled each
other with or without mortar. Let us consider a masonry arch in an equilibrium
configuration. Since the arch is in equilibrium, each block is in equilibrium.
The equilibrium of the single block is achieved by means of the thrusts given

by the two adjacent blocks (Figure 2.5).

Figure 2.5 Forces through arches [18]

The thrusts are defined as the resultants of the compressive stress distributions
in the joints. The point of application of any single thrust (i.e. centre of thrust)
is contained within the plane of the joint.

The envelope of all the centres of thrust is a curve named thrust line (Figure
2.6). Whether all the blocks are compressed, the thrust line lies entirely within
the arch boundary. Its shape depends on the arch geometry, loads and family of
plane joints considered [19, 20]. Therefore the geometry of the thrust line is,
actually, the shape of the ideal arch able to bear the load accounted to draw the
thrust line. Nevertheless, there is not only one thrust line which guarantees the
arch to be in equilibrium. In particular, to each possible thrust line lying within

the arch boundaries, corresponds an equilibrium configuration of the arch.
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Figure 2.6 Sketch of the thrusts in a generic masonry arch

Given an arbitrary masonry arch, ideally inverting his curvature (Figure 2.7),
the compression forces will become tension forces.

Thus the blocks constituent the arch, will hang like a chain [21, 22]. Therefore,
according to Heyman [23] is possible to re-assert the previous statements as
“...none but the catenaria is the figure of a true legitimate arch, or fornix. And
when an arch of any other figure is supported, it is because in its thickness some
catenaria is included”.

The solution of the equilibrium problem is not unique. Infinite thrust lines or
catenaries can lie within the arch boundaries. The arch is, indeed, a hyperstatic
structure. Thus the equilibrium equations are not enough to give the solution. In
order to achieve the actual thrust line, statements about both material properties
and boundary condition are required. Appling the elastic analysis (equilibrium,
congruence and compatibilities equations) it is possible to achieve the stresses
in the arch [23-26]. However, the resultant equation system found applying the
elastic analysis is highly sensitive to small changes in boundary conditions (i.e.
hinges formation) [14, 17].
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Figure 2.7 Hanging chain (catenaria)

Furthermore, even if small cracks are not dangerous for the safety of masonry
structure, they determine changes in the position of the thrust line. These
arguments make clear that the assessment of the actual thrust line is impossible.
However, according to the safe theorem of the limit analysis [23, 27, 28] it is
unnecessary to achieve of the actual thrust line. In fact, if it is possible to find
an internal system of forces, in equilibrium with the loads, which does not
violate material assumptions, the structure will not collapse. Therefore the
existence of a thrust line (equilibrium) within the boundary of the arch (no-
tensile material) is a sufficient condition of stability for a masonry arch.

The equilibrium methods to achieve the thrust line in a masonry arch have been
developed both in graphical and in numerical way. Graphical methods, which
have been used for centuries [29, 30], are nowadays considered time consuming

and laborious. Some examples of graphical methods used for the assessment of
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the arch analysis are proposed in [30-34]. In particular in [32] the thrust line
(the red line in Figure 2.8), is drawn by means of the force polygon. Lying the
thrust line within the arch boundaries the arch stability is achieved.

STABILITY oOF ARcaES

PROBLEM |

Figure 2.8 Graphical method by Snell [32]

However, as previously discussed, infinite thrust lines can lie within the arch
boundaries. In [30], indeed, by adjusting the horizontal thrust, three more
different graphical thrust line solutions (Figure 2.9) were proposed.

A more recent application of graphical statics [31] has been proposed in [33];
in particular, this application allows performing the graphical statics in a
computational geometry framework.

Graphical methods have been nowadays almost replaced by numerical methods.

However, methods such as graphic statics have been demonstrated to be still

worthwhile and powerful, as shown in [35].
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Figure 2.9 Graphical methods by Huerta [30]

Numerical methods can be applied to assess both the stability and the seismic
behaviour. In the case of seismic assessment all the equilibrium numerical
methods simulate the ground motion effects by means of a constant horizontal
force. In [36] the problem of the masonry arch under seismic, load has been
studied by modelling the arch as a single degree of freedom (SDOF) system.
The system consisted of a rigid body made up of three hinged bars and four
hinges as shown in Figure 2.10. Once assumed the position of the four hinges,
the equation of motion were derived by means of Hamilton’s Principle and
Lagrange equations for SDOF rigid body systems. The minimum acceleration
required activating the collapse mechanism and the correspondent mechanism

were achieved by iteration.
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Figure 2.10 Masonry arch model under horizontal load [36]

The same structural scheme has been used in [37]. In this study, once assumed
the position of the four hinges, the equilibrium equations were written in terms
of virtual powers. The acceleration required to cause the collapse mechanism
and the hinges positions (at the collapse) were achieved by iteration for several
arch geometries. Other authors [38, 39] studied the same problem by means of

the principle of virtual works.

2.3 Arch dynamic analysis methods

Analytical model builds upon the works first presented in [36] are presented in
[16, 40]. However, the dynamic behaviour of arches is mainly studied by means
of numerical methods. The authors of [36, 37], by extending their mechanism
methods to the dynamic loading, found that:
e Dboth the duration and magnitude of the ground acceleration highly
influence the allowable ground acceleration;
e the allowable acceleration asymptotically decreases to the quasi-static

allowable acceleration when the impulse duration increases;
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e the acceleration impulse required to let the arch collapse, almost
increase by the square root of the arch radius;

It is worth noting that none of the authors validated experimentally their

modelling. However the main results of their findings are rational. An

alternative to these methods is the Numerical finite elements method (FEM).

FEM is, nowadays, one of the mainly used methods for the arch dynamics

assessment. FEM analysis is, indeed, a powerful tool for the assessment of both

dynamic linear and dynamic nonlinear response of the arches.

2.3.1 Finite Element Method (FEM) analysis

The FEM in the past was used to study masonry arch behaviour, mainly by
means of static linear elastic analyses. The arch was usually modelled by means
of one-dimensional elements (i.e. beam elements) [41, 42]. The FEM modelling
techniques have been gradually refined and improved. Thus nowadays FEM is
typically applied to study the dynamic behaviour of arches by means of both
linear and nonlinear dynamic analyses.

In particular, FEM linear dynamic analyses are performed to study the
fundamental dynamic properties (e.g. fundamental frequency, damping) and the
steady-state dynamic response. By means of linear dynamic analyses is possible
to assess the strass state, thus the location in which the cracking might occur.
However, since masonry is a complex nonlinear material, in order to perform an
accurate dynamic analysis, its nonlinear behaviour should be considered.

The nonlinear dynamic analysis is the more accurate approach to numerically
assess the seismic response of a structure. In particular nonlinear dynamic
analyses are performed in order to assess the evolution of stresses and strains in

the time domain.
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Both material nonlinearities and stress redistribution due to cracking are
accounted. However, the results obtained are highly sensitive to the seismic
input adopted for the analyses. Several examples of application of dynamic
nonlinear analysis can be found in literature [43, 44].

2.4 Retrofit of historical buildings

Recent seismic events which affected the historical heritage buildings in Italy
remarked the importance of a proper seismic retrofit intervention. Retrofit of
historical masonry buildings is not an easy task. Indeed common retrofit
techniques cannot be arbitrarily applied to historical buildings. On this matter
the International council on monuments and sites (ICOMQOS), which offers
advice to UNESCO on World heritage sites, provided important
recommendations [45]. Few of these recommendations are resumed in the
following bulleted list (references to the ICOMOS recommendation articles are
reported).

e The restoration of monuments must have recourse to all the techniques
which can contribute to the safeguarding of the architectural
heritage. (Article 2)

e The intention in conserving and restoring monuments is safeguard them
no less as works of art, than as historical evidence. (Article 3)

e Where traditional techniques prove inadequate, the restoration of a
monument can be achieved by the use of any modern techniques of
construction, the efficacy of which has been shown by scientific data

and proved by experience. (Article 10)
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e The valid contributions of all periods to the building of a monument
must be respected, since unity of style is not the aim of a restoration.
When a building includes the superimposed work of different periods,
the revealing of the underlying state can only be justified in exceptional
circumstances. (Article 11)

e Replacements of missing parts must integrate harmoniously with the
whole, but at the same time must be distinguishable from the original, so
that the restoration does not falsify the artistic or historical
evidence. (Article 12)

Therefore, depending on the cultural relevance of the studied building, the final
choice could be either a stronger or a softer retrofit intervention.

For instance, for a highly vulnerable building, without any artistic value, the
replacement of deficient structural elements could be a quick and efficient
solution. Otherwise, if the same building would have a high artistic value, the
same solution could even not to be feasible. In particular, according to [45] any
retrofit intervention should be minimal and easily recognisable, in order to

prevent any potential fabrication of the historical meaning of the building.

2.4.1 Retrofit of vaulted structures

As discussed in the previous Chapter 1, vaults are among the more vulnerable
elements in historical masonry building. The damage of the vaults can be
induced by several reasons, such as: variations in the acting loads, instability of
the piers, and material degradation. The unexpected variation of either
horizontal or vertical loads (or a combination of both) is among the more
common cause of damage of vaults. The variation in the horizontal load

frequently is due to a seismic event. Otherwise, the variation of vertical loads
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often is due to a change of use of the structure. For instance, some historical
buildings become museum, bearing loads which were not expected in the
original design phase. The instability of the piers can be due to either
subsidence of the foundation soil or changing in the pier constraint conditions.
Furthermore, the mechanical behaviour of the vaults can be strongly influenced
by the degradation of its constituent materials. For instance, an aggressive
environment can lead to a reduction of the mechanical performances of
materials such as: clay, tuff, or natural stones. Such materials are commonly
used in vault construction. However, vaults geometry allows the distribution of
the strains along the joints preventing significant cracking in the masonry units.
Therefore, rather than the lack of strength, their collapse is generally due to the
inability of the structure to follow the displacement of the piers [46].

A retrofit intervention should be able to provide its strengthening action only in
case of changing of boundary conditions. Indeed, such intervention allows
retrofitting the vault without changing its constitutive global response.
Inappropriate retrofit interventions could even lead to an increase of the
vulnerability of the retrofitted building.

A proper retrofit intervention starts with an accurate survey of the structure in
order to assess the main vulnerabilities and potential instability sources. The
survey has to take into account of: material and geometrical properties, crack
patterns and degradation. According to [47, 48] the instability sources can be

sort as follow:

e pier failure;
e vault spontaneous collapse;

e pier failure mixed with vault spontaneous collapse.
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However, often the assessment of the instability sources is not straightforward.
Indeed, it requires a strong knowledge and experience on masonry structural
analysis together with a deep knowledge of the analysed structure.

Several simultaneous instability sources could coexist in the same structure
making hard their recognition.

The analysis of damaged vaults shows that frequently the damages are restricted
only in few locations which can be assumed as plastic hinges. The collapse
mechanism will occur with the formation of the fourth plastic hinge (Figure
2.11). Traditional retrofit interventions on vaulted structures are based on the
basic idea of improving the strength of the structure. Otherwise innovative
retrofit techniques are based on the idea of improving both the capacity and the
ductility of the structure, without increasing its mass and stiffness.

Lines of thrust

Hinges

Figure 2.11 Typical four hinges mechanism due to vertical load [49]

2.4.2 Overview on the main retrofit techniques for the vaults

In the following a brief overview on the main retrofit techniques adopted for
masonry vaults is provided. The aim of the following overview is to present a
list of such systems. For each system a brief description and a review of both

the main values and weaknesses is provided.
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Buttresses

Several typologies of retrofit techniques can concern the piers of the vaulted
structure. However buttresses are among the most commonly adopted retrofit
techniques for historical buildings. The buttresses (Figure 2.12), which were
widely adopted in the past, work by applying a counterforce opposing the thrust
induced by the vault. Various materials can be employed for the construction of
buttresses. They could be made of masonry as well as either non-reinforced or
reinforced concrete. The main purposes of the buttresses are:

e preventing the distancing of the imposts;

e Dbearing the horizontal thrusts given by the vault together with the piers.

Buttresses,

[ HH
A

. :
O\
A

} .

Figure 2.12 Example of ordinary buttresses [50]

The presence of a buttress results in a variation in the boundary conditions of
the piers (i.e. the buttress improve the constraint condition). The variation in
boundary conditions, in turn, results in a variation of magnitude of the reacting
forces. As a consequence of the new force configuration, a new configuration of
the thrust line will be achieved.
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By analysing the load distributions inside the buttress it is clear that the loads
are mostly located in the upper part of the buttress. In particular the analyses
showed that the buttress works just like an arch. For this reason, in the ancient
architecture (mostly in the gothic period), instead of the ordinary buttresses the
flying buttresses were often adopted. In Figure 2.13 a brief illustrated overview
of the main typologies of buttress through the history is reported. Nevertheless,
despite its past wide spread, this strengthening technique, could not to be
feasible for historical building. Indeed, the buttresses have a high shape factor

which results in a high visual impact.
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Figure 2.13 Typologies of buttress through the history: (a), (b), (c), (d) ordinary buttress; (e)
flying buttress [12]

Ties
The ties (Figure 2.14) are the simplest way to counterbalance the thrust of the
vault without imposing it to the piers. Their main purpose is, therefore,

preventing the distancing between the imposts. Retrofit interventions by means
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of ties were widely adopted in the past; however they are still widely adopted.
Ties are mostly built up of either steel or wood (Figure 2.15); nevertheless
usually the selection of the proper material is depending on the environment

aggressiveness.

89

Tie rod
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Figure 2.14 Tying scheme for a two span vaulted ceiling [50]

Tie retaining system can be passive (no pre-tensioned) or active (pre-tensioned).
The former starts to work only once a relative displacement between the piers
occur. Conversely, the latter does not need a relative displacement between the
piers to start working. Tie dimensional design is crucial; it should be performed
with regard to prevent any damage to the piers masonry due to the traction of
the tie.

Compared to buttresses, ties certainly have a lower visual impact. However,
depending on their positioning, they could potentially obstruct the view of
artistic elements such as painting and frescoes located at the intrados of the
vault. Depending on either architectural or structural reasons, ties can be
applied both at intrados and extrados. From a structural point of view, ties
located at the intrados have shown to be more effective in contrasting vault’s
thrust [51]. On the other hand ties located at the extrados, having a lower visual

impact, could be a more suitable solution for historical buildings. In this case,
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flexural forces acting on the portion of pier between the tie and the pier have to

be taken into account.

(b)

Figure 2.15 Examples of curved element retrofit by means of ties of ties: (a) steel; (b) wood

In order to improve the flexural capacity of the piers post-tensioned ties can be
applied in vertical. Usually this intervention is adopted when the vertical load is
not sufficient to guarantee the stability of the piers. Frequently post-tensioned
vertical ties are combined with horizontal ties. In this case, the anchorage of the
vertical ties has to be at a higher quota compared to the horizontal ties location.
This expedient allows the proper distribution of the stresses due to the
tensioning of the vertical ties.

In addition to the retrofit intervention on the piers, several typologies of retrofit
intervention can concern the vault itself. It is worth remarking that the
conservation of any artistic/historical element, such as frescoes, paints or
decorations, on the vault is the governing factor in the selection of the retrofit
solution. However, when the vault itself is clearly damaged (e.g. cracking at
either the intrados or the extrados), these interventions could be crucial for the
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safety of the structure. In the following the main typologies of retrofit

intervention on the vault are briefly presented.

Dead load reduction

An alternative solution to reduce the thrusts of the vault on the piers is to reduce
the dead loads. Reducing the dead loads acting on the vault, results in
improving the capacity of the vault to bear live loads. Basically the filling
material (which is usually made up of earth) is replaced with a lighter material
such as hollow bricks. Studies show that by means of this solution it is possible
to reduce the dead loads of about 50% [52]. It is crucial during the intervention
design phase, checking whether the new thrust line lies within the arch bounds
or not. In order to achieve the new thrust line both the new dead and the new

live loads have to be taken into account.

Reinforced concrete jacket

A solution frequently adopted, is the creation of a reinforced concrete jacket at
the extrados of the vault (Figure 2.16). This solution sometimes is coupled with
the previous discussed intervention of reduction of the dead load. In fact it is
used in case in which the thrust line, due to the new loads, does not lie within
the arch bounds. In order to let the reinforced concrete jacket works together
with the old masonry vault, metal connectors between the two structures, have
to be installed. The reinforced concrete jacketing improves both stiffness and
strength of the vault. On the other hand, the high self-weight of the jacket may
cause damages on both the structures and the foundations.
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Figure 2.16 Reinforced concrete jacketing at the extrados of the vault

Furthermore the increase in mass due to the jacket could become

disadvantageous, especially in case of earthquakes.

Grout injection

In recent years, the use of the grout injection as a retrofit technique is became
common for curved masonry elements. The grout injections consist in filling:
cracks, void, collar joints, or cavities within masonry (Figure 2.17). Usually the
mixture injected is cement based. However the mixture composition depends on

the characteristics of both the masonry and the crack to be filled.

Figure 2.17 Examples of grout injections [53]

For instance cement-based grout is frequently used in the case of wide cracks
[54]; while epoxy resin or cement fluid hydraulic binder are used in the case of
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small cracks (less than 2 mm). The grout injection prevents the crack spread
and improves the overall behaviour of the masonry [55]. Moreover, since the
grout injection does not alter the aesthetic features of the retrofitted element, it
is particularly suitable for historic buildings.

Mortar joint repointing

Mortar joint repointing is one of the basic procedures in the refurbishment of
masonry elements. It consists in removing damaged (or deteriorated) mortar
from masonry joints and replacing it with new mortar. In Figure 2.18 is
reported the typical repointing process. Repointing allows improving the
strength and the stiffness of masonry [56] and it reduces the water effect.
Usually the mortar joint repointing is coupled with other retrofit techniques

such as grout injection or near surfaces mounted reinforcements.

Figure 2.18 Mortar joint repointing process: (a) Joint after cleaning; (b) detail of the joint

depth; (c) joint’s repointing; (d) after intervention [56].

An efficient repointing retrofit starts with the assessment of the existing
materials. Such knowledge is crucial in the selection of the mortar to be used
for the repointing intervention. Indeed, the selection of the mortar is critical to
the long-term durability and performance of the intervention. In particular, the
new mortar has to be durable and compatible with existing masonry. If the
mortar is too strong or too stiff than the adjacent materials, it can even damage

the masonry units reducing the durability of the intervention.
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Moreover, both the old mortar removing and cleaning operations are crucial as
well. Improper joint preparation frequently results in falling out of the repointed
joint within a few years. Otherwise a proper repointing intervention can last

between 25 and 30 years.

2.4.2.1 Innovative retrofit techniques

The raising awareness for the preservation of historical buildings, together with
the development in the innovative materials technologies, has supported the
growth of innovative retrofit techniques. Traditional retrofit techniques are
based on the idea of improving the strength of the structure. Otherwise the
approach of innovative techniques is based on the idea of improving both
capacity and ductility. The choice among solutions traditional or innovative is
controversial. However, depending on the specific case, innovative techniques
can either coexist with the traditional techniques, or be used as their alternative.
In the following a brief overview of the main innovative retrofit techniques for

vaults and curved elements is presented.

Reinforced arch method (RAM)

The Reinforced Arch Method (RAM) is often presented as an innovative
alternative to the reinforced concrete jacket. It consist in a distributed
reinforcement, applied to the extrados (or the intrados) of the vault. The basic
concept of this retrofit intervention (introduced for the first time in [57, 58] is to
modify the distribution of loads acting on the arch in order to let the thrust line
lie within the arch bounds. Therefore this intervention is suitable to be coupled
with the reduction of the dead loads. Both steel and FRP reinforcing cables can

be used as a tensile resistant reinforcement. The installation of the RAM is
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made up by means of post-tensioned cable yarns fixed to the extrados of the

vault as shown in the Figure 2.19.

Figure 2.19 Detail of the anchorage of the cable to the extrados [57]

The cables can be fixed at both the intrados and the extrados. However, due to
the necessity of cable deviator, the installation at the intrados could be difficult.
The post-tensioned cables application results in a radial distribution of forces on
the vault. In Figure 2.20 is reported the force interaction scheme in both the

cases of reinforcement at the extrados and reinforcement at the intrados.

Figure 2.20 Force interaction between the cable (in tension) and the vault (in compression): (a)

reinforcement at the extrados; (b) reinforcement at the intrados [58]
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The RAM improves the seismic behaviour of the vault. In fact, it improves both

capacity and ductility of the vault, without increasing its mass and stiffness.

Near Surface Mounted (NSM) reinforcement

The near surface mounted (NSM) reinforcement consists in installing FRP or
stainless steel reinforcing bars in a groove cut into the surface of the
masonry [59, 60]. Depending on the desired strengthening (i.e. either flexural or
shear) the location of the bar application can change. For instance, in the case of
flexural strengthening, bars are vertically applied. Otherwise, in the case of
shear strengthening, bars are inserted horizontally in the masonry bed joints
(see Figure 2.21).
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Figure 2.21 Bed joint NSM reinforcement for a masonry representative element [61]

NSM reinforcement in masonry curved elements improves the load carrying
capacity, reduces the hinge formations and reduced the crack development [59].
Low aesthetic impact and easy installation are among the values of this retrofit
technique. Furthermore the NSM reinforcement provides no mass improvement
which is crucial in seismic retrofit. Experimental and theoretical studies show

the effectiveness of this retrofit technique.
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FRP laminates/fabric

Another innovative solution for the retrofit of vaults is the use of FRP
laminates. The FRP laminates can be installed at the extrados, at the intrados or
at both the intrados and the extrados of the vault. Figure 2.22 shows the three

possible retrofit layouts for barrel vaults.

1st layout
Strips placed at
the extrados only

2nd layout
Strips placed at
both extrados
and intrados

3rd layout
Strips placed at
the intrados only

Figure 2.22 Possible retrofit layouts for barrel vaults [62]

However, the installation at the intrados is not always possible. For instance, in
the case of historical buildings, the presence of valuable stuccoes and frescoes,
preclude the chance of removing the plaster. Thus the reinforcement can be
only installed at the extrados. On the other hand, whether valuable tiles or
floorings, which cannot be removed, are present, the chance of retrofit at the
extrados is precluded. However, it is worth remarking that, due to tensile
stresses normal to the reinforcement (Figure 2.23), the application of FRP
laminates at the intrados is the most critical with respect to the debonding
failure. The basic concept of the retrofit with FRP is to prevent the hinge
mechanism and, therefore, the brittle collapse. This result is achieved moving
the failure mechanism from brittle to ductile, by improving the energy
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dissipation. Several experimental tests [63, 64] showed the effectiveness of
retrofit with FRP in preventing the hinge formations. Then, according to [62] in
the case of retrofit with FRP the main potential failure modes are: debonding,

FRP rupture, crushing and sliding.

Debonding for
Shear and normal
stresses

Figure 2.23 Debonding in curved structures [62]

The debonding failure is the main critical issue of the retrofit with FRP. It is
mostly due to the curvature of vaults coupled with both the peeling stresses and
normal axial forces at the FRP fibre plane. However, the application of
longitudinal quadriaxial strips provides anchoring to former transverse strips
preventing the debonding failure.

If a proper FRP anchorage is provided, the FRP rupture is possible.
Nevertheless, whether the original failure is governed by shear failure or
crushing of the masonry, the effectiveness of the FRP retrofit is not granted.
Crushing failure as well as sliding failure is related to the load pattern. The
former is achieved when the thrust line is very close to the bounds of the arch.
In particular it is due to either load pattern variations or increases in flexural
forces. The latter is usually achieved for highly non-symmetric loads. In order
to reduce sliding issues, the masonry substrate preparation (usually by means of
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thin layer of fibre reinforced mortar) is crucial. The same issues discussed in the
case of FRP laminates can be repeated in the case of FRP fabric. In the case of
vault retrofit, the fabric is commonly preferred to the laminates due to its ability

to fit curved geometries.

Inorganic Matrix composite Grids (IMG)

As discussed in the previous section the use of FRP laminates (fabric) in
masonry structural retrofit has shown to be effective. However, this technique
has shown a number of problems. In particular, the main problems are:
insufficient vapour permeability, low performances at high temperatures
(flammability), lack of bond between resins and masonry substrates, no
reversibility [5]. By means of inorganic matrix composite grid (IMG) such
issues can be overcame. IMG retrofit is an innovative retrofit technique based
on inorganic matrixes. In particular the inorganic matrix (e.g. cement based
matrix) replaces the traditional epoxy resin of the classic FRP system (see
Figure 2.24).
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Figure 2.24 IMG retrofit system scheme
43



Chapter 2 — Literature review

The main advantage of inorganic cement based matrixes is the high physical
and chemical compatibility with the masonry substrate. Thus usually premature
debonding failure does not occur. Furthermore, due to its continuous nature, the
IMG is particularly suitable for curved masonry elements such as arches and
vaults. Several experimental tests show [4, 5] that the IMG strengthening
systems increase the load-bearing capacity of masonry elements.

An issue related to the IMG system can be found in the installation phase. In
fact the IMG system should be installed at temperatures ranging between 5°C
and 35°C. The installation at higher temperatures results in a sensitive decrease
in the mortar workability. Otherwise, the installation at lower temperatures
results in setting slow down.

It is worth noting that, being innovative this technique, there is still not a widely
adopted name. Therefore in the literature, it is usually identified with several
different acronyms generating possible misunderstandings. For instance some
of the more frequent acronyms are: fibre reinforced cementitious mortar
(FRCM), fibre reinforced cementitious matrix (FRCM) and cementitious matrix
grid (CMG).

2.5 Experimental studies

The seismic behaviour of masonry vaults is strongly affected by the global
behaviour of the structure in which they are inserted. On the other hand the role
of structural components testing is fundamental [65]. Vault’s dynamic
behaviour is generally treated by means of either simplified mechanism
methods or complex computational analysis [40, 66, 67]. Even so, detailed

knowledge on the dynamic behaviour of the vault elements is still lacking from
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an experimental point of view. In particular, only a few dynamic experimental
tests on unreinforced masonry vaults are available in scientific literature. On the
other hand, a lot of study can be found about reinforced vaults under static or
quasi static loads. In the following, a brief overview on some experimental tests

concerning retrofitted masonry vaults is presented.

2.5.1 Tests on reinforced arches and vaults

An interesting study provided in [63] highlights the results of an experimental
investigation on brick masonry vaults strengthened with FRP strips. The
behaviour of masonry vaults reinforced with FRP laminates has been studied by
means six specimens. The specimens were subjected to monotonic vertical load
applied at ¥ of their span. The geometry of the specimens and load conditions

are shown in Figure 2.25.

Figure 2.25 Geometry of the specimens and load conditions [63]

The FRP strips applied at the intrados (or extrados) results in an alteration of
the collapse mechanism. The results of these tests showed that the width and the

stiffness of the reinforcement strips have a strong influence in the behaviour of
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the vault. Vaults strengthened at the extrados showed possible brittle failure;
while vaults strengthened at the intrados showed a ductile failure mechanism.
This is due to the detachment of the fibre perpendicularly to the masonry
interface. The failure involves a limited area, thus the strips can still prevent the
collapse.

In [68] a study on the dynamic behaviour of masonry barrel vaults is presented.
Vault dynamic behaviour has been investigated in the cases of unreinforced
vault, damaged unreinforced vault and retrofitted vault. The vault has been
retrofitted by means of GFRP strips (at the extrados). In Figure 2.26 is shown

the reinforcement configuration.

Figure 2.26 Reinforcement configuration [68]

The results of experimental tests showed a good dynamic behaviour in both the
cases of undamaged and damaged vault. After the retrofit the vault showed a
dynamic behaviour similar to the undamaged vault.

A contribution to the investigation of the effectiveness of the IMG as seismic
retrofit of vaults is found in [46]. In particular in this study the retrofit is based
on steel cords embedded in an inorganic cement based matrix (i.e. steel
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reinforced grout). The research consists in the retrofit of the vaults for the case
study of Jacobilli building which is a clustered complex in the historical centre
of Foligno (Italy). The building was seriously damaged by the Umbria-Marche
earthquake (1997). Therefore, in order to improve the strength of the cloister
vaults included in the building against earthquake, two systems have been
adopted. A couple of prestressed steel reinforced grout (SRG) strips and a
reticular system made of transversal and longitudinal prestressed SRG
laminates. The reinforcements have been applied at the extrados of the vault
(see Figure 2.27).

Figure 2.27 Extrados of the vault after the intervention [46]

The study remarks that the retrofit can modify the failure mode of the masonry
vault preventing the formation of the fourth hinge. Furthermore the retrofit
significantly increases the load carrying capacity of the vault.

Another application of IMG on curved masonry elements is provided in [69]. In
particular laboratory tests were carried out on seven semicircular brick arches
which underwent repair and retrofit.
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The experimental tests on models showed that in all the cases the use of Fibre
Reinforced Cementitious Matrix (FRCM) reinforcement significantly enhances
the load-bearing capacity of the brick arches (vaults). In particular, the
cementitious matrix has ensured a good capacity for distribution of stresses on
the masonry support.

A comparison between the experimental performances of FRP strips and IMG
is provided in [70]. The tests were carried out on two arch specimens. The first
specimen has been retrofitted with carbon FRP (CFRP). The second specimen
has been retrofitted with glass fibre reinforced cement matrix (GFRCM). The
reinforcements have been applied on the whole surface at the intrados of the
arches. The experimental results showed that, under seismic load, the GFRCM
performed better. Furthermore the specimen retrofitted with GFRCM showed a
failure mechanism similar to an unreinforced arch. Conversely the failure
mechanism for the specimen retrofitted with CFRP strips was different. In
particular, due to delamination, a highly brittle collapse occurred.

A further contribution on the study of reinforced vaults is found in [71] which
studied the IMC for masonry vaults by means of experimental tests. In
particular the influence of the retrofit has been studied by comparing the results
achieved for different kinds of retrofit. Both the static and the dynamic
behaviour of the retrofitted vaults were studied. The specimens were retrofitted
with five different systems. In particular: SRG, basalt textile reinforced mortar
(BTRM), steel reinforced polymers (SRP), CFRP and reinforced transverse
vertical diaphragms (RTVD). The specimens were subjected to both monotonic
and cyclic vertical load applied at ¥ of their span (Figure 2.28).
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Figure 2.28 Experimental test setup [71]

The results showed that all the tested retrofits result in a substantial increase of
the load capacity and ductility. The dynamic identification allowed relating the
decay of the fundamental frequencies to the increase of the damage.

The dynamic behaviour of both unreinforced and reinforced masonry vaults
have been studied in [72]. Shaking table tests have been performed on a
masonry vault. In particular the specimen consisted of a 1/3 scale masonry vault

with parapets (Figure 2.29) loaded with a uniformly distributed load.

Figure 2.29 Experimental test setup [72]
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The specimen was built on a reinforced concrete slab connected to the shaking
table. The specimen was monitored by linear variable differential transformer
(LVDT) and accelerometers. Two accelerograms (one natural and one artificial)
have been imposed to the structure without producing any significant damage to
the specimen. In order to achieve the failure, a sine sweep action (having
acceleration equal to 0.5 g) have been imposed to the structure. The collapse
started due to relative displacements in the mortar beds near the abutments and
was due to the formation of five hinges.

The investigation of uncertain features of the masonry vault seismic response
has been proposed in [73]. On this purpose experimental tests on mono-
directional shaking table have been performed.

The specimens were arches made of tuff bricks resting on two piers which
continue over the imposts. Furthermore some steel ties were placed between the

wing walls. A sketch of the specimen is provided in Figure 2.30.

210
AR

Figure 2.30 Experimental test setup [73]

The test consisted in two phases. The first phase was performed by means of
the same dynamic signal (which reproduces a natural earthquake) scaled at

progressively increasing intensities. In the second phase an overload was
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imposed on the top of the arches. The specimens were monitored by
accelerometers (applied on the arch) and transducers (applied at the external
sides of the piers). The collapse was not reached in the first phase. Then the
collapse was reached in the second phase. By the comparison of the outcomes
of the two phases it was evident that the static degradation was faster than the
dynamic one. However this result is probably due to the previous damages

occurred.
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Chapter 3

Experimental tests: unreinforced vault

The experimental programme presented in this chapter aims to investigate the
dynamic behaviour of a masonry vault subjected to a dynamic base excitation.
In particular dynamic shaking table tests on a full scale masonry barrel vault
have been performed at the Laboratory of the Department of Structures for
Engineering and Architecture (University of Naples “Federico I1”).

A comprehensive overview of the results of the shaking table tests is presented
and discussed. The presented experimental activity is part of a wider research
project which involves the University of Naples “Federico II”, University of
Padova, STRESS S.c.ar.l, Veneto Nanotech s.p.a., Regional Center of
Assistance for Economic Cooperation Artisan, CETMA Consortium,
Consortium TRE and SIPRE s.r.l. In the presented experimental tests the vault
is tested without any vertical load acting at the extrados. This load condition is
suitable, for instance, to simulate typical historical vaulted roof. Furthermore,
the vault’s imposts are constrained on the shaking table. Therefore the outcome
represents the behaviour of the vault itself.
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The aim of these tests is to improve the knowledge on the dynamic behaviour of
the masonry vaults once the settlement and capacity of the supports of the

vaults, (e.g. imposts, masonry piers, load bearing walls) are guaranteed.

3.1 Specimen

A full scale clay brick masonry vault has been designed for testing purpose. The
geometry of the specimen (Figure 3.1) is the same of the vault which has been
tested under static conditions in [71]. The geometry of the vault has been
carefully chosen to simulate a typical masonry vault commonly included in

historical heritage buildings.

keystone extrados

left impost

right impost & intrados

Figure 3.1 Geometry of the specimen: 3D view

The vault has a segmental arch profile (less than a semicircle) having a clear
span of 298 cm and a rise of 114 cm. The vault is 220 cm deep and it is made of
solid facing clay brick (25x5.5x12 cm®) and pozzolanic masonry mortar (i.e.
MAPEI MAPE Antique allettamento). The mortar mixture was prepared in
order to present typical properties of mortars used in historical buildings.
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The vault is fixed on two imposts made of the same masonry material. Further

geometrical details are provided in (Figure 3.2).
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Figure 3.2 Geometry of the specimen: plan and section views (dimension in cm)

The specimen was built up on a steel beam system which is part of the testing
structure (further information about the technical characteristics of the testing
structure will be discussed in the following section 3.3). Since the vault is not
self-supporting, until the keystone bricks were positioned, a polystyrene
centring has been used as a temporary support (Figure 3.3a).

54



Chapter 3 — Experimental tests: unreinforced vault

The polystyrene centring was placed on wooden supports in order to keep it at
the proper quota and facilitate its removal after the vault was completed. Some

images concerning the construction phases are shown in Figure 3.3.

Figure 3.3 Specimen during construction phases: (a) polystyrene centring; (b) construction

of the imposts; (c) curved element construction; (d) specimen completed

3.1.1 Material characterization

Preliminary mechanical characterization tests have been performed for both
mortar and bricks. Table 3.1 lists the main results of the material
characterizations. Both brick’s compressive and tensile strength, as well as

elastic modulus, were characterized in [74].
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In particular, according to UNI 8942-3 (1986) [75], three point bending tests
have been performed. In these tests the brick is placed on two supports. Then
given the distance, |, between the two supports, (typically 1 =200 mm), the

actuator applies a force in the middle of the two supports (1/2).

Table 3.1: Material mechanical properties.

Property Brick [MPa] Mortar [MPa]
Compressive strength 19.8 10.1
Flexural strength 3.7 -
Splitting tensile strength 2.5 -
Tensile strength - 2.4
Elastic Modulus 5756 1452

Therefore the flexural strength, osp, is achieved by applying the well-known
Navier’s formulation (simple bending case). In particular in this case the

following Equation (3.1) has been used:

_ 3Rl (3.2)
Tib T opn2

Where b and h are the dimensions of the brick’s cross section, and P, is the
ultimate achieved load.

Compression tests on the bricks have been performed as well. In particular,
according to EN 772-1 (2002) [76], the compression force on the two faces of

the specimen have to be applied by means of suitable actuators.
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Assuming a uniform stress distribution along the horizontal sections of the
brick, the compressive strength, ., can be achieved by means of the

following Equation (3.2):

R 3.2)

Where b and d, in this case, are the dimensions of the section in which the load
Py is applied. Indirect tensile strength has been achieved according to UNI
8942-3 (1986) [75]. In particular the indirect tensile strength, osp, has been

evaluated by means of the following Equation (3.3):

_ 2R, (3.3)
Js,b -
hd

Characterization tests on the mortar (Figure 3.4) have been performed
according to UNI EN 998-2 (2010) [77] and UNI EN 1015-11 (2007) [78] on
twelve 40x40x160 mm? 28 days wet cured specimens.

(b)

Figure 3.4 Material characterization: mortar specimen preparation
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In order to achieve the elastic modulus, several tests were performed according
to UNI 6556 (1976) [79]. The elastic modulus reported in Table 3.1 has been

achieved as average of the elastic modulus achieved in these tests.

3.2 Experimental facilities

Shaking table tests have been performed in order to investigate the seismic
behaviour of the brick masonry vault. The tests have been carried out at the
laboratory of the Department of Structures for Engineering and Architecture of
the University of Naples Federico 1.

The tests have been performed by means of an earthquake simulator
system (ESS). In particular the ESS consists of two square shaking
tables (3x3 m?). Each table is characterized by two degrees of freedom in the

two horizontal directions. In Figure 3.5 a scheme of the EES is provided.

Figure 3.5 Earthquake simulator system (ESS) scheme
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Each shaking table has a maximum payload of 200 kN having a frequency
range of 0 — 50 Hz, acceleration peak equal to 9.81 m/s®, velocity peak equal to
1 m/s (both at maximum payload) and total displacement equal to 500 mm

(250 mm). In the presented experimental tests only one table is used.

3.3  Testing structure

Since the width of the specimen to be tested (3.7 m) was larger than the shaking
table platform (3.0 m) an additional structure was required. Main purpose of
such structure was to rigidly transfer the acceleration from the shaking table to
the structure to be tested. Therefore a steel testing frame has been expressly
designed. Furthermore in order to allow the specimen to be built off of the
shaking table platform, a lifting structure for the test setup has been designed,
too. Therefore the testing structure consists in two sub-structures namely
testing frame and lifting structure respectively. The total weight of the testing

structure, including the lifting structure (Figure 3.6), is 17.22 kN.

Figure 3.6 Testing structure overview
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3.3.1 Testing frame design

The design of the testing frame involved two main stages. The first stage
consisted in the estimation of the loads acting on the testing frame during the
tests. The second stage consisted in the design and verification of the testing
frame and its structural elements. At the first stage, the loads acting on the
testing frame have been evaluated by means of preliminary numerical finite
elements (FE) analyses. In particular, static nonlinear analyses have been
performed on a simplified FE model.

The preliminary FE analyses were performed by means of the software DIANA
developed by TNO DIANA. The FEM model is constituted of more than 800
CQ16M eight-node quadrilateral isoparametric plane stress elements based on
quadratic interpolation and Gauss integration. Further details about the CQ16M
element are provided in the following section 5.1.

A macro element approach was adopted. The masonry was modelled as a
homogeneous material according to the total strain model coupled with the
rotating crack stress-strain relationship approach. In particular, in the total strain
approach, the constitutive model describes the stress as a function of the strain.
In the rotating crack approach, stress-strain relationships are evaluated in the
principal directions of the strain vector, as reported in [80]. Furthermore, the
combined Rankine/VVon Mises yield criterion was adopted. In Figure 3.7 the

preliminary FE model of the vault is shown.
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Figure 3.7 FE model of the specimen

All the analyses were performed under load control, measuring the evolution of
both the reacting forces and displacements. The load, which is horizontal and
proportional to the mass of the model, has been applied at increasing steps.
According to the experimental boundary conditions, the two imposts of the
vault have been fixed. The outcomes of the analyses allowed studying the trend
of the base reacting forces when varying the horizontal load multiplier (Figure
3.8). This trend represents the forces which the testing frame has to bear
without significant deformations. Furthermore the numerical analyses allowed
estimating a broad value of the horizontal load multiplier at the formation of
the first hinge. Since at this stage characterization tests on the masonry
materials were not yet performed, average values for the mechanical properties
were considered. However, in order to take into account of the variability of the
tensile strength which is the governing parameter, parametric analyses were
performed. The outcomes, in terms of horizontal load multiplier, are shown

in Figure 3.9.
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Due to the high variability of the mechanical parameters, all the results
achieved at this stage have to be considered as approximate values. Therefore at
the design and verification stage partial safety factors were adopted. According
to the outcomes of the FE analyses performed at the previous stage, the testing
frame has been designed. In particular, the testing frame is a steel plane frame
constituted of three H shaped beams (HE240B profile in Figure 3.10) bolted on
the shaking table platform. Two U shaped beams (welded U profiles in Figure
3.10) are bolted on the main H shaped beams, forming a two span beam
scheme. The structure has a symmetric K-bracing system in order to prevent the
buckling and to increase the in-plane stiffness of the plane frame. The bracing
system is constituted of six steel U shaped beams (UPNZ100 profile in Figure
3.10). A sketch of the complete steel plane frame is provided in Figure 3.10.
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Figure 3.10 Geometry of the steel plane frame (plan and laterals view)
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The bracing system trusses are linked to the plane frame by means of bolted
connections. The overall dimensions of the plane frame are 3.7x2.6 m. The
total weight of the testing frame is 12.5 kN. During the testing frame design the
main purpose was to prevent any possible influence, of the frame deformability,
on the test results. Therefore the testing frame has been designed to be rigid in
order to prevent any significant deformation, and it has been verified in the
elastic field. Furthermore all the testing frame structural elements have been

verified under the following assumptions:

e Material isotropic and perfectly homogeneous.
e Material in elastic field (the Hook’s law is valid).
e The cross section remains flat (before and after bending).

e The elastic modulus is the same in tension and compression.

Several verifications have been performed for the testing frame. In the
following a brief description of the most relevant verifications has been

reported.

U profile (welded): deflection verification

Aim of this section is to verify the deflection of the U shaped two span
(three supports) continuous beam (Figure 3.11). The length of each span is
1176 mm. According to the preliminary FE analyses the maximum vertical
reacting force is Fy = 44.8 KN = 45 kN. This force can be smeared on the total
span length, s, (2352 mm) achieving a uniformly distributed load
gr = 19.13 N/mm.
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Figure 3.11 Detail of the U shaped beam

The cross section of the beam is a U profile made up of two L profiles welded.
Thus, being 0.46 N/mm the weight of the single L profile, the weight of the
U profile is Wy =0.92 N/mm. Therefore the total uniformly distributed load
which has to be considered is: Qi =0 + Wy = 20.05 N/mm.

On safe side, in the calculation of the maximum deflection, a simply supported

beam scheme has been assumed (Figure 3.12).
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Figure 3.12 Calculation scheme: simple supported beam with uniformly distributed load

The maximum deflection, dmax, has been achieved according to the well-known
formulations of the solid mechanics as:

4
o = S S0 _ 4.60 mm 34
384 EI

Where E is the elastic modulus and I is the second order moment of inertia. In
the present case, the achieved maximum deflection (4.6 mm) is widely
acceptable. Indeed the 6nax IS about 1/500 of the span length and the 6yax/S ratio
is about 0.002.
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HE?240B profile: shear verification

Since the H shaped beam is longer than the shaking table platform it will work
as a cantilever stud beam (Figure 3.13). The length of the cantilever is 370 mm.
Aim of this section is to verify that at any cross section the shear strength of the
HE240B profile is higher than the shear stress.

Cantilever behaviour

= = — = = ~ /
-7 Skaking table \‘*)Ld—/

Figure 3.13 Detail of the H shaped beam

A cantilever beam scheme has been adopted (Figure 3.14) at both the sides of
the beam. On safe side the half of the maximum achievable vertical reacting
force, Fy, has been considered as vertical shear force acting at the end of the
cantilever beam. In particular, being the maximum vertical reacting force
about 45 kN, the considered force, T = F,/2 = 22.5 kN.

T

NN

Figure 3.14 Calculation scheme: cantilever beam with point load

The most highly stressed cross section has been considered for the verification.
On safe side, the shear contribution of the flanges has been neglected.
The maximum shear stress, tmax, has been achieved, according to the well-

known formulations of the solid mechanics, as:
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3T (3.5)

r . ==—=14.06 MPa
2 A

max

Where A is cross section area (in this case the contribution of the flanges of the
HE240B profile on the shear strength has been neglected).
The shear strength of the HE240B profile has been assessed, according the

well-known formulations of the solid mechanics, as:

f
7., =—2==123.71MPa (3:6)

res 7/M . \/§

Where fy is the steel strength and yme = 1.05 is a material partial safety factor.
In order to keep the testing frame in elastic field, in the Equation (3.6) the steel
strength, fy, has been assumed as the half of the actual steel strength. This
assumption is strong. However, due to both the high variability (uncertainty) of
the dynamic load and the lack of examples of comparable structures in
literature, at this stage a wide error margin is required. Since Tres > Tmax and the

Tres/Tmax Fatio is about 8.8 the verification is widely satisfied.

U profile-HE240B profile bolted connection: strength verification
Each U shaped beam is connected to a H shaped beam by means of three bolted
connections. Each connection is realized by means of four, grade 8.8, bolts

having a nominal diameter, d,, of 30 mm (Figure 3.13).
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Figure 3.15 detail of the bolted connection: 3D view

Aim of this section is to verify the strength of the bolted connections between
the U profile and the HE240B profile. The bolted connection strength has been
considered as a function of both the slip coefficient, p, of the faying surfaces
and the clamping force, Ns, provided by the bolts.

According to the preliminary FE analyses the maximum achievable horizontal
reacting force is Fx =29.87 kN ~30 kN. The bolt strength can be assessed
according to the Italian building code (IBC) [81]. Assuming a bolt tightening
torque of 1508 Nm (which corresponds to a clamping force, Ns = 251 kN) and a
slip coefficient y¢ = 0.3, the strength, Fjin, of the single bolt is:

_ nfluNs

lim —

—60kN (3.7)

Vs

Where n; is the number of faying surfaces, and ys=1.25 is a partial safety
factor. The horizontal force, Fy, acts on three bolted connections (i.e. on
12 bolts).
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Thus the total resistant force of the single connection is 240 kN while the force
loading the single connection is F,/3 =10 kN. Therefore the verification is
satisfied. A simplified scheme of the force acting on a single bolted connection
is provided in Figure 3.16.

2 n

Figure 3.16 Force acting on the single bolted connection

U profile-HE240B profile bolted connection: bearing strength verification

Aim of this section is to verify the bolted connections between the U profile and
the HE240B profile against the bearing failure at bolt holes. The nominal
diameter of the bolts is 30 mm. The thickness of the thinnest plate involved in
the connection (i.e. the U profile) is t = 15 mm. The spacing between the bolt
holes are: p; = 150 mm and e; = 45 mm. Where the dimensions p; and e;, are

defined as shown in figure.
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Figure 3.17 Bolt holes spacing reference scheme
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According to the Eurocode 3 (EC3) [82] the bearing strength, F,, can be
assessed as:

fd,t
F =252 _18333kN (38)
Vw2

Where oy is defined as the min (p:/3dn-1/4; fu/fy; 1) which in this case is 1,
fup IS the bolt ultimate strength and ym, = 1.35is a partial safety factor. Being

the expected maximum horizontal force Fx = 30 kN the verification is satisfied.

3.3.2 Lifting structure design

The lifting structure has been realised by means of steel pipes. Two different
thicknesses for the pipes have been used. In particular, the vertical pipes used to
link the lifting structure to the steel testing frame are 10 mm thick, while all the
other pipes have a thickness of 3 mm. All the joints between the pipes are
realised using a commercial pipe connection system commonly used for
scaffolding structures. The lifting structure is connected to the testing frame by
means of steel plates. In particular each vertical steel pipe is welded onto a steel
plate (namely plate class A). The plate class A is bolted onto another plate
(namely plate class B). The plate class B is welded to the testing frame (onto
the web of the HE240B) by means of another plate (namely plate class C). Two
further plates are welded between the plates class B, C and the HE240B profile
in order to stiffen the plate class C. A sketch of the connection between the

lifting structure and the testing frame is provided in Figure 3.18.
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Figure 3.18 Connections between the lifting structure and the testing frame

Numerical FEM analyses have been performed by means of the software
SAP2000 developed by CSI [83] in order to simulate the lifting procedure and
achieve the axial forces. Each pipe of the lifting structure has been modelled as
an elastic truss element (see Figure 3.19). The lifting force (i.e. 41.50 kN) has
been achieved as the sum of the total weight of the testing structure including
the lifting structure (i.e. 17.22 kN) and the total weight of the specimen
(i.e. 24.28 kN).

The maximum axial loads achieved in tension and in compression are:
2450 kN and 22.10 kN respectively. The maximum vertical reacting force
achieved, Fyy, is 11.90 kN.
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Figure 3.19 FEM model of the lifting/moving system

The main design purpose was to prevent any possible damage to the specimen
while lifting (or moving). Therefore the lifting structure has been designed to be
rigid in order to prevent any significant deformation, and it has been verified in
the elastic field. Furthermore all the lifting structure elements have been

verified under the following assumptions:

e Material isotropic and perfectly homogeneous.
e Material in elastic field (the Hook’s law is valid).
e The cross section remains flat (before and after bending).

e The elastic modulus is same in tension and compression.
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Several verifications have been performed for the lifting structure. In the
following a brief description of the most relevant verifications has been

reported.

HE?240B profile: deflection while lifting verification

The Hshaped beams are the elements to which the lifting structure is
connected. In particular each beam is connected to the lifting structure in three
points (see Figure 3.6). Therefore, aim of this section is to verify the expected
deflection of the H shaped beam during the lifting process. Since the connection
is realised in three points the beam will behave as a two span (three supports)
continuous beam. However, on safe side, a simply supported beam scheme has
been assumed. The total span length, s, has been assumed as the distance
between the two external connection points (i.e. 3340 mm).

According to the preliminary FE analyses the maximum achievable vertical
reacting force is Fis =11.90 KN ~ 12 kN. Such force, on safe side, has been

considered as a point load applied at the midspan of the beam (see Figure 3.20).

[ P

Figure 3.20 Calculation scheme: simply supported beam with point load

The maximum deflection, dmax, has been achieved, according to the well-known

formulations of the solid mechanics, as:
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3
Omax = 1sh 0.40 mm (3.9)
48 El
Where E and | are defined as in the previous section 3.3.1. In the present case,
the achieved maximum deflection (0.40 mm) is widely acceptable. Indeed the

dmax 1S about 1/5800 of the span length and the dmax/s ratio is about 0.0001.

Lifting pipe-plate class A welded connection: strength verification

Each vertical pipe is connected to a plate class A by means of a fillet weld as
shown in Figure 3.21.

Figure 3.21 Detail of the Lifting pipe-plate class A connection: 3D view

Aim of this section is to verify the strength of the welded connection between
the lifting pipe and the plate class A. The stress on the weld critical throat is
assumed to be uniform. The following normal and shear stresses have been
taken in to account:
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) % =5
(3.10)
b) = Fls Lb

Where a = b/3 is the throat, b is the welded plate thickness, h is the height of the
weld, Ly is the distance between the weld and the force Fi, Iy is the second
order moment of inertia (about the neutral axis x) and y is the perpendicular
distance to the neutral axis.

According to the EC3 [82] the verification of the weld strength is satisfied if the

following conditions are verified:

2 2 fy
+(z? +177)=13.08MPa < =196.07 MPa

a) .o’
B v (3.12)

E
b) o, =17.84MPa< —Y =166.66 MPa
7 mw

Where B, = 0.85 is a coefficient related to steel typology and ymw =1.35is a
partial safety factor. It is worth noting that, due to the geometrical configuration

of the weld, in this case 7.is equal to zero.

3.4 Instrumentation

The monitoring of the vault has been achieved by means of seven
accelerometers and two laser-optical displacement sensors. In Figure 3.22 and

Figure 3.23 the positions of the sensors are indicated.
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Figure 3.22 Instrumentation layout: plan view (dimensions in cm)

Six tri-axial accelerometers and one bi-axial accelerometer are placed along the
extrados of the vault at the longitudinal midplane. In particular one
accelerometer, namely TRI-100715, was placed at the keystone location. Two
accelerometers, namely TRI-103765 and TRI-100050, were placed on the left
and right side respectively at 45° from the keystone. Two accelerometers,
namely TRI-103763, and TRI-103762, were placed on the left and right side
respectively at 60° from the keystone. In order to measure contingent torsional
effects, an accelerometer, namely TRI-102818, was placed at the keystone
location but on a different vertical plane. Finally, one bi-axial accelerometer,
namely BI-103766 was placed on the left imposts of the vault to check the
actual acceleration input transmitted to the vault. With the purpose of checking
the output recorded by the main instrumentation, two more secondary
accelerometer sets were placed in parallel, at the same locations as the set
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mentioned above but on different vertical planes. In order to measure the
horizontal displacements, two laser-optical sensors, namely L1 and L2, were
placed along the extrados of the vault at the longitudinal midplane. In
particular, the sensor L1 was placed at the keystone location, and the sensor L2

was placed on the left side at 45° from the keystone.

m Primary accelerometer set — Laser optical sensor
© ~ Secondary accelerometer sets

TRI-102818
|
TR 1
TRI-103765 Lt il s TRI-100050
TRI-103762 &L N~
R S-S & TRI-103763
e A%
g . BI-103766

Figure 3.23 Instrumentation layout: front view (dimensions in cm)

3.5 Input and test programme

The seismic behaviour of the masonry vault has been investigated by means of
two sets of time-history accelerograms namely “STR” and “ART” respectively.
The STR set consists of five tests. The time-history used is a natural
accelerogram recorded in Southern Italy by the station of Sturno during the
Irpinia earthquake occurred on November 23" 1980. The total duration of the
accelerogram is 72s. The PGA is 1.78m/s* (see Figure 3.24a). The

accelerogram has been scaled by different factors in order to get a progressive
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PGA increase (0.25, 0.50, 0.75, 1.00 and 1.50). Consequently, the test sequence
in terms of PGA was the following: 0.44, 0.89, 1.33, 1.78 and 2.67 m/s°.

The ART set consists of seven tests. The time-history used as base is an
artificial accelerogram obtained from a non-stationary broadband random
excitation having an energy content ranging from 1 to 30 Hz. The drive signal
composition is obtained as multiple-frequency random excitations. The total
duration of the accelerogram is 30s. The accelerogram has a PGA of
4.50 m/s? (see Figure 3.24b).
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Figure 3.24 Time-history accelerograms at 100% intensity: (a) STR; (b) ART;

The time-history is scaled by different factors in order to get a progressive PGA
increase (0.10, 0.20, 0.30, 0.40, 0.50, 0.75, 1.00). Consequently, the test
sequence in terms of PGA was the following: 0.45, 0.90, 1.35, 1.80, 2.25, 3.38,
and 4.50 m/s>. The two sets of time-history accelerograms cover two different
frequency ranges being the STR mainly limited to 15 Hz, while the second
ART is up to 30 Hz (Fast Fourier Transforms, FFT, in Figure 3.25a and b).
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Figure 3.25 Time-history accelerograms at 100%: (a) FFT STR; (b) FFT ART.

Preliminarily, a set of random accelerograms were performed on dynamic
identification purpose (natural frequency and damping). The random set,
namely “RND” was performed by means of four tests. In particular, an input
random accelerogram scaled at different PGA levels (0.25, 0.50, 0.75 and
1.00 m/s?) was used as the input. The total duration of the random vibration is
60 s. Table 3.2 lists the complete experimental test programme.

It is worth noting that the desired PGA does not exactly match with the
achieved PGA (actual value of the maximum acceleration transmitted at the
specimen by the shaking table motion). This aspect may be crucial for
experimental tests on shaking table especially on specimens made of brittle
material like masonry. For this reason, the procedure described in [84],
concerning the optimisation of the drive motion to predict the signal recorded at
desired locations, i.e. on the keystone, using a compensation procedure, has
been taken into account in the experimental programme.

All the tests of the experimental program are unidirectional with the shaking

movement applied in the transversal direction of the vault (Figure 3.26).
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Table 3.2: Experimental test programme (unreinforced vault).

Test ID Scale factor Desired PGA [m/s°] Achieved PGA [m/s°]

RND1 0.25 0.25 0.26
RND2 0.50 0.50 0.52
RND3 0.75 0.75 0.89
RND4 1.00 1.00 1.29
STR1 0.25 0.44 0.53
STR2 0.50 0.89 1.04
STR3 0.75 1.33 1.54
STR4 1.00 1.78 2.13
STRS 1.50 2.67 3.52
ART1 0.10 0.45 0.39
ART?2 0.20 0.90 0.85
ART3 0.30 1.35 1.27
ART4 0.40 1.80 1.81
ART5 0.50 2.25 2.30
ARTG6 0.75 3.38 3.24
ART7 1.00 4.50 4.67

Figure 3.26 Test setup and specimen: shaking direction (unreinforced vault).
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3.6  Outcomes of the shaking table tests

The main results of the experimental tests are described in the following
sections. The outcomes are grouped by test set, according to the set naming

defined in the previous section 3.5.

3.6.1 RND test results (Dynamic identification)

The natural frequency and the damping ratio have been evaluated by means of a
dynamic identification procedure. Using a random time-history in acceleration
as input signal, a sequence of four shakings has been performed scaling the
signal from a PGA of 0.25m/s* to 1.0 m/s?. It’s worth noting that a low
intensity signal has been used in the dynamic identification phase to prevent
premature damage on the specimen. The natural frequency has been assessed
according to the transfer curve method. The decay of the natural frequency

evidenced by the transfer function amplitude is shown in Figure 3.27.
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Figure 3.27 Natural frequency decay of the specimen (unreinforced vault).

The first shaking at a PGA of 0.25 m/s?> (RND1) provided a natural frequency

of about 13.1 Hz. That result remarks the high stiffness of the vault.
81



Chapter 3 — Experimental tests: unreinforced vault

The further three tests (i.e. RND2, RND3 and RND4) have shown a decay of
the natural frequency due to premature minor damage (microcracking) of the
specimen. The damping ratio, {, has been achieved according to the well-known
half-power bandwidth method as:

é/ _ W, — ), (3.12)
20,

Where oy is the natural frequency, ®; and w; are the frequencies for which the
power input is half the input at resonance [85]. The tested structure has shown a
damping ratio, {, ranging between 2.2% and 3.2%. Table 3.3 lists both the

fundamental frequency and damping ratio achieved for each test.

Table 3.3: Natural frequencies and damping ratios (unreinforced vault).

Test ID Natural frequency [Hz] Damping ratio [%0]
RND1 13.1 2.2%
RND2 12.6 2.2%
RND3 12.4 2.2%
RND4 11.7 3.2%

3.6.2 STR test results (Sturno earthquake)

As described in the previous section 3.5, the input accelerogram used for these
tests is a natural accelerogram recorded in southern Italy during the 1980 Irpinia
earthquake. The record has a PGA of 1.78 m/s°.
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A sequence of five tests has been performed, applying to the natural
accelerogram scaling factors equal to: 0.25, 0.50, 0.75, 1.00 and 1.50 (see Table
3.2). For the test performed at 100% level intensity (STR4), the horizontal
component of the achieved time histories recorded at the imposts (BI-103766)
and at the keystone (TRI-100715) of the vault are shown in Figure 3.28a. The
relative displacement time-history (keystone-imposts) is shown in Figure 3.28b.
The outcomes are presented in terms of maximum accelerations, maximum
displacements, and detected damage to the specimen.

Both the horizontal and vertical accelerations have been recorded in five
locations according to the instrumentation scheme shown in Figure 3.22 and
Figure 3.23. All the accelerometers recorded the maximum horizontal
accelerations during the last test of the set (i.e. test STR5). In particular the
maximum horizontal acceleration has been recorded by the accelerometer TRI-

100765, placed at 45° from the keystone location.
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Figure 3.28 Sturno earthquake, test STR4: recorded time-history in acceleration at the impost

(in black) and keystone (in grey) of the vault (a) and relative keystone-impost displacement (b).
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This acceleration of 5.21 m/s* has a dynamic magnification of about 48%
compared to the PGA of the achieved shaking table motion (i.e. 3.52 m/s).

At the keystone location (i.e. accelerometer TRI-100715) the maximum
recorded acceleration is 4.28 m/s® with a dynamic magnification of about 22%
compared to the recorded shaking table PGA (i.e. 3.52 m/s?).

Furthermore, since the difference between the values of the accelerations
recorded by the two accelerometers, at the keystone location (i.e. TRI-100715
and TRI-102818), is small (it ranges between 1% and 2%), the torsional effects
can be considered negligible. The maximum vertical acceleration, equal to
5.06 m/s, has been recorded during the test STR5 by the accelerometer TRI-
103762 (see Figure 3.22 and Figure 3.23). In Figure 3.29 the results, in terms of

maximum accelerations, are plotted as profiles.
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Figure 3.29 STR: Maximum acceleration profiles (values expressed in m/s?).

The profiles show that the trends of the maximum accelerations (horizontal and
vertical) do not change when varying the magnitude of the base acceleration.

Furthermore the maximum acceleration profiles highlight a not symmetric
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keystone

dynamic behaviour. In particular the maximum horizontal accelerations on the
right side of the vault were recorded at both the keystone and 60° from the
accelerometers TRI-103763 and TRI-100715).
Otherwise, on the left side of the vault the maximum horizontal accelerations

locations (i.e.

were recorded at 45° from the keystone location (i.e. accelerometer TRI-

103765). The horizontal and vertical maximum recorded accelerations are

reported in Table 3.4 and Table 3.5 respectively.

Table 3.4: STR test results: horizontal maximum accelerations.

TESTID TRI- TRI- TRI- TRI- TRI- TRI-

100715 102818 103765 103762 100050 103763

[m/is?]  [mis?]  [mis?] [mis?]  [mis?]  [mi/s?]
STR1 0.66 0.67 0.75 0.26 0.29 0.68
STR2 1.39 1.41 1.57 0.57 0.56 1.39
STR3 2.17 2.19 2.74 1.21 1.09 2.11
STR4 3.08 3.13 3.66 1.69 1.40 3.02
STR5 4.28 4.33 5.21 2.06 1.79 4.27

Table 3.5: STR test results: vertical maximum accelerations.

TESTID TRI- TRI- TRI- TRI- TRI- TRI-

100715 102818 103765 103762 100050 103763

[m/is?]  [mis?]  [mis?]  [mis?]  [mis?]  [mi/s?]
STR1 0.18 0.24 0.28 0.78 0.66 0.14
STR2 0.14 0.25 0.57 1.60 1.28 0.28
STR3 0.32 0.45 1.21 2.82 1.97 0.60
STR4 0.98 1.21 1.70 3.77 2.85 0.78
STR5 1.14 1.19 2.56 5.06 3.87 1.04
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The horizontal dynamic amplifications in terms of percentage have been

evaluated as:

AcC,, — AcC;, (3.13)
Acc.

n

Amplification =

Where Acc,: is the maximum acceleration recorded at the considered location,
while Acci, is the PGA of the achieved motion of the table. The horizontal
dynamic amplifications in terms of percentage are plotted as profiles in Figure
3.30

= STR1 STR2 -x-STR3 -+ STR4 STR5

Figure 3.30 STR: Horizontal dynamic amplifications (values expressed in %).

The profiles show that the magnitude of the base acceleration does not have a
strong impact on the trends of the horizontal dynamic amplifications. The
horizontal dynamic amplifications profiles exhibit a not symmetric trend. As
expected the maximum horizontal amplifications on the right side of the vault
were achieved at both the keystone and 60° from the keystone locations. On the
left side of the vault the maximum horizontal accelerations were achieved
at 45° from the keystone location. The horizontal dynamic amplifications
achieved are reported in Table 3.6. Vertical dynamic amplification cannot be

evaluated since no vertical acceleration was imposed to the vault.
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Table 3.6: STR test results: dynamic amplifications.

TESTID TRI- TRI- TRI- TRI- TRI- TRI-

100715 102818 103765 103762 100050 103763

[%0]  [%]  [%] [%] [%]  [%]
STRL  25%  27%  41%  -51% -45%  28%
STR2  34%  36%  51%  -45% -46%  34%
STR3  41%  42%  78%  -21% -29%  37%
STR4  45%  47%  72%  -20% -34%  42%
STRE  22%  23%  48%  -41%  -49%  21%

The maximum relative displacement measured at the keystone location
(i.e. laser-optical sensor L1, see Figure 3.23) ranges between 2.92 mm and
17.41 mm from test STR1 to STR5. The same increasing trend has been shown
by the laser-optical sensor, L2, placed on the left side of the vault (see Figure
3.23). In particular, the maximum relative displacements measured by the L2
sensor range between 3.28 mm and 7.41 mm from test STR1 to STR5. Except
for the STR1 test, in which the relative displacement measured by the two
sensors is comparable, the displacements measured by the sensor L2 are always
widely lower than those measured by the sensor L1. The maximum relative

displacements are shown in detail in Table 3.7.

Table 3.7: STR test results: maximum relative displacements.

TestID L1[mm] L2[mm]
STR1 2.92 3.28
STR2 7.86 3.81
STR3 11.63 4.86
STR4 14.44 5.62
STR5 17.41 7.41
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In order to detect damages to the vault, after each test, the specimen has been
inspected. However even after the last test (i.e. test STR5) the specimen
damages were not relevant. In particular very slight cracking, at the interface
between mortar and brick, has been observed.

3.6.3 ART test results (artificial earthquake)

As described in the previous section 3.5, the input used is an artificial
accelerogram specifically designed for the tests. A sequence of seven tests was
performed increasing the PGA of the table drive motion up to 4.50 m/s
(4.67 m/s® recorded). For the test performed at 100% level intensity (ART7),
the horizontal component of the achieved time histories recorded at the impost
(B1-103766) and at the keystone (TRI-100715) of the vault are shown in Figure
3.31a. The relative displacement time-history (keystone-impost) is shown in
Figure 3.31b.
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Figure 3.31 Artificial earthquake, test ART7: (a) recorded time-history in acceleration at the

o
o

impost (in black) and keystone (in grey) of the vault; (b) relative keystone-impost displacement.
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Chapter 3 — Experimental tests: unreinforced vault

The complete testing sequence is reported in Table 3.2. The outcomes are
presented in terms of maximum accelerations, maximum displacements, and
detected damage to the specimen.

Both the horizontal and vertical accelerations have been recorded in five
locations according to the instrumentation scheme represented in Figure 3.22
and Figure 3.23.

The maximum horizontal acceleration was recorded by the accelerometer TRI-
103763 during the last test (i.e. test ART7). The recorded acceleration was
7.64 m/s>. The magnification was of about 64% compared to the recorded PGA
of the table (i.e. 4.67 m/s?). At the keystone location (i.e. accelerometer TRI-
100715) the maximum acceleration was recorded during the test ART7. The
recorded acceleration was 4.80 m/s? having a dynamic magnification of about
3% compared to the recorded PGA (i.e. 4.67 m/s?). The maximum vertical
accelerations were recorded by all the accelerometers during the last test of the
set (i.e. test ARTY7). In particular the maximum vertical acceleration was
7.51 m/s? and it is recorded by the accelerometer TRI-103762. In Figure 3.32

the results, in terms of maximum accelerations, are plotted as profiles.
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Figure 3.32 ART: Maximum acceleration profiles (values expressed in m/s?).
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Chapter 3 — Experimental tests: unreinforced vault

The profiles show that the trends of the maximum accelerations (horizontal and
vertical) do not change when varying the magnitude of the base acceleration
(except for the last ART7 test). In the ART7 test the maximum vertical
acceleration profile show a sharp change in the trend (compared with the
previous tests). A possible reason for this sharp change is a damage localised at
that location.

As in the previous tests (i.e. STR), the acceleration profiles highlight a not
symmetric dynamic behaviour. In particular the maximum horizontal
accelerations on the right side of the vault were recorded at both the keystone
and 60° from the keystone locations (i.e. accelerometers TRI-103763 and TRI-
100715). Otherwise, on the left side of the vault the maximum horizontal
accelerations were recorded at 45° from the keystone location (i.e.
accelerometer TRI-103765). The horizontal and vertical maximum recorded

accelerations are reported in Table 3.8 and Table 3.9 respectively.

Table 3.8: ART test results: horizontal maximum accelerations.

TESTID TRI- TRI- TRI- TRI- TRI- TRI-

100715 102818 103765 103762 100050 103763

[m/s?]  [mis?] [mis?] [mis?] [mis?]  [mis?]
ART1 061 062 080 045 033 059
ART2 124 125 170 101 073 138
ART3 190 194 267 168 110 194
ART4 262 266 329 227 139 264
ART5 307 306 404 299 163 325
ART6 396 408 490 343 253 511
ART7 480 483 674 482 454 764
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Table 3.9: ART test results: vertical maximum accelerations.

TESTID TRI- TRI- TRI- TRI- TRI- TRI-

100715 102818 103765 103762 100050 103763

[m/is?]  [mis?]  [mis?]  [mis?]  [mis?]  [mis?]
ART1 017 023 050 077 060 024
ART2 032 049 114 159 112 051
ART3 080 099 175 249 178  0.80
ART4 124 148 231 374 236 105
ART5 170 168 274 469 284 144
ART6 297 327 348 479 439 182
ART7 598 586 461 751 618  3.03

The horizontal dynamic amplifications, evaluated as shown in the

Equation (3.13), are plotted as profiles in terms of percentage in Figure 3.33.
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Figure 3.33 ART: Horizontal dynamic amplifications (values expressed in %).

According to the dynamic amplification profiles, the magnitude of the input
acceleration does not have a strong impact on the trends of the horizontal
dynamic amplifications. The horizontal dynamic amplifications profiles exhibit
a not symmetric trend.

As expected the maximum horizontal amplifications on the right side of the
vault were achieved at both the keystone and 60° from the keystone locations.

On the left side of the vault the maximum horizontal accelerations were
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achieved at 45° from the keystone location. The horizontal dynamic

amplifications achieved are reported in Table 3.10.

Table 3.10: ART test results: dynamic amplifications.

TESTID TRI- TRI- TRI- TRI- TRI- TRI-

100715 102818 103765 103762 100050 103763

[%0] [%]  [%] [%]  [%]  [%]
ART1  55%  59% 105%  15%  -15%  51%
ART2  47%  47%  100%  19%  -14%  63%
ART3  50%  53% 110% 33%  -13%  53%
ART4  45%  47%  82%  26%  -23%  46%
ART5  34%  33%  76%  30% -29%  41%
ART6  22%  26%  51% 6%  -22%  58%
ART7 3% 3%  44% 3% 3% 64%

The maximum relative displacement measured at the keystone location
(i.e. laser-optical sensor L1, see Figure 3.23) ranges between 1.35 mm and
8.57 mm from test ART1 to ART7. The same increasing trend has been shown
by the laser-optical sensor, L2, placed on the left side of the vault (see Figure
3.23). In particular the maximum relative displacement measured by the L2
sensor ranges between 0.70 mm and 11.12 mm from tests ART1 to ART7.
Except for the last test (i.e. ART7) in which the displacement measured by the
sensor L1 is lower than the one measured by the sensor L2, the key section
always shows a relative displacement larger than the side of the vault. The

maximum relative displacements are shown in detail in Table 3.11
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Table 3.11: ART test results: maximum relative displacements.

TestID L1[mm] L2[mm]
ART1 1.35 0.70
ART2 2.03 1.06
ART3 2.86 1.74
ART4 3.77 2.25
ART5 3.98 2.36
ART6 5.50 3.00
ART7 8.57 11.12

In order to detect damages to the vault, after each test, the specimen has been
inspected. Only after the last test (i.e. test ART7) slight damages were
observed. However, evident cracking at the interface between mortar and brick
has been observed at both intrados and the extrados of the vault. In particular,
as shown in Figure 3.34, at the intrados, interface cracking occurred, in a few
joints, along its entire depth. Interface cracking occurred at the extrados as well.
However, at the extrados, the cracking has involved a larger number of joints.
Due to excessive local compressive stress concentrations, few minor
detachments of the brick edges have been observed.

In the following figures a comprehensive overview on the damages observed is
provided. In particular, Figure 3.34 and Figure 3.35, show the damages at the

intrados and at the extrados of the vault respectively.
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Figure 3.34 Unreinforced vault; damages detected (intrados)
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N interface cracking
B Brick edge detachment

Figure 3.35 Unreinforced vault: damages detected (extrados)
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3.7 Conclusions

The dynamic behaviour of the masonry vault has been investigated by means of
shaking table tests. In particular, two sets of time-history accelerograms (natural
and artificial) have been used as input signal. Preliminarily, a set of random
accelerograms were performed on dynamic identification purpose. The results
of the shaking tests have been presented in terms of dynamic characteristics
(natural frequency and damping ratio), maximum accelerations, maximum
displacements, time histories and observed damage to the specimen.

In the case of unreinforced vault, a natural frequency of 13.1 Hz and a damping
ratio ranging between 2.2% and 3.2% have been evaluated. The outcomes, in
terms of accelerations measured on the structure, highlighted a dynamic
amplification of the base horizontal excitation. Furthermore, although the
shaking is applied only in the horizontal direction, significant vertical
accelerations have been detected. The tested structure exhibits good seismic
behaviour, showing very slight damage only after the last test performed with
an achieved PGA of 4.67 m/s°. In particular, cracking at the interface between
mortar and brick has been observed at both the intrados and the extrados of the

vault.
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Chapter 4

Experimental tests: retrofitted vault

Since the previous shaking table tests (see Chapter 3) resulted in a slight
damage of the vault, it was possible to retrofit the vault. Then shaking table
tests have been performed on the retrofitted vault.

The experimental programme presented in this chapter aims to investigate the
behaviour of a retrofitted masonry vault subjected to a dynamic base excitation.
Furthermore, in the cases of comparable dynamic input, a comparison with the
previous unreinforced vault tests allowed to investigate the effect of the retrofit.
A comprehensive overview of the results of the shaking table tests is presented
and discussed. As well as in the previous tests (see Chapter 3), the vault has
been tested without any vertical load acting at the extrados. Furthermore the
vault is constrained on the shaking table. Therefore the outcome represents the
behaviour of the retrofitted vault once the settlement and capacity of the
supports of the vaults, (e.g. imposts, masonry piers, load bearing walls) is

guaranteed.
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4.1  Specimen retrofit

As discussed in the previous section 2.4.1, the first step of a proper retrofit is
“an accurate survey of the structure in order to assess the main vulnerabilities
and potential instability sources”. Therefore, according to the slight damages
detected on the unreinforced vault after the last test (section 3.6.3), the retrofit
has been performed by coupling three different techniques. In particular:
repointing of the cracked joints (Figure 4.1 and Figure 4.2), grout injections
(Figure 4.3) and IMG (Figure 4.4).

The repointing has been performed both at the front section (Figure 4.1) and at
the intrados of the vault (Figure 4.2) by means of a commercial repair mortar
(i.e. MAPEI MAPE Antique fc ultrafine).

~ S

Figure 4.1 Repointing of the cracked joints at the front of the vault.
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Figure 4.2 Repointing of the cracked joints at the intrados of the vault
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Figure 4.3 Grout injections at the extrados of the vault
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The deteriorated or distressed mortar has been carefully removed from the
joints, taking care to prevent damages to the nearest bricks. Once the old mortar
had been removed, the whole involved surfaces have been accurately cleaned
from mortar dust and debris. Then the repointing phase has been performed by
pressing the repair mortar into the joints (in three successive layers).

The grout injections have been performed at the extrados of the vault (Figure
4.3). In particular, at the cracked locations, holes have been drilled at the
extrados of the vault with a spacing of 12 cm. Since the cracks were not wide, a

cement-free fluid hydraulic binder has been used as mixture for the injections.

Figure 4.4 IMG system at the extrados of the vault

The IMG system has been installed at the extrados of the vault (Figure 4.4). In
particular, a first layer 5 mm thick of mortar has been applied to the extrados of
the vault. While the mortar was still fresh, an alkali-resistant primed basalt fibre
grid has been applied onto the mortar layer. Since the vault is 220 cm deep, two
sheets of grid have been jointed in order to cover the entire extrados. Therefore,
the installation of the grids has been performed taking care to overlap at the

least by 5 cm all the joints.
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Once the grid was perfectly bonded to the first mortar layer, a second layer,
entirely covering the grid, has been applied. The mortar used for both the layers
was a two-component premixed mortar made of: natural hydraulic lime (NHL),
Eco-Pozzolan, natural sand, special additives and synthetic polymers in
aqueous dispersion (i.e. MAPEI Planitop HDM restauro). The grid used was a
basal grid (250 g/m®) having a tensile strength fig = 3000 MPa and elastic
modulus Eq = 89 GPa. A photographic resume of the whole retrofit process has
been provided in Figure 4.5.

Figure 4.5 Resume of the retrofit process: (a) Repointing of the cracked joints at the intrados;

(b) Grout injections at the extrados; (c) Grid installing layer at the extrados.

4.2 Instrumentation

The monitoring of the retrofitted vault has been achieved with the use of seven
accelerometers (six tri-axial accelerometers and one bi-axial accelerometer) and
two laser-optical displacement sensors. The outputs recorded by the main
instrumentation have been validated by means of two more secondary
accelerometer sets. On comparison purpose all the sensors, namely: TRI-
100715, TRI-103765, TRI-100050, TRI-103763, TRI-103762, TRI-102818, BlI-
103766, L1 and L2, have been installed in the same geometrical configuration
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adopted in the previous tests (see section 3.4). A comprehensive scheme of the

sensor position is provided in Figure 3.22 and Figure 3.23.

4.3 Input and test programme

The seismic behaviour of the retrofitted masonry vault has been investigated by
means of one set of time-history accelerograms namely “ART R”. The ART_R
set consists of eighteen tests, each one having a total duration of 30 s. The time-
history used is the same artificial accelerogram used in the previous tests (see
section 3.5) having a PGA of 4.50 m/s® (Figure 3.24b). All the tests of the
experimental programme are unidirectional with the shaking movement applied

in the transversal direction of the vault (Figure 4.6).

Figure 4.6 Test setup and specimen: shaking direction (retrofitted vault).
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As well as in the previous tests on the unreinforced vault, the time-history has
been scaled by different factors in order to get a progressive PGA increase.

In particular the scale factors adopted are: 0.10, 0.20, 0.30, 0.40, 0.50, 0.75,
1.00, 1.10, 1.20, 1.30, 1.40, 1.50, 1.60, 1.80, 2.00, 2.20, 2.50, and 2.75.
Consequently, the test sequence in terms of PGA was the following: 0.45, 0.90,
1.35, 1.80, 2.25, 3.38, 4.50, 4.95, 5.40, 5.85, 6.30, 6.75, 7.20, 8.10, 9.00, 9.90,
11.25 and 12.38 m/s®>. The ART_R set of time-history accelerograms cover
frequency ranging up to 30 Hz (see the FFT in Figure 3.11d).

Preliminarily, a set of random accelerograms were performed on dynamic
identification purpose (natural frequency and damping). The random set,
namely “RND_R” was performed by means of five tests. In particular, an input
random accelerogram scaled at different PGA levels (0.25, 0.50, 0.75, 1.00
and 1.25 m/s?) was used as the input. The total duration of the random vibration
is 60 s. It is worth remarking that, for the reasons discussed in the previous
section 3.5, the procedure described in [84], concerning the optimisation of the
drive motion has been taken into account in the present experimental
programme as well. Although the ART_R set include more tests than the
previous ART set (see section 3.5), on comparison purpose, each test of the
ART set has a corresponding (same input signal) test in the ART_R set. Table
4.1 and Table 4.2 list the complete experimental test programme.

Table 4.1: Experimental test programme pt. 1 (retrofitted vault).

Test ID Scale factor Desired PGA [m/s?] Achieved PGA [m/s’]
RND1 R 0.25 0.25 0.28
RND2_R 0.50 0.50 0.56
RND3 R 0.75 0.75 0.88
RND4 R 1.00 1.00 1.19
RND5_R 1.25 1.25 151
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Table 4.2: Experimental test programme pt. 2 (retrofitted vault).

Test ID  Scale factor Desired PGA [m/s] Achieved PGA [m/s°]
ART1 R 0.10 0.45 0.42
ARTZ2_R 0.20 0.90 0.97
ART3_R 0.30 1.35 1.38
ART4 R 0.40 1.80 1.69
ART5 R 0.50 2.25 2.23
ART6_R 0.75 3.38 3.55
ART7_R 1.00 450 512
ART8 R 1.10 4,95 6.14
ART9 R 1.20 5.40 6.35
ART10 R 1.30 5.85 6.15
ART11 R 1.40 6.30 7.88
ART12 R 1.50 6.75 8.30
ART13 R 1.60 7.20 6.93
ART14 R 1.80 8.10 8.32
ART15 R 2.00 9.00 9.17
ART16 R 2.20 9.90 9.59
ART17 R 2.50 11.25 10.70
ART18 R 2.75 12.38 11.70
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4.4  Outcomes of the shaking table tests

The main results of the experimental tests are described in the following
sections. The outcomes are grouped by test set, according to the set naming

defined in the previous section 4.3.

4.4.1 RND_R test results (Dynamic identification)

The natural frequency and the damping ratio have been evaluated by means of a
dynamic identification procedure. Using a random time-history in acceleration
as input signal, a sequence of five shakings has been performed scaling the
signal from a PGA of 0.25 m/s? to 1.25 m/s>.
It’s worth noting that a low intensity signal has been used in the dynamic
identification phase to prevent premature damage on the specimen.
The natural frequency has been assessed according to the transfer curve
method. The first shaking (RND1_R) at PGA of 0.25 m/s provided a natural
frequency of about 19.3 Hz. The achieved result highlights the improvement of
stiffness given by the retrofit (coupled to a negligible mass increase). The
further four tests (i.e. RND2_R, RND3_R, RND4 R and RND5_R) have shown
a decay of the natural frequency due to premature minor damage
(microcracking) of the specimen.
The decay of the natural frequency evidenced by the Transfer Function
amplitude is shown in Figure 4.7.
The damping ratio, {, has been achieved according to the well-known half-
power bandwidth method (section 3.6.1). The retrofitted vault has shown a
damping ratio, {, ranging between 1.7% and 2.8%. The damping ratio increases
with the intensity of the signal. This result is expected and it is due to the
microcracking of the specimen.

106



Chapter 4 — Experimental tests: retrofitted vault

" [TT111
— RND1R

16 W RND2 R
® AT RND3 R
ERT AR — RND4R
2 TR RND5 R
o []
E 8 /'I' k ||.

TS
4l ,:’ \ ‘\‘\\
! Téﬂ DN
0¥ - $g§

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Frequency [Hz]

Figure 4.7 Natural frequency decay of the specimen (retrofitted vault).

Indeed, being the damping ratio closely related to the energy dissipation, the
higher the microcracking is the higher the damping ratio becomes.
A resume of both the fundamental frequency and damping ratio achieved for

each test is provided in Table 4.3.

Table 4.3: Natural frequencies and damping ratios (retrofitted vault).

Test ID Natural frequency [Hz] Damping ratio [%]
RND1 R 19.3 1.7%
RND2_R 18.9 1.7%
RND3_R 18.6 1.9%
RND4 R 18.1 2.2%
RND5 R 17.6 2.8%
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4.4.2 ART_R test results (artificial earthquake)

The input used is an artificial accelerogram specifically designed for the tests. A
sequence of eighteen tests was performed increasing the PGA of the table drive
motion up to 12.38 m/s* (11.70 m/s? recorded). For the test performed at 100%
level intensity (ART7_R), the horizontal component of the achieved time
histories recorded at the impost (BI-103766) and at the keystone (TRI-100715)
of the vault are shown in Figure 4.8a. The relative displacement time-history
(keystone-impost) is shown in Figure 4.8b.

The complete testing sequence is reported in Table 4.1 and Table 4.2. The
outcomes achieved are presented in terms of maximum accelerations and

observed damage to the specimen.
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Figure 4.8 Artificial earthquake, test ART7_R: (a) recorded time-history in acceleration at the

impost (in black) and keystone (in grey) of the vault; (b) relative keystone-impost displacement.

Both the horizontal and vertical accelerations have been recorded in five
locations according to the instrumentation scheme represented in Figure 3.22
and Figure 3.23. As well as in the case of unreinforced vault, the maximum
horizontal acceleration was recorded by the accelerometer TRI-103763 during

the last test (i.e. test ART18 R).
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In particular, the recorded acceleration was 21.21 m/s>. The magnification was
of about 82% compared to the recorded PGA of the table (i.e. 11.65 m/s?). At
the keystone location (i.e. accelerometer TRI-100715) the maximum horizontal
acceleration (9.12 m/s?) was recorded during the test ART18_R. The maximum
vertical acceleration (i.e. 29.90 m/s?) was recorded by accelerometer TRI-
100715 during the test ART16_R. The horizontal and vertical maximum
recorded accelerations are reported in Table 4.4 and Table 4.5 respectively.
Furthermore, in Figure 4.9 the results, in terms of maximum accelerations, are

plotted as profiles.
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Figure 4.9 ART_R: Maximum acceleration profiles (values expressed in m/s?).

The maximum horizontal acceleration trends remain almost the same when
varying the magnitude of the base acceleration. However a large increase of the
maximum horizontal accelerations is noticed after the test ART6_R which

corresponds to a PGA of 5.12 m/s®. The vertical acceleration trends remain
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almost the same until the test ART6_R (5.12 m/s®) then a different trend is
noticed. Therefore the maximum acceleration trends can be divided into two
groups. The first group includes the tests until the ART6_R (5.12 m/s?), while
the second group includes all the other tests (i.e. until the test ART18_R which
corresponds to a PGA of 11.70 m/s?).

Table 4.4: ART _R test results: horizontal maximum accelerations.

TESTID TRI- TRI- TRI- TRI- TRI- TRI-
100715 102818 103765 103762 100050 103763
[m/is?]  [mis?]  [mis?]  [mis?]  [mis?]  [mi/s?]
ARTL R 065 065 075 050 036  0.63

ART2_R 1.56 1.57 1.90 1.24 1.01 1.50
ART3_R 272 2.74 3.21 2.04 1.84 2.63
ART4_R  3.28 3.24 3.78 2.69 1.94 3.05
ART5_R  3.92 3.90 4.23 2.71 2.18 3.67
ART6_R  5.77 5.81 7.10 4.82 4.04 5.05
ART7_R  7.20 7.11 8.79 7.81 5.56 9.73
ART8_R  6.83 6.97 9.36 6.08 7.58 11.67
ART9 R  6.62 6.88 10.95 6.99 7.22 11.20
ART10_R 6.60 6.47 10.58 8.02 7.05 11.55
ART11_R 6.55 6.42 11.07 7.52 7.82 13.73
ART12_ R 6.54 6.95 11.33 8.43 8.15 13.22
ART13 R 6.75 7.10 11.60 8.33 8.17 13.58
ART14 R 7.57 7.96 12.03 8.36 8.60 13.66
ART15 R 7.96 8.08 1269 10.23 10.08 16.30
ART16_R 8.62 8.70 13.93 1112 11.05 2048
ART17_R 8.86 8.85 1494 1099 1403 16.83
ART18_ R 9.12 9.15 1585 11.30 1318 21.21
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Table 4.5: ART_R test results: vertical maximum accelerations.

TESTID TRI- TRI- TRI- TRI- TRI- TRI-
100715 102818 103765 103762 100050 103763
[m/s?]  [mis?]  [mis?]  [mis?]  [mis?]  [mis?]
ART1L R 015 012 048 080 055 0.28

ART2_R  0.39 0.38 1.15 1.97 1.29 0.70
ART3_R 1.15 1.19 2.20 3.45 2.09 1.16
ART4_R 1.00 1.07 2.27 4.04 2.56 1.52
ARTS5_R 1.06 1.05 2.64 4.73 2.92 1.50
ART6_R 297 2.93 4.14 6.84 4.87 2.72
ART7_R 1455 14.77 6.08 10.42 8.41 4.36
ART8_R 17.72 17.84 6.74 11.13 9.01 4.58
ART9_R 2127 20.93 8.49 10.99 9.00 4.72
ART10_R 1959 19.78 8.44 11.12  10.38 5.11
ART11_R 1998 19.38 8.05 11.97 10.16 5.42
ART12_R 20.04 1954 7.95 11.92 11.08 5.41
ART13_ R 1941 19.12 9.22 11.09 11.24 5.19
ART14 R 2232 21.13 8.82 12.79  11.62 5.89
ART15 R 2338 2397 1237 13.28 14.77 7.15
ART16_R 2990 2722 1075 18.06 13.74 9.74
ART17_R 2690 26.63 1153 17.11 14.27 8.34
ART18 R 28.02 2755 16.04 1594 15.64 7.54

As in the case of unreinforced vault, the acceleration profiles highlight a not
symmetric behaviour. The maximum horizontal accelerations on the right side
of the vault were recorded at 60° from the keystone locations (i.e.
accelerometers TRI-103763).
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Otherwise, on the left side of the vault the maximum horizontal accelerations
were recorded at 45° from the keystone location (i.e. accelerometer TRI-
103765). The horizontal dynamic amplifications, evaluated as shown in the
Equation (3.13), are plotted as profiles in terms of percentage in Figure 4.10.
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Figure 4.10 ART_R: Horizontal dynamic amplifications (values expressed in %).

In terms of dynamic amplifications it is not possible to divide the profiles into
two groups. In fact, the dynamic amplification profiles highlight that the
magnitude of the base acceleration does not have a strong impact on the trends
of the horizontal dynamic amplifications. The horizontal dynamic amplification
profiles exhibit a not symmetric trend. As expected the maximum horizontal
amplifications on the right side of the vault were achieved at both the keystone
and 60° from the keystone locations. On the left side of the vault the maximum
horizontal accelerations were achieved at 45° from the keystone location. The

horizontal dynamic amplifications achieved are reported in Table 4.6.

112



Chapter 4 — Experimental tests: retrofitted vault

Table 4.6: ART_R test results: dynamic amplifications.

TESTID TRI- TRI- TRI- TRI- TRI- TRI-
100715 102818 103765 103762 100050 103763
[%0]  [%]  [%] [%] [%]  [%]
ARTLI R 535% 53.9% 77.2% 182% -14.4% 49.5%

ART2_R 60.2% 61.1% 95.6% 27.8% 3.5% 54.4%
ART3_R 97.1% 98.3% 132.8% 48.0% 32.9% 90.5%
ART4 R 942% 923% 1243% 59.2% 14.8% 81.0%
ART5_ R 758% 748% 89.8% 21.7% -22% 64.7%
ART6_R 629% 63.9% 100.2% 36.0% 13.8% 42.5%
ART7_R 40.6% 38.8% 71.6% 524% 8.6% 89.9%
ART8_ R 112% 135% 52.4% -1.0% 23.3% 90.0%
ART9 R 4.2% 83% 725% 10.1% 13.7% 76.3%
ARTI0_R 7.3% 53% 72.0% 304% 14.6% 87.8%
ART11_R -16.9% -184% 40.5% -45% -0.7% 74.3%
ART12 R -21.2% -162% 36.5% 15% -18% 59.3%
ART13 R -27% 23% 67.3% 20.1% 17.8% 95.8%
ART14 R -9.0% -43% 446% 0.5% 3.3% 64.1%
ART15 R -132% -119% 384% 115% 99% 77.7%
ART16_R -10.1% -93% 453% 159% 15.2% 113.6%
ART17_R -16.9% -17.0% 40.0% 3.0% 31.6% 57.8%
ART18 R -21.7% -215% 36.1% -3.0% 13.1% 82.1%

The maximum relative displacement measured at the keystone location (i.e.
laser-optical sensor L1, see Figure 3.23) ranges between 0.44 mm and
10.70 mm from the test ART1_R to the test ART18 R.
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The same increasing trend has been shown by the laser-optical sensor, L2,
placed on the left side of the vault (see Figure 3.23).

In particular the maximum relative displacement measured by the L2 sensor
ranges between 0.52 mm and 8.81 mm from the tests ART1 R to the
test ART18 R. The maximum relative displacements are shown in detail in
Table 4.7.

Table 4.7: ART_R test results: maximum relative displacements.

TestID L1[mm] L2[mm]
ART1 R 0.44 0.52
ART2_R 0.44 0.52
ART3 R 1.53 0.87
ART4 R 2.37 1.46
ARTS5_R 2.73 1.39
ART6_R 3.27 2.56
ART7_R 4.16 3.75
ART8_R 4.75 4.04
ART9 R 4.98 4.66

ART1I0 R 471 4.18
ART11 R 596 4.09
ART12 R 4.74 4.00
ART13 R 5.30 4.14
ART14 R 6.98 5.00
ART15 R 7.15 6.25
ART16 R 941 6.41
ART17_R 9.30 6.53
ART18 R  10.70 8.81
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In the first two tests (i.e. ART1 R and ART2_R) the displacement measured by
the sensor L1 is lower than the one measured by the sensor L2. Otherwise, in all
the other tests, the key section always shows a relative displacement larger than
the side of the vault. In order to detect vault damages, after each test, the
specimen has been inspected. After the last test (i.e. test ART18 R) slight
damages were observed. In the following Figure 4.11, Figure 4.12 and Figure
4.13 a comprehensive overview on the damages observed is provided.

It is worth noting that, during the tests was evident a mechanism of opening and
closing of the cracks. The presence of the IMG prevented the cracking at the
extrados of the vault. However, evident cracking at the interface between
mortar and brick at the intrados of the vault has been observed.

In particular, as shown in Figure 4.13, at the intrados, interface cracking
occurred, in a few joints, along its entire depth. This outcome remarks that for
such curved masonry structures the weak element is the interface. Due to
excessive local compressive stress concentrations, few minor detachments of

the brick edges have been observed at the intrados.
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I interface cracking

Figure 4.11 Retrofitted vault: damages detected (front view).
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Figure 4.12 Retrofitted vault: damages detected (rear view)
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Figure 4.13 Retrofitted vault: damages detected (intrados)
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4.5 Outcomes comparison: retrofitted/unreinforced vault

In the following sections the effects of the retrofit on the dynamic behaviour of
the vault have been analysed. The effects of the vault retrofit have been studied
by comparing the outcomes achieved in the cases of unreinforced and retrofitted
vault. The outcomes have been compared in terms of: dynamic characteristics,
maximum acceleration profiles and dynamic amplification profiles.

It is worth remarking that the outcomes of the tests have been compared only in
the case of comparable seismic input signals. In fact, on comparison purpose,
for each test of the ART set, a corresponding test (same desired input signal)
was provided in the ART_R set (see sections 3.5 and 4.3).

The results show that the retrofit resulted in an evident stiffness increase and in
a large improvement of the seismic capacity, while the global dynamic
behaviour was not fundamentally changed. Furthermore, it is interesting noting
that slight damages were detected on both unreinforced and retrofitted vault
only after the respective last tests. However the respective last test input signals
were not comparable. Therefore a comparison in terms of vault damage has not
been reported. However comprehensive overviews about the damage detected
in both the cases of unreinforced and retrofitted vault are reported in the
sections 3.6 and 4.4 respectively.

4.5.1 Dynamic characteristics

The effects of the vault retrofit, in terms of dynamic characteristics, have been
assessed by comparing the outcomes achieved in the dynamic identification
tests (sections 3.6.1 and 4.4.1). The dynamic identification tests have been
performed (in both the cases of unreinforced and retrofitted vault) using a

random time-history in acceleration as input signal of the shaking table. The
119



Chapter 4 — Experimental tests: retrofitted vault

main outcomes achieved by means of the dynamic identification procedure
were: the natural frequencies and the damping ratios. The natural frequencies
have been achieved according to the transfer curve method, while the damping
ratios, (, have been achieved according to the well-known half-power
bandwidth method. Further details about the dynamic identification tests are
provided in the previous sections 3.6.1 and 4.4.1. In Figure 4.14 the comparison
between the transfer functions achieved in the cases of unreinforced and
retrofitted vault is shown.

The transfer function comparison shows that, due to the retrofit interventions,
the natural frequency of the vault increase of about 50%. Therefore the retrofit

results in a significant stiffness increase, while the mass was only slightly
increased.
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Figure 4.14 Natural frequency comparison: retrofitted vault/unreinforced vault

Moreover, as expected, in the case of unreinforced vault, the natural frequency
decay is steeper than the one achieved in the case of retrofitted vault. In

particular a natural frequency decay of about 10% is noticed in the case of
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unreinforced vault. Conversely, in the case of retrofitted vault the natural
frequency decay is of about 6%. In Figure 4.15 the natural frequency decay
trends, during the dynamic identification tests, are shown in both the case of
unreinforced and retrofitted vault. During the first tests (i.e. RND1 and
RND1_R), due to the retrofit interventions, an increase of about 20% is noticed
in the damping ratio of the vault (Figure 4.16). Being the damping ratio related
to the natural frequency, this result was expected. However, since the damping
ratios range between 2.2% and 3.2% (unreinforced), and between 1.7%
and 2.8% (retrofitted), the rise becomes 31% after the last identification tests
(i.e. RND4 and RND4_R).
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Figure 4.15 Comparison: frequency decay-achieved PGA trends
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Figure 4.16 Comparison: damping ratios-achieved PGA trends

The effect of the retrofit on the dynamic characteristic can be resumed in both a
significant increase of stiffness and a decrease of damping ratio. Further
considerations can concern both the stiffness reduction trends and the damping
ratio increase trends, when varying the PGA of the dynamic identification tests.
In particular, the comparisons show that both the reduction in stiffness and the
increase in damping ratios are steeper in case of unreinforced vault. These

results can be explained by an improvement in terms of capacity due to the
retrofit interventions.

4.5.2 Maximum acceleration profiles

The effects of the vault retrofit, in terms of maximum accelerations, have been
assessed by comparing the outcomes achieved in the test on the unreinforced
and the retrofitted vault (ART and ART _R test sets respectively).
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The comparison has been presented by means of the most representative tests.
In particular, the tests ART2, ART5, ART6 and ART7 were compared to the
tests ART2_R, ART5_R, ART6_R and ART7_R.

The tests ART2 and ART2_R were selected as representative of the low
intensity signals. Although the desired input signal was the same for both the
tests, it does not exactly match with the achieved signal. Therefore, in order to
check the full comparability of the tests, the achieved input signals have been
studied by means of the Fast Fourier Transforms (FFT). The analysis of the
FFT proved the achieved input signals to be fully comparable. The FFT of both
the ART2 and ART2_R achieved input signals are shown in Figure 4.17.
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Figure 4.17 Achieved input signals FFT: (a) ART2; (b) ART2_R

The comparison between the outcomes of the tests ART2 (unreinforced vault)
and ART2_R (retrofitted vault) is shown in Figure 4.18 in terms of horizontal

and vertical maximum acceleration profiles.
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Figure 4.18 Maximum acceleration profiles comparison: ART2-ART2_R

(values expressed in m/s?)

Both the tests ART2 (unreinforced vault) and ART2_R (retrofitted vault)
exhibit almost the same maximum acceleration trends (both horizontal and
vertical). The maximum horizontal acceleration values are higher in the test
ART2_R than in the test ART2. The maximum vertical accelerations are almost
the same in both the tests (slightly higher in the test ART2_R though).
However, the accelerometers TRI-103765 and TRI-103763 recorded maximum
vertical accelerations clearly higher in the test ART2_R.

The same conclusions were drawn by analysing the comparisons performed on
the tests ART5, ART5_R, ART6, ART6_R, ART7 and ART7_R. Plots of the

comparisons are available in Appendix A.

4.5.3 Dynamic amplification profiles

The effects of the vault retrofit, in terms of dynamic amplifications, have been

assessed by comparing the outcomes achieved in the test on the unreinforced
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and the retrofitted vault (ART and ART _R test sets respectively). As well as in
the case of maximum accelerations, the comparison has been presented by
means of the most representative tests (i.e. ART2, ART5, ART6, ART7,
ART2_R, ART5_R, ART6_R and ART7_R.). Each couple of test analysed
(unreinforced/retrofitted) has the same input signal. However the achieved input
signals have been studied by means of the FFT (see section 4.5.2). Therefore
the full comparability of the tests is granted. The comparison between the
outcomes of the tests ART2 (unreinforced vault) and ART2_R (retrofitted

vault) is shown in Figure 4.19 in terms of dynamic amplification profiles.

=

Figure 4.19 Dynamic amplification profiles comparison: ART2-ART2_R

(values expressed in %).

Both the tests ART2 (unreinforced vault) and ART2_R (retrofitted vault)
exhibit almost the same dynamic amplification trends. The dynamic
amplification values are almost the same in both the tests (slightly higher in the
test ART2_R though). However at the TRI-100050 location (see Figure 3.23)
the dynamic amplifications in the test ART2_R are about 50% higher than in
the test ART2.

The same conclusions were drawn by analysing the comparisons performed on
the tests ART5, ART5_R, ART6, ART6_R, ART7 and ART7_R. Plots of the
comparisons are available in Appendix B.
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4.6 Conclusions

The dynamic behaviour of the masonry vault has been investigated by means of
shaking table tests. In particular, a set of artificial time-history accelerograms
have been used as input signal. Preliminarily, a set of random accelerograms
were performed on dynamic identification purpose. The results of the shaking
tests have been presented in terms of dynamic characteristics (natural frequency
and damping ratio), maximum accelerations, maximum displacements and
observed damage to the specimen. Furthermore, a comparison with the results
achieved in the case of unreinforced vault has been provided.

In the case of retrofitted vault, a natural frequency of 19.3 Hz and a damping
ratio ranging between 1.7% and 2.8% have been evaluated. Therefore the effect
of the retrofit resulted in both a significant increase of stiffness and a decrease
of damping ratio. Furthermore, both the stiffness reduction and the damping
ratio increase trends, when varying the PGA, are steeper in case of unreinforced
vault. This result remarks an improvement in terms of capacity due to the
retrofit interventions.

As well as in the case of unreinforced vault, the outcomes, in terms of
accelerations measured on the structure, highlighted a dynamic amplification of
the base horizontal excitation. Moreover, although the shaking is applied only
in the horizontal direction, vertical accelerations have been detected too. Due to
the higher stiffness, the maximum accelerations recorded on the retrofitted vault
were higher than those recorded on the unreinforced vault. However, both the
maximum acceleration trends and the dynamic amplification trends remained
almost the same after the retrofit interventions.

The retrofitted vault exhibits a good seismic behaviour, showing very slight

damage only after the last test performed with an achieved PGA of 11.70 m/s”.
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In particular, cracking at the interface between mortar and brick has been

observed only at the intrados of the vault.
These findings suggest that the retrofit improves the stiffness and the seismic
capacity of the vault. However the global dynamic behaviour of the vault does

not change when the vault is retrofitted.
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Chapter 5

Numerical modelling

The numerical analyses presented in this chapter aims to provide a reliable FE
model able to simulate both the static and dynamic behaviour of the tested
masonry vault (before and after the retrofit). Several modelling approaches can
be used to perform a FE analysis on a masonry curved element. The most
commonly used approaches are: one dimensional approach, equivalent material
approach, and micro-modelling approach. In the first approach, the curved
element is modelled by means of one-dimensional elements (i.e. beam
elements). In the second approach also known as macro element approach the
curved element is modelled as a homogeneous material (the equivalent
mechanical properties are achieved by means of homogenization techniques). In
the third approach, bricks and mortar are modelled separately allowing the use
of different mechanical parameters and different constitutive laws for both the
bricks and the mortar. This approach, which is the more refined, can be

improved by adding further details in the modelling phase.
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In particular, in order to simulate the interaction between mortar and bricks
(allowing for local failures), interface elements between mortar and bricks can
be used. This improvement is mostly suitable in the case of low bond masonry
structures such as the tested masonry vault. Indeed in these structures the bond
at the brick/mortar interface is low and has a dominant effect on the mechanical

behaviour (i.e. crack formation and collapse mechanisms).

5.1 FE Models

In order to simulate the dynamic behaviour of the tested unreinforced masonry
vault, FE analyses were performed. In, particular, the analyses were performed
in 2D by means of the software DIANA developed by TNO DIANA bv [80].
Two different FE models have been used for modelling the unreinforced and
the retrofitted vaults. However the two models share the modelling of the vault

which is the same in both the models (Figure 5.1).

Figure 5.1 Masonry vault FE model.

According to the accurate micro-modelling approach [86], the geometry of the
vault was reproduced modelling mortar and bricks individually with interface
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elements in between them. As shown in Figure 5.2, a regular discretization [87],
based on the CQ16M eight-node quadrilateral isoparametric plane stress

elements, was used for both the mortar and the bricks.

Figure 5.2 Masonry vault FE model: detail of the adopted mesh.

In particular, these elements are based on interpolation and Gauss integration.

The polynomial for the displacements uy and uy can be expressed as:
u (&) =a,+ad+an+adn+a,s +an +as n+alin’ (51

where, &-n1 is the local reference system (Figure 5.3). This polynomial typically
yields to a strain &y which varies quadratically in y direction and linearly in x
direction. Similarly, the strain &,y varies quadratically in x direction and linearly
in y direction. Otherwise, the shear strain, vy, varies quadratically in both
directions [80].
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2 3

Figure 5.3 CQ16M element [80]

As discussed in the previous sections 3.6.2, 3.6.3 and 4.4.2 structural damages
were not detected in both bricks and mortar (except for few minor detachments
of the brick edges due to excessive local compressive stress concentrations). In
particular, only cracks at the interface were detected. Therefore both brick and
mortar were modelled as linear isotropic elastic materials. The mechanical
properties assigned to mortar and bricks are those assessed by means of the
material characterization tests described in the section 3.1.1.

The interaction between bricks and mortar joints has been modelled by means
of 3+3 nodes CL12I interface elements. These elements are based on quadratic
interpolation and a 4-point Newton-Cotes integration scheme. In particular,
interfaces relate the forces acting on them to the relative displacement of the

two sides as shown in Figure 5.4.

(b)

Figure 5.4 CL12I element: (a) topology; (b) displacement [80]
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Since the linear isotropic elastic model has been assumed, for both mortar and
bricks, the unreinforced vault nonlinearities are governed by the interface
between mortar and bricks. In particular a frictional behaviour has been
assumed for the interfaces. This behaviour is modelled with the nonlinear
elastic friction model, which is a simplification of the Mohr-Coulomb plasticity

model for continuum elements (see Figure 5.5).

/

1 o
/I [y —

Figure 5.5 Nonlinear elastic friction model [80]

In particular, the interface model is derived in terms of the generalized strain

and stress vector:

t= {tn’ts’tt}T (5.2)
u={u,u,u}

n!*>s?

Where us and u; are the relative shearing displacements in the interface plane,
the shear tractions ts and t; act in the local plane of the interface, and u, and t,
the relative and traction displacement respectively normal to the plane. The
behaviour in loading and unloading is similar. In the elastic field the

constitutive behaviour is described by t = D® u; where, D® = diag [Knkski].
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The basic concept of this friction model is that the effective shear

stress T = V(t2+t°) is governed by a yield function according to:

f =|7|+t, tanp—c=0 (5.3)

where tan ¢ is the friction coefficient and c is the cohesion. Thus, shear-slipping
occurs when the yield function, f, becomes positive.

The linear properties assigned to the interface elements are the normal
stiffness, k,, and the shear stiffness, ks, while nonlinear properties assigned to
the interface elements are the friction coefficient, ¢, and the cohesion c. The
friction coefficient ¢, has been achieved as: sin ¢ = (fc-f)/(fc+fc), where, f. is the
compressive strength of the weaker material in compression; while f; is the
tensile strength of the weaker material in tension. Otherwise the cohesion and
both the normal and the shear stiffness have been calibrated by means of
experimental outcomes (see sections5.2.1 and5.2.2). The mechanical
properties assigned to the interface elements are reported in Table 5.1.

Table 5.1: Interface elements properties

kn[MPa] ks[MPa] ¢ [rad] C [MPa]

46 46 0.66 0.15
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The FE model boundary conditions reproduced the real conditions of the
laboratory test setup. In particular, both the impost sections of the vault have

been fixed.

5.1.1 Modelling of the retrofit interventions

The retrofit interventions discussed in the previous section 4.1 allowed
improving the overall seismic performance of the vault without changing its
global dynamic behaviour. The estimation of each single retrofit contribution,
to the seismic enhancement, is not possible. However, it is acceptable to assume
that: both, the joint repointing and the grout injections, contributed restoring the
undamaged state of the vault.

Therefore, the effect of these two retrofit interventions has been simulated by
using the undamaged vault FE model. Thus only the contribution of IMG has
been actually modelled in the FE model of the retrofitted vault.

Consistently with the vault modelling, micro modelling approach has been
adopted for the IMG modelling as well. In particular, since the IMG is a
composite material (i.e. inorganic matrix and basalt grid), matrix and grid have
been modelled individually. Perfect bond has been assumed between matrix and
grid, therefore interface elements were not adopted. A regular and dense
discretization, based on the truss elements, was used for both inorganic matrix
and basalt grid. Equivalent thickness to; has been adopted for the grid
modelling. In particular for the bidirectional grid (mesh size equal to
6 mmx6 mm, weight equal to 250 g/m? and unit weight equal to 2.75 g/cm®) an
equivalent thickness, teq=0.045mm has been assumed. Conversely the
inorganic matrix has been modelled by using its own actual thickness.

Therefore for the inorganic matrix teg =t = 15 mm.
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In the truss elements the dimension, d, perpendicular to the bar axis, has to be
small compared to the bar’s length I, and the deformation can only be the axial
elongation Al (see Figure 5.6). Furthermore in the truss elements there is neither
bending nor shear deformation.

(a) (b)
Figure 5.6 Truss element: (a) characteristics; (b) axes [80]

The elastic behaviour of both inorganic matrix and basalt grid was defined by
means a linear isotropic elastic model.
The post elastic behaviour was modelled according to the total strain model
coupled with the fixed crack stress-strain relationship approach. In particular, in
the fixed crack approach, the stress-strain relationships are evaluated in a fixed
coordinate system which is fixed upon cracking, as reported in [80].
Furthermore, the combined Rankine/VVon Mises yield criterion was adopted (i.e.
Rankine yield criterion in tension and Von Mises vyield criterion in
compression). For both, inorganic matrix and basalt grid, the same constitutive
models were assumed in tension. In particular, a brittle failure was adopted.
Ideal plasticity was assumed in compression for the inorganic matrix, while no

compressive strength was assigned to the basalt grid (see Figure 5.7).
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The equivalent thicknesses, t, the elastic modulus, E, the Poisson ratio, v, the
compressive strength, f. and the tensile strength, f;, assigned in the FE model to

the IMG components are reported in Table 5.4.

Basalt grid Inorganic matrix
G CA
fe
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Figure 5.7 IMG constitutive models adopted: (a) grid; (b) matrix

Table 5.2: IMG mechanical properties

Componen
. E [GPa] v[-] f. [MPa] fi [MPa]  teq [mm]
S
Matrix 8 0.15 15 2.4 15
Grid 89 0.15 - 3000 0.045
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5.2 Calibration of the model

The calibration of the interface modelling parameters has been carried out by
means of the experimental test outcomes. In particular, the interface linear
parameters (i.e. normal and shear stiffness) have been calibrated by best fitting
the numerical and the experimental outcomes of the RND tests (section 3.6.1).
Although the RND tests were performed on the undamaged specimen, the same
calibrated parameters have been adopted in both the FE models (i.e.
unreinforced and retrofitted vault models). In fact, since after the last test on
unreinforced vault (i.e. test ART7) only a slight damage was detected (and
repaired), it is acceptable to assume that such parameters remained unchanged.

Otherwise, the nonlinear parameter (i.e. cohesion) has been calibrated by means
of a vertical load test (section 5.2.2). Such test has been performed on the
damaged vault after the last shaking table test (i.e. test ART18_R). It is worth
noting that, during the vertical load test, the plastic hinges formation involved
locations different compared to those involved during the shaking table tests.
Therefore, it is acceptable to assume the same calibrated parameter (i.e. the
cohesion) in both the FE models (i.e. unreinforced and retrofitted vault models).
In the following sections a brief description of the adopted calibration methods

is reported.

5.2.1 Calibration of the interface stiffness

The interface normal and shear stiffness have been calibrated by comparing the
numerical and the experimental outcomes of the RND tests (section 3.6.1). The
comparison has been performed in terms of natural frequency. Preliminary
modal analyses, on the unreinforced vault FE model, have been performed

varying both the normal and the shear stiffness. The analyses highlighted that,
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for the studied structure, the shear stiffness does not have a strong influence on
the natural frequency. Therefore, according to [88], the interface normal
stiffness, k,, has been assumed equal to the interface shear stiffness, ks. Then,
assumed k, = ks =k, parametric modal analyses have been performed when
varying the interface stiffness k. In particular, stiffness values ranging
between 35 MPa/mm and 50 MPa/mm have been assumed.

The parametric analyses show an almost linear relationship between the
interface stiffness, k, and the natural frequency (Figure 5.8). In particular, the
match between the experimental natural frequency (13.1 Hz) and the numerical

natural frequency has been achieved for k = 46 MPa/mm.
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Figure 5.8 Calibration of the interface stiffness: interface stiffness-natural frequency curve

Further analyses confirmed the validity of the interface stiffness achieved. In
particular, keeping the assumption of k =46 MPa/mm, modal analyses were

performed on the retrofitted vault FE model.
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As well as in the case of unreinforced vault FE model, the natural frequency
achieved numerically (18.55 Hz) showed a good match with the experimental

natural frequency (19.3 Hz).

5.2.2 Calibration of the interface cohesion

The interface cohesion has been calibrated by means of a vertical load test
performed at the Laboratory of the Department of Structures for Engineering
and Architecture (University of Naples “Federico 11”).

The test has been performed after the last shaking table test (i.e. test
ART18_R). The damaged vault has been tested on the same testing structure
used for the previous shaking table tests (see section 3.3). The monitoring of the
vault has been achieved by means of a linear variable displacement transducer
(LVDT). In particular the LVDT namely LVDT A has been placed at the
keystone location.

The vault was subjected to a vertical distributed load applied at the keystone
location. In particular the load was applied on a length of 40 cm along the
whole depth of the vault. A comprehensive scheme of both the LVDT and the
load position is provided in Figure 5.9.
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Figure 5.9 Vertical load test: instrumentation and load layout

The load was quasi-statically applied to the vault at increasing steps by means
of 0.25 kN sacks. In particular, at each step, the vault was loaded by one

more sack. Some pictures of the vertical load test are provided in Figure 5.10.

Figure 5.10 Vertical load test: (a) loading phase; (b) maximum load

The experimental load-displacement curves are provided in Figure 5.11. In
order to take into account of the deformability of the testing system, which has
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been experimentally evaluated, the curve has been re-aligned. As shown in
Figure 5.11, for a load of 9.8 kN (i.e. 40 steps) the load-displacement curve
level off, highlighting a hinge formation.

20
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Figure 5.11 Vertical load test: experimental load-displacement curves

Then, the curve grows again until a load of about 16 kN (i.e. 65 steps) where
the curve level off again. The test has been stopped after 70 steps resulting in a
maximum vertical load of about 16.7 kN. After the test evident cracks at the
interface between mortar and brick were detected.

Parametric numerical analyses when varying the interface cohesion, ¢ have
been performed on the retrofitted vault FE model. In particular, the
experimental vertical load test has been simulated in order to compare the load-
displacement curve and therefore calibrate the interface cohesion. Load-
displacement curves have been provided when varying the interface cohesion
(see Figure 5.12). In particular two interface cohesion values (i.e. 0.05,

and 0.15 MPa) have been considered.
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Figure 5.12 Calibration of the interface cohesion: numerical load-displacement curves

In Figure 5.13 a comparison between numerical and experimental outcomes is
provided. The comparison shows that in the first elastic branch
(i.e. until 2.45 kN) both the curves catch the experimental behaviour. However

in the post-elastic the curve ¢ = 0.15 catches better the experimental behaviour.
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Figure 5.13 Calibration of the interface cohesion: numerical-experimental comparison

5.3 Dynamic linear analyses

The dynamic properties of both the unreinforced and the retrofitted vault, under
vibrational excitation, have been investigated by means of dynamic linear
analyses. The dynamic linear analyses have been performed on the FE models
presented in the section 5.1 and calibrated in the section 5.2. In the following
sections a brief review of the main outcomes of the dynamic linear analyses is
provided. The outcomes are shown in terms of modal shapes and dynamic

properties.

5.3.1 Unreinforced vault

The calibrated unreinforced vault FE model has been used to investigate

properties of the unreinforced vault under vibrational excitation.
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In particular: frequencies, angular frequencies, ®, periods, T, and both
participant mass in horizontal direction, My and in vertical direction, M,, have
been achieved for the first ten vibration modes of the unreinforced vault. The
modal shapes and their correspondent periods, T, are reported in Figure 5.14
and Figure 5.15.

Mode 1 - T=0.0538 s Mode 2 - T=0.0265 s

Mode 3 - T=0.0145 s Mode 4 - T=0.0108 s

Mode 5 - T=0.0081 s Mode 6 - T=0.0072 s

Figure 5.14 Unreinforced vault: modal shapes (mode 1-6)

The first mode is predominant and it involves the highest participating mass in
horizontal direction (i.e. about 40 %). However, modes higher than the first

involve the most of the participating mass in horizontal direction.
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Therefore, the contribution of such modes to the motion of the vault is not

negligible. The largest portion of mass, in vertical direction, is participating at
the fourth and the fifth modes.

Both, the fourth and fifth mode, involve almost the same participating mass in

vertical direction (i.e about 24% and 20% respectively).

Table 5.3 lists the main outcomes of the modal analysis on the unreinforced

vault.

Table 5.3: Unreinforced vault: modal properties

Mode Frequency ® Period My SumM, M, SumM,
[-] [Hz] [rad/s]  [s] [-] [%6] [-] [%0]
1 13.1 82.31 0.0763 0.402 40.21 0.000 0.00%
2 26.7 167.76 0.0375 0.000 40.21 0.063 6.28%
3 49.0 307.88 0.0204 0.114 5158 0.000 6.28%
4 66.7 419.09 0.0150 0.000 51.58 0.241 30.38%
5 86.0 540.35 0.0116 0.000 51.58 0.208 51.15%
6 101.7 639.00 0.0098 0.085 60.05 0.000 51.15%
7 127.7 802.36 0.0078 0.030 63.05 0.000 51.15%
8 141.4 888.44 0.0071 0.000 63.05 0.003 51.45%
9 180.5 1134.11 0.0055 0.014 64.49 0.000 51.45%
10 211.0 1325.75 0.0047 0.000 64.49 0.072 58.63%
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Mode 7 - T=0.0057 s j‘ i Mode 8 - T=0.0050 s i
g )

f Mode 9 - T=0.004 s Mode 10 - T=0.0036 s

Figure 5.15 Unreinforced vault: modal shapes (mode 7-10)

5.3.2 Retrofitted vault

Similarly, the calibrated unreinforced vault FE model has been used to
investigate properties of the retrofitted vault under vibrational excitation. In
particular: frequencies, angular frequencies, o, periods, T, and both participant
mass in horizontal direction, My, and in vertical direction, M,, have been
achieved for the first ten vibration modes of the unreinforced vault.

In Figure 5.16 and Figure 5.17 the modal shapes and their correspondent
periods, T, are reported. As well as in the case of unreinforced vault, the results
show that, higher modes involve almost negligible participating mass.
According to Figure 5.16, until the fourth vibration mode there are not big

differences between the unreinforced and the retrofitted vault.
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Modo 1 - T=0.0763 sec Modo 2 - T=0.0375 sec

Mode 3 - T=0.0204 s Mode 4 - T=0.0150 s

Figure 5.16 Retrofitted vault: modal shapes (mode 1-4)

Mode 5 - T=0.0116 s Mode 6 - T=0.0098 s

W

Mode 7 - T=0.0078 s Mode 8 - T=0.0071 s

Mode 9 - T=0.0055 s Mode 10 - T=0.0047 s

Figure 5.17 Retrofitted vault: modal shapes (mode 5-10)
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In the case of unreinforced vault, the first mode involves about 42% of the
participating mass in horizontal direction. Then, although it is the predominant
mode, the effects of the modes higher than the first are not negligible. The
largest portion of mass in vertical direction is participating at the fourth and the
fifth modes. However the fourth mode involves the highest participating mass
in vertical direction (about 25%). Table 5.4 lists the main outcomes of the
modal analysis on the retrofitted vault. These outcomes confirm that the retrofit
does not change the global dynamic behaviour of the vault.

Table 5.4: Retrofitted vault: modal properties

Mode Frequency [0) Period Mh SumMh Mv SumMv

[-] [-] [rad/s]  [s] [-] [%0] [-] [%0]

1 18.55 116.55 0.0539 0.425 425 0.000 0.0%
2 37.84 237.76 0.0264 0.000 42.5 0.081 8.1%
3 69.18 434.67 0.0145 0.122 54.7 0.000 8.1%
4 92.38 580.44 0.0108 0.000 54.7 0.253 33.3%
5 123.81 777.92 0.0081 0.000 54.7 0.169 50.3%
6 138.14 867.96 0.0072 0.090 63.7 0.000 50.3%
7 176.4 1108.35 0.0057 0.010 64.7 0.000 50.3%
8 198.42 1246.71 0.0050 0.000 64.7 0.000 50.3%
9 252.79  1588.33 0.0040 0.017 66.4 0.000 50.3%
10 275.18  1729.01 0.0036 0.000 66.4 0.089 59.1%

According to the experimental outcomes, the comparison between the

unreinforced and the retrofitted vault show that the retrofit improves the
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dynamic characteristics of the vault (e.g. the natural frequency). However, the

global dynamic response of the vault does not drastically change.

5.4 Static nonlinear analyses

Numerical static nonlinear analyses have been performed on both the
unreinforced and the retrofitted vault FE models presented in the section 5.1
and calibrated in the section 5.2. All the nonlinear analyses were performed
under force control. In particular applying generalised diffused accelerations
(vertical to simulate static conditions and increasing horizontal to simulate
seismic response) measuring in-plane displacements. The outcomes of the static
nonlinear analyses are presented in terms of force-displacement curves,
deformed shapes, crack patterns and contour maps of the principal stresses both

in tension and in compression.

5.4.1 Unreinforced vault

The load-displacement curve provided in Figure 5.18 shows an almost linear
elastic trend until a load of about 17 kN. After the initial quasi-linear phase the
trend becomes clearly nonlinear, and a gradual deterioration of the stiffness is
visible. The curve has not sharp levelling off or drop. Therefore it is not
possible to clearly recognise the plastic hinge formation. The analysis has been
stopped for a horizontal load of about 77 kN, which correspond to an equivalent
acceleration of about 3 g. Being the shaking table tests performed at lower
acceleration, higher accelerations were not taken into account. The contour
maps, of the principal stresses in tension and in compression are shown in

Figure 5.19 and Figure 5.20 respectively.
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In particular, the map in Figure 5.19 shows that the principal stresses in tension
are lower than 1.4 MPa. Therefore the tensile stress state is not causing concern

compared to expected strength of materials (see Table 3.1).
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Figure 5.18 Static nonlinear analysis: unreinforced vault load-displacement curve

[T

[

Figure 5.19 Static nonlinear analysis: unreinforced vault principal stresses in tension

(values expressed in MPa)
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Similarly, the principal stresses in compression, except for the plastic hinge
locations, are rather low and, in particular, lower than expected strength of
materials (see Table 3.1). The stress state analysis has shown that only
interfaces performed nonlinearly, while bricks and mortar remained in the

elastic field.

|| .

Figure 5.20 Static nonlinear analysis: unreinforced vault principal stresses in compression

(values expressed in MPa)

This result validates the assumption of modelling bricks and mortar as linear
isotropic elastic materials. Finally, the joint opening shown in Figure 5.21 (the
joint opening is 5X magnified), highlights the interface most critical location.

Crack opening occurs at both the intrados and the extrados of the vault.
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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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Figure 5.22 Static nonlinear analysis: retrofitted vault load-displacement curve

The contour maps of the principal stresses in tension and in compression are
shown in Figure 5.23 and Figure 5.24 respectively. In particular, the map in
Figure 5.23 shows that, except for the plastic hinge locations, the principal
stresses in tension are lower than 2 MPa. Therefore the tensile stress state is not
causing concern compared to the expected strength of materials (see Table 3.1).
Similarly, the principal stresses in compression are rather low and, in particular,
lower than the expected strength of materials (see Table 3.1).

Therefore, as well as the previous case, only interfaces performed nonlinearly,
while bricks and mortar remained in the elastic field. This result validates the
assumption of modelling bricks and mortar as linear isotropic elastic materials.
Finally, the joint opening shown in Figure 5.25 (the joint opening is
5X magnified), highlights the interface most critical location.
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Figure 5.23 Static nonlinear analysis: retrofitted vault principal stresses in tension

(values expressed in MPa)
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Figure 5.24 Static nonlinear analysis: retrofitted vault principal stresses in compression

(values expressed in MPa)

It is worth noting that, in this case, due to the presence of the IMG at the

extrados, the crack opening occurs only at the intrados of the vault. The stress

state in the IMG is always low (averagely about 20 MPa), however, at the
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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.

[ .
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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 section5.1 and calibrated in the section5.2. 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.
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The outcomes are presented in terms of maximum acceleration, dynamic

amplification profiles and force-displacement graphs.

5.5.1 Rayleigh damping coefficients

The damping plays a crucial role in the structural dynamic nonlinear analysis.
Indeed, as it will be discussed in the following section 5.6, it can have a strong
influence on the numerical outcomes. In the assumption of proportional viscous
damping, an effective way to write the damping matrix is by means of the
equivalent Rayleigh damping coefficients. In particular the damping matrix can

be written in the form:

[C]=a[M]+A[K] (5.4)

in which [C] is the damping matrix of the physical system, [M] is the mass
matrix of the physical system, [K] is the stiffness matrix of the system, a and f3
are the Rayleigh coefficients. By means of such coefficients a structure having
n degrees of freedom (DOF) can be reduced to n-number of uncoupled
equations by means of orthogonal transformation. In particular, in order to
assess the Rayleigh coefficients, the following equation system can be

considered:

oo +£=gi

@, (5.5)
a0, +£:gJ

(0]
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where: § and ; are the damping ratios of the uncoupled modesi and j
respectively, and i and ; are the natural angular frequency of the system
related to the uncoupled modes i and j respectively. Once assessed the Rayleigh
coefficients, it is possible to achieve the damping of the further n-2 modes of
the system.

Therefore, in order to simulate viscous damping, Rayleigh damping coefficients
have been assessed for both the unreinforced and retrofitted vault. In particular
considering the modes 1 and 3, the damping ratio achieved experimentally (see
sections 3.6.1 and 4.4.1) has been assumed equal for both the modes,
i.e. (3 = (3= The natural angular frequencies considered (i.e. m; and ;) are
those achieved by means of the previous dynamic linear analyses (see
section 5.3). Therefore the Rayleigh damping coefficients have been achieved

by means of the following relations:

a=2wwmb (5.6)
p=2Db
where:
b — (1_6) C
PR
(03

It is worth noting that the damped system frequencies have been assumed equal
to the undamped system frequencies. This assumption allows uncoupling the
system equations. By means of such procedure the mode 2 exhibits a damping
lower than modes 1 and the 3 (which were assumed equal).
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Otherwise, all the other modes exhibit higher damping. The equivalent damping

corresponding to the vibration mode, i, can be achieved as:

G =1[ﬁa)i +ﬁj 9
2 0}

In the following Table 5.5 and

Table 5.6, the Rayleigh coefficient achieved for both the unreinforced and the

retrofitted vault are reported.

Table 5.5: Unreinforced vault: Rayleigh coefficients

C_, (O] m3 0 b o l}
[1 [rad/s] [rad/s] [-] [-] [-] [-]
0.017 116.55 434.67 0.268141 3.084E-05 3.124892831 6.1680931E-05

0.017 116.55 434.67 0.268141 3.084E-05 3.124892831 6.1680931E-05
0.019 116.55 434.67 0.268141 3.447E-05 3.492527282 6.8937511E-05
0.022 116.55 434.67 0.268141 3.991E-05 4.043978958 7.9822381E-05
0.028 116.55 434.67 0.268141 5.080E-05 5.146882310 1.0159212E-04

Table 5.6: Retrofitted vault: Rayleigh coefficients

g (O] 3 ) b a B
[[] [rad/s] [rad/s] [-] [-] [-] [-]
0.022 8250 307.69 0.268123 5.638E-05 2.862435931 1.1276679E-04

0.022 8250 307.69 0.268123 5.638E-05 2.862435931 1.1276679E-04
0.022 8250 307.69 0.268123 5.638E-05 2.862435931 1.1276679E-04
0.032 8250 307.69 0.268123 8.201E-05 4.163543172 1.6402442E-04
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In Figure 5.26 the variation of the achieved damping ratio with natural angular
frequency is reported for both the unreinforced and the retrofitted vault. As
expected, the curves show two branches. The first branch is highly nonlinear,
while the second branch is linear.

Therefore, for low frequency modes, the structure shows nonlinear damping
properties. Otherwise the damping properties become linear when the frequency

increases with each subsequent mode.
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Figure 5.26 Variation of damping ratio with natural frequency

5.5.2 Input signals

The presented dynamic analyses are aimed to the validation of both the FE
models (i.e. unreinforced and the retrofitted vault). Therefore, in order to
compare the results, two input signals have been selected among the input

signal achieved during the experimental shaking table tests (see section 3.5 and
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section 4.3). In particular, the selected tests are: ART2 and ART2_R. Such
signals are representative of the undamaged vault. Further achieved input
signals of the most representative shaking table tests have been used to study
the effect of the damping on the numerical analysis outcomes. In particular, the
selected tests are: ART7, ART7_R, and ART15 R. In the following: Figure
5.27, Figure 5.28, Figure 5.29, Figure 5.30 and Figure 5.31, the input time
histories and the corresponding elastic spectra are shown.
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Figure 5.27 ART2: (a) time-history accelerogram; (b) elastic spectrum
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Figure 5.28 ART?7: (a) time-history accelerogram; (b) elastic spectrum
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Figure 5.29 ART2_R: (a) time-history accelerogram; (b) elastic spectrum
6 15
5 il
4
: ‘ g M i)
-3 I T bl £ .
<2 I =
E 1 2 9 A
£ ol — MAAYVAVAY
g1 | 8
E | 3 L/
< AT TR T
3 i | = o
4 x 3
5
_60 25 5 75 10 125 15 175 20 225 25 275 30 00 0.05 0.1 0.15 0.2 0.25 0.3
Time [sec] Period [sec]
(a) (b)
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Figure 5.31 ART15_R: (a) time-history accelerogram; (b) elastic spectrum
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5.5.3 Unreinforced vault: experimental-numerical comparison

In the case of unreinforced vault, the comparison between the experimental and
numerical outcomes has been carried out by considering the test ART2. In
particular the comparison, in terms of horizontal and vertical maximum

acceleration profiles, is shown in Figure 5.32

m- ART2 Experimental A ART2 Numerical

1.8
1.6 ]
14
1.2

> m

Figure 5.32 Experimental-numerical comparison test ART2: Maximum acceleration profiles

(values expressed in m/s?)

Numerical and experimental profiles, for the test ART2, exhibit the same
horizontal maximum acceleration trend. In particular, almost the same
maximum horizontal acceleration values have been detected in both the
numerical and experimental outcomes. However at the sections at 45° from the
keystone (on both the left and the right side) an offset between experimental
and numerical values has been noticed. Numerical and experimental profiles

exhibit the same vertical maximum acceleration trend.
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However, the numerical maximum vertical accelerations values are slightly
higher than the experimental. The comparison between the experimental and
numerical outcomes of the test ART2 is also shown in terms of dynamic
amplification profiles in Figure 5.33.
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Figure 5.33 Experimental-numerical comparison test ART2: Dynamic amplification profiles

(values expressed in %).

The profiles, in terms of dynamic amplification trends, show a good match
between numerical and experimental outcomes.

In particular, almost the same dynamic amplification values have been detected
in both the cases of numerical and experimental profiles. Nevertheless, at the
sections at 45° from the keystone (on both the left and the right side), an offset
between experimental and numerical values has been noticed. According to
maximum horizontal acceleration profiles this outcome was expected.
Differences between experimental and numerical maximum accelerations in the
some sections can be attributed to local workmanship defects which have not
been modelled. The numerical force-relative displacement trend, for the test
ART2, is shown in Figure 5.34. In particular, the force has been computed as
the sum of the vault base reacting forces assessed at each time step; while the
relative displacement has been achieved as difference between the impost and

the keystone displacement.
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The graph highlights several hysteretic cycles. The area subtended by the curve
at each cycle can be related to the energy dissipated.
2
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Figure 5.34 ART2: numerical force-displacement trend

5.5.4 Retrofitted vault: experimental-numerical comparison

In the case of retrofitted vault, the comparison between the experimental and
numerical outcomes has been carried by considering the test ART2_R. In
particular the comparison, in terms of horizontal and vertical maximum
acceleration profiles, is shown in Figure 5.35. A good match, in terms of trends,
has been detected, in almost all the profiles. In particular, almost the same
maximum horizontal acceleration values have been detected in both the
numerical and experimental outcomes. However at the section at 45° from the
keystone (on the right side) an offset between experimental and numerical

values has been noticed resulting in a different profile trend on the right side of
the vault.
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Figure 5.35 Experimental-numerical comparison test ART2_R: Maximum acceleration profiles

(values expressed in m/s?)

Slight differences, in terms of trends, have been noticed by comparing

numerical and experimental maximum vertical accelerations. However the

numerical simulation still catches the overall experimental behaviour. The

experimental-numerical comparison in terms of dynamic amplification profiles

is shown in Figure 5.36.
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Figure 5.36 Experimental-numerical comparison test ART2_R: Dynamic amplification profiles

(values expressed in %).
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In particular the profiles catch the overall experimental behaviour almost in all
the monitored points. Differences between experimental and numerical
maximum accelerations in some points (i.e. at 45° from the keystone) can be
attributed to local workmanship defects which have not been modelled.

The numerical force-relative displacement trend, for the test ART2_R, is shown
in Figure 5.37. Both the force and the relative displacement have been
computed as discussed in the previous section 5.5.3. As well as in the previous
numerical simulation, the graph highlights several hysteretic cycles. The area
subtended by the curve at each cycle can be related to the energy dissipated.

4
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Figure 5.37 ART2_R: numerical force-displacement trend
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5.6 Influence of the damage on the numerical results

The outcomes of the numerical simulations have exhibited a good agreement
with the experimental outcomes in the case of undamaged vault (i.e. test ART2
and ART2_R). However, further investigations were carried out in the case of
damaged vault. In particular, the experimental outcomes of the tests ART7,
ART7_R were compared to the corresponding numerical outcomes in the
following sections 5.6.1 and 5.6.2. Indeed, the vault was subjected to several
shakes before such tests. Both local and global damages have shown to
influence the numerical results. In particular, local damages, which are often
due to workmanship defects, have shown to influence the behaviour of specific
points of the vault. However, due to their unpredictability, it is not possible to
specifically take into account, in the modelling phase, of localised workmanship
defects. Global damages influence the global behaviour of the structure
resulting in a variation of the structure's damping. Therefore, in the modelling
phase, it is possible to take into account of the damage by assigning to the
structure the proper damping parameters. However, it is not an easy task
assessing the proper damping parameters corresponding to each test. A proper
procedure would include, before each test, an experimental dynamic
identification phase. Nevertheless, performing dynamic identification tests is
not always an effective solution in terms of cost and time. Therefore parametric
analyses, when varying the damping parameters, can be feasible and effective
solutions. In the following section 5.6.3 a parametric analysis varying the
damping is provided for a simulation of the test ART15_R.
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5.6.1 ARTY: experimental-numerical comparison

The comparison between the experimental and numerical outcomes of the
test ART7 is shown in Figure 5.38 in terms of horizontal and vertical maximum
acceleration profiles. The numerical simulation exhibits higher maximum
horizontal acceleration values in almost all the points. Furthermore differences,

in terms of trends, are noticed.

, = ART7 Experimental ®- ART7 Numerical
1

10

8

Figure 5.38 Experimental-numerical comparison test ART7: Maximum acceleration profiles

(values expressed in m/s?)

The experimental-numerical comparison in terms of dynamic amplification
profiles (shown in Figure 5.39) highlights differences in terms of both trends
and values. In particular the numerical simulation achieved dynamic
amplifications higher than those assessed in the experimental test almost in all
the points. The differences can be mainly attributed to the fact that the vault has
been modelled as undamaged (i.e. by using the undamaged damping). This

condition was not fully representing the experimental conditions.
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Indeed, before the test ART7 the vault was already been subjected to several
shakes due to the previous tests.

—- ART7 Experimental
-

®- ART7 Numerical

Figure 5.39 Experimental-numerical comparison test ART7: Dynamic amplification profiles

(values expressed in %).

The numerical force-relative displacement trend, for the test ART7, is shown in
Figure 5.40.

Force [kN]
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Displacement [mm]

Figure 5.40 ART7: numerical force-displacement trend

Both the force and the relative displacement have been computed as discussed
in the previous section 5.5.3.
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The graph highlights several hysteretic cycles. The area subtended by the curve

at each cycle can be related to the energy dissipated.

5.6.2 ARTY7_R: experimental-numerical comparison

The comparison between the experimental and numerical outcomes of the test
ARTT7_R is shown in Figure 5.41 in terms of horizontal and vertical maximum
acceleration profiles. The numerical simulation exhibits higher maximum
horizontal acceleration values in almost all the points. Furthermore, differences,
in terms of trends, are noticed. However, a good match, in terms of trend, has
been detected on the left side of the vault. Differences, in terms of trend, have
been noticed by comparing numerical and experimental maximum vertical
accelerations as well. The experimental-numerical comparison in terms of

dynamic amplification profiles is shown in Figure 5.42.

=-ART7_R Experimental - ART7_R Numerical

Figure 5.41 Experimental-numerical comparison test ART7_R: Maximum acceleration profiles

(values expressed in m/s?)
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—-ART7_R Experimental o~ ART7_R Numerical

Figure 5.42 Experimental-numerical comparison test ART7_R: Dynamic amplification profiles

(values expressed in %).

Analysing the dynamic amplification profiles, the differences between
experimental and numerical outcomes are less evident. As well as in the
previous case, the vault has been modelled as undamaged (i.e. by using the
undamaged damping). Therefore, since in the experimental condition the vault
was already damaged, differences between numerical and experimental were
expected. The numerical force-relative displacement trend, for the test

ART7_R, is shown in Figure 5.43.
20
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Figure 5.43 ART7_R: numerical force-displacement trend
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Both the force and the relative displacement have been computed as discussed
in the previous section 5.5.3. The graph highlights several hysteretic cycles.
The area subtended by the curve at each cycle can be related to the energy
dissipated. The same conclusions were drawn by analysing the experimental-
numerical comparisons of the test ART15 R. Plots of the comparisons are

available in Appendix C.

5.6.3 Parametric analyses (damping influence)

As shown by the experimental-numerical comparison of the tests ART7,
ART7_R and ART15 R, the damage influences the numerical results.
Therefore it has to be taken into account in the modelling phase. In particular,
in the modelling phase, the damage can be taken into account by means of the
damping ratio. However, as discussed in the section 5.6, assessing the proper
damping parameters is not an easy task. Therefore, in order to study the
influence of such parameters, on the numerical outcomes, parametric analyses
have been performed varying the vault’s damping ratio. The parametric
analyses have been performed considering the test ART15 R (i.e. the test in
which the vault was more damaged). In particular three different damping ratios
have been considered: 2.8%, 5% and 10%. The results of the parametric study
have been presented in terms of comparisons between the experimental and
numerical outcomes. The horizontal component of the experimental time-
history ART15 R (acceleration recorded at the keystone location) has been
compared to the numerical time-histories (achieved at the same location) when
varying the damping ratio. In particular, the experimental time-history is
compared to: the numerical time-history (2.8% damping) in Figure 5.44, the
numerical time-history (5% damping) in Figure 5.45 and the numerical time-

history (10% damping) in Figure 5.46.
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Figure 5.44 ART15_R: experimental (in black) and numerical 2.8% damping (in grey)
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Figure 5.45 ART15_R: experimental (in black) and numerical 5% damping (in grey)
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Figure 5.46 ART15_R: experimental (in black) and numerical 10% damping (in grey)
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As expected, the comparisons highlight that the numerical time-histories
become closer to the experimental ones when increasing the damping ratio.
Moreover, according to Figure 5.44, it’s clear that the damping 2.8% was not
suitable to simulate the test ART15_R. Further comparisons have been
provided in terms of maximum accelerations and dynamic amplifications
profiles. In particular, the numerical maximum accelerations profiles, when
varying the damping ratio, have been compared to the experimental profiles
in Figure 5.47.

= ART15_R Experimental + ART15_R Numerical_2.8%

®-ART15_R Numerical_5% 4 ART15_R Numerical_10%
25
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Figure 5.47 Experimental-numerical comparison test ART15_R: Maximum acceleration

profiles (values expressed in m/s?)

By analysing the profiles it is evident that the numerical profiles become closer
to the experimental ones when the damping ratio increases. Furthermore, higher

damping ratio profiles exhibit trends closer to the experimental trend.
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However, at the keystone location, a difference between experimental and
numerical values is still marked. Nevertheless, such difference can be attributed
to local damage probably due to workmanship defects (which have not been
modelled).

The comparison between experimental and numerical outcomes (when varying
the damping ratio) in terms of dynamic amplification profiles is provided in
Figure 5.48. In this case, when increasing the damping ratio, no major
differences have been noticed. Indeed the numerical dynamic amplifications

seem to be stable when varying the damping ratio.

—-ART15_R Experimental + ART15_R Numerical_2.8%
= ART15_R Numerical_5% 4 ART15_R Numerical_10%

\o o N

S *

S S S
K K 3

Figure 5.48 Experimental-numerical comparison test ART15_R: Dynamic amplification

profiles (values expressed in %)

5.7 Conclusions

Numerical FE models able to predict the dynamic behaviour of masonry vaults
(before and after the retrofit), have been developed. The mechanical parameters
adopted in the material modelling were achieved by means of previous
characterization tests. However, since the experimental outcomes showed that
the parameter governing the system was the interface between mortar and
bricks, the modelling of such parameter has been refined.
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Nevertheless, no direct experimental data were available about the interface
behaviour, therefore a calibration was necessary. The calibration of the
interface modelling parameters has been carried out by means of best fitting of
experimental test outcomes. In particular, the interface linear parameters (i.e.
normal and shear stiffness) have been calibrated by comparing the outcomes of
the experimental dynamic identification to the numerical dynamic linear
analyses. Conversely, the nonlinear parameter (i.e. cohesion) has been
calibrated by means of an experimental vertical load test. Further numerical
analyses confirmed the reliability of the calibrated parameters.

Additional static nonlinear analyses allowed studying the stress state and
validating the modelling assumption of elastic linear material (adopted for both
bricks and mortar). Finally dynamic nonlinear analyses completed the
validation of the model. In particular, the outcomes of the experimental shaking
table tests have been compared to the numerical outcomes showing a good
match. Further dynamic-nonlinear analyses highlighted the need to update the
models at each test with a proper damping ratio, in order to take into account of
the vault damage. Then, parametric dynamic nonlinear analyses confirmed the

influence of the damping parameter on the numerical outcomes.
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Chapter 6

Conclusions

The vaults represent an artistic valuable element in the historical heritage
buildings. Consequently, the understanding of their seismic performance, as
well as potential retrofit techniques, meets also the need to protect cultural
heritage buildings against earthquakes.

Therefore, aims of this thesis were: to improve the knowledge on the vault
dynamic behaviour; to study the effects of innovative retrofit techniques such as
IMG; to develop reliable numerical models able to predict the dynamic
behaviour of masonry vaults (before and after the retrofit). In order to achieve
these goals a multi-scale approach has been adopted. Both experimental tests
and numerical analyses have been performed.

The shaking table tests, on the unreinforced vault, were performed by means of
two sets of time-history accelerograms (natural and artificial). Preliminarily, a
set of random accelerograms were performed on dynamic identification
purpose. In particular, a natural frequency of 13.1 Hz and a damping ratio
ranging between 2.2% and 3.2% have been evaluated. The outcomes, in terms
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of accelerations measured on the structure, highlighted in almost in all the
sections a dynamic amplification of the base horizontal excitation. Furthermore,
although the shaking is applied only in the horizontal direction, significant
vertical accelerations have been detected. The tested structure exhibits good
seismic behaviour, showing very slight damage only after the last test
performed with an achieved PGA of 4.67 m/s®>. In particular, only minor
cracking at the interface between mortar and brick has been observed at both
the intrados and the extrados of the vault.

The shaking table tests on the retrofitted vault were performed by means of a
single set of artificial time-history accelerograms. As well as the previous tests,
preliminarily, a set of random accelerograms were performed on dynamic
identification purpose. In particular, a natural frequency of 19.3 Hz and a
damping ratio ranging between 1.7% and 2.8% have been evaluated. Therefore
the effect of the retrofit resulted in both a significant increase of stiffness and a
decrease of damping ratio. Furthermore, both the stiffness reduction and the
damping ratio increase trends, when varying the PGA, are steeper in the case of
unreinforced vault. This result remarks an improvement in terms of capacity
due to the retrofit interventions.

As well as in the case of unreinforced vault, the outcomes, in terms of
accelerations measured on the structure, highlighted in the most of sections a
dynamic amplification of the base horizontal excitation. Due to the higher
stiffness, the maximum accelerations recorded on the retrofitted vault were
higher than those recorded on the unreinforced vault. However, both the
maximum acceleration trends and the dynamic amplification trends remained

almost the same after the retrofit interventions.
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The retrofitted vault exhibits a good dynamic behaviour, showing very slight
damage only after the last test performed with an achieved PGA of 11.70 m/s°.
In particular, cracking at the interface between mortar and brick has been
observed only at the intrados of the vault.

These findings suggest that the retrofit improve the stiffness and the seismic
capacity of the vault. However the global dynamic behaviour of the vault does
not change when the vault is retrofitted.

Numerical FE models able to predict the dynamic behaviour of masonry vaults
(before and after the retrofit), have been developed. The mechanical parameters
adopted in the material modelling were achieved by means of previous
characterization tests. However, since the experimental outcomes showed that
the parameter governing the system was the interface between mortar and
bricks, the modelling of such parameter has been refined. Nevertheless, no
experimental data were available about the interface behaviour, therefore a
calibration was necessary. The calibration of the interface modelling parameters
has been carried out by means of best fitting of experimental test outcomes. In
particular, the interface linear parameters (i.e. normal and shear stiffness) have
been calibrated by comparing the outcomes of the experimental dynamic
identification to the numerical dynamic linear analyses. Conversely, the
nonlinear parameter (i.e. cohesion) has been calibrated by means of an
experimental vertical load test. Further numerical analyses confirmed the
reliability of the calibrated parameters.

Additional static nonlinear analyses allowed studying the stress state and
validating the modelling assumption of elastic linear material (adopted for both
bricks and mortar). Finally dynamic nonlinear analyses completed the
validation of the model. In particular, the outcomes of the experimental shaking
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table tests have been compared to the numerical outcomes showing a good
agreement.

Further dynamic-nonlinear analyses highlighted the need to update the models
at each test with a proper damping ratio, in order to take into account of the
vault damage. Then, parametric dynamic nonlinear analyses confirmed the

influence of the damping parameter on the numerical outcomes.
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